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ABBREVIATIONS 
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ALT: Alanine transaminase 

ANCOVA: Analysis of covariance 
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BFox: Basal fat oxidation 
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BMI: Body mass index 

BMR: Basal metabolic rate 

BOCF: baseline observation carried forward imputation 
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IGF-1: Insulin-like growth factor-1 

IL: Interleukin  

LDL-C: Low-density lipoprotein cholesterol 

LM: Lean mass 

LMI: Lean mass index 

LPA: Light physical activity time 
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NaPi-2: Sodium phosphate co-transporter type-2 

PAR: Concurrent training based on physical activity recommendation from the World 

Health Organization 

PCA: Principal-components analysis 

PI3K: Phosphatidylinositol 3-kinase 

PPAR-γ: Peroxisome proliferator-activated receptor-γ 

PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses 

QUICKI: Quantitative insulin sensitivity check index 

REE: Resting energy expenditure 

RER: Respiratory exchange ratio 
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RPE: Rating of perceived exertion 

S-Klotho: Shed form of the Klotho protein 

SD: Standard deviation  

TGF-β: Transforming growth factor beta 

TNF-α: Tumor necrosis factor alfa 

TRPV: Transient receptor potential cation channels 

UCP3: Uncoupling protein 3 

VAT: Visceral adipose tissue 

VCO2: Carbon dioxide production 
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VO2: Oxygen uptake 
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VO2max: Maximal oxygen uptake 

VPA: Vigorous activity time 

WB-EMS: Whole-body electromyostimulation training 

WC: Waist circumference 

WHr: Waist-hip ratio 

γ-GT: γ-glutamyl transferase
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ABSTRACT 
Since the discovery of the Klotho gene as a 
suppressor of several ageing phenotypes, 
numerous studies have focussed on elucidating the 
molecular pathways that mediate the effects of its 
expression on cellular ageing-related processes. 
However, the role of the shed form of the Klotho 
protein on physical fitness, energy metabolism and 
cardiometabolic health has not been deeply 
studied. Moreover, there is a biological base 
supporting the hypothesis that physical exercise 
could induce an increment of S-Klotho, resulting in 
one of the still unrecognized physiological 
mechanism that can explain the exercise benefits on 
the ageing process.  

The main aims of this International Doctoral Thesis 
are to study the association of S-Klotho with 
physical fitness, energy metabolism and 
cardiometabolic health, and to study the effect of 
different exercise training programs on S-Klotho, as 
well as on physical fitness, energy metabolism, and 
cardiometabolic health in sedentary middle-aged 
adults.  
 
The results show that lean mass is strongly 
associated with S-Klotho and explains the 
association of physical fitness with S-Klotho. BFox 
and MFO are positively associated with S-Klotho, 
whereas S-Klotho is negatively associated with 
cardiometabolic risk. Moreover, exercise training 
(specially a HIIT+EMS program) induces an 
increase of S-Klotho, improves body composition, 
physical fitness and energy metabolism, and 
reduces cardiometabolic risk.  
 
In summary, the results show that S-Klotho plays a 
key role on physical fitness, energy metabolism and 
cardiometabolic health in sedentary middle-aged 
adults, and that exercise training modulates S-
Klotho, as well as physical fitness, energy 
metabolism and cardiometabolic health. These 
findings may partially explain some of the uknown 
exercise-induced effects on cardiometabolic health 
as well as on the human ageing process. 
 

  
 
 
 
 
 

RESUMEN 
Tras el descubrimiento del gen Klotho como un 
supresor de distintos fenotipos asociados al 
envejecimiento, numerosos estudios se han 
centrado en investigar los mecanismos moleculares 
que median los efectos de su expresión sobre 
procesos relativos al envejecimiento celular. Sin 
embargo, no se ha estudiado en profundidad el rol 
que ejerce la proteína Klotho en su forma soluble 
sobre el metabolismo energético, la función 
cardiometabólica y la salud general en humanos. 
Además, hay una base biológica que permite 
hipotetizar que el ejercicio físico podría inducir un 
incremento de S-Klotho, pudiendo ser este uno de 
los mecanismos aun no conocidos que podrían 
explicar los ya extensamente reportados beneficios 
del ejercicio físico sobre la salud en humanos.  
 
Los principales objetivos de la presente Tesis 
Doctoral Internacional son estudiar la asociación de 
S-Klotho con la condición física, el metabolismo 
energético y la función cardiometabólica, e 
investigar el efecto de distintos programas de 
ejercicio físico sobre S-Klotho, condición física, 
metabolismo energético y función 
cardiometabólica.  
 
Los resultados muestran que la masa magra se 
asocia a S-Klotho y que dicha masa magra explica 
la asociación observada entre la condición física y 
S-Klotho. La oxidación de grasas en condiciones 
basales y la máxima oxidación de grasas durante el 
ejercicio se asocian positivamente con S-Klotho, 
mientras que S-Klotho se asocia negativamente con 
el riesgo cardiometabólico. Además, el ejercicio 
físico (especialmente un programa de HIIT+EMS) 
incrementa los niveles de S-Klotho, además de 
provocar una mejora de la composición corporal, la 
condición física y el metabolismo energético, y 
reducir el riesgo cardiometabólico.  
 
En resumen, los resultados ponen de manifiesto 
que el ejercicio físico mejora S-Klotho, la condición 
física, el metabolismo energético y la salud 
cardiovascular en adultos sedentarios de mediana 
edad. Estos resultados podrían explicar 
parcialmente algunos de los efectos no conocidos 
del ejercicio sobre la salud cardiovascular y sobre el 
proceso de envejecimiento humano.  
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AGEING POPULATIONS: THE 
CHALLENGES OF THE 
FUTURE 

The considerable increment of ~30 years in 

life expectancy in western Europe, the United 

States of America, Canada, Australia, or New 

Zealand— and even greater gains in Japan, 

Spain or Italy—stands out as one of the most 

important achievements of the last century 1. 

However, recent studies have suggested that 

chronological age is but a crude indicator of 

ageing. Therefore, specific ageing biomarkers 

have been proposed as providing a more 

accurate picture of the human health during 

the ageing process 2. 

Ageing is a complex and multifactorial 

process influenced by both genetic and 

environmental factors, and characterised by a 

progressive decline of physiological 

functions, which leads to an impaired 

physical integrity and an increase of mortality 

risk 3,4. There are a number of age-related 

diseases including metabolic and 

cardiovascular diseases, bone disorders, 

neurodegenerative diseases, or cancer, 

among others 5,6. This increment of the age-

related diseases has caused a public health 

and economic burden 5,6.  

Ageing should not be considered as a disease, 

since it is a natural, physiological, 

progressive, and unavoidable process that 

can be influenced 7. In this context, a new 

concept has appeared: “successful ageing” 7. 

This refers to slowing down the functional 

decline and preventing diseases related to 

ageing. The aim would not be to add years to 

life, but to add life to years 8. That is not to 

prolong life, but to living a full and active life 

for as long as possible. Several proposals have 

been made to support the “successful ageing” 

concept, including pharmacological 9, 

nutritional 10, and physical activity 11 

interventions. 

PHYSICAL EXERCISE AND 
FITNESS AS A PROMISING 
TOOL TO PROMOTE 
HEALTHY AGEING 

It is well known that regular physical exercise 

exerts an important role in the ageing process. 

Previous studies suggested that doing 

physical exercise with an adequate intensity 

and duration could contribute to maintain or 

even improve the physical fitness level, 

obtaining greater anti-ageing effects 12–14.  

Physical fitness is the ability to do physical 

activity and/or physical exercise using most 

of the body structures and functions involved 

in body movements such as the 

musculoskeletal, cardiorespiratory, hemato-

circulatory, endocrine-metabolic system, 

among others 12–14.  

It is well known that humans suffer a 

progressive physiological and functional 

decline (i.e. 10% per decade). A previous 

study showed that the maximum functional 

capacity occurs between the ages of 20 and 30 

approximately, and the clinical 

manifestations of functional failure occur 

when 80% of the functional capacity has been 

depleted 15. We can estimate that, in well 
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conditions, excellent health could be 

maintained until the age of 100 years. Two 

decades later, the exhaustion of functional 

capacity would be generalized. Reducing the 

slowdown of the functional capacity to 8-9% 

would be a real and effective anti-ageing 

therapy. Consequently, measuring the level 

of physical fitness as a method to determine 

the functional capacity, health status, 

expectancy, and quality of life is of great 

importance 16.  

VO2max is the main indicator of 

cardiorespiratory fitness. There is highly 

variability among studies, but the average 

rate of VO2max decline in old people is 4-5 

ml/kg/min per decade. Ageing skeletal 

muscles have a poor capacity to use O2 as a 

consequence of  several factors, including a 

decrement of muscle mass, an increment of 

peripheral resistance, a reduced muscle 

capillary density, a low endothelial function, 

and an impaired muscle oxidative capacity 

14,17.  

The decline of muscle mass usually begins 

after 30 years of age. The main responsible is 

the loss of muscle cross-sectional area, which 

produces a progressive decrease of muscle 

strength with advancing age. The term 

‘‘sarcopenia’’ was originally created to refer 

to age-related loss of muscle mass with an 

associated loss of muscular strength.  Several 

age-related factors are associated with 

sarcopenia, including a progressive muscle 

denervation, diminished satellite cells, poor 

muscle protein synthesis, decrements of 

anabolic hormone levels, malnutrition, higher 

concentrations of pro-inflammatory 

cytokines, increased oxidative stress, 

mitochondrial impairments, and low levels of 

physical activity. 

Regular physical exercise - concretely 

endurance training involving aerobic energy 

pathway and large muscular groups - 

attenuates ageing-related declines in 

cardiorespiratory fitness. It has a restoring 

effect on several cardiometabolic risk factors, 

increasing endothelial nitric oxide production 

and, consequently, improving vascular tone 

regulation. Similarly, this physical activity 

modality improved laminar flow activate 

endothelial nitric oxide synthase attenuating 

the production of reactive oxygen and 

nitrogen species.  

Resistance exercise training programs are 

usually used as an effective strategy for 

improving muscle mass and/or muscular 

strength in the elderly producing a better (i) 

muscle quality, (ii) balance and mobility, (iii) 

motor performance and control, (iv) 

flexibility and joint range of motion, and (v) 

O2 arterio-venous difference.  

Therefore, to maintain an adequate level of 

physical fitness performing physical exercise 

could be considered as a real anti-ageing 

strategy.  
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ENERGY METABOLISM AND 
CARDIOMETABOLIC RISK 
DURING THE AGEING 
PROCESS: ROLE OF PHYSICAL 
EXERCISE 

The ageing process is accompanied by a 

progressive decline of total energy 

expenditure including REE, dietary-induced 

thermogenesis and activity energy 

expenditure 18. These changes are closely 

related to weight gain and an increment of 

FM, which are closely related to the 

development of chronic cardiometabolic 

diseases, musculoskeletal and neuro-

degenerative disorders, and/or Alzheimer’s 

disease. It has been proposed that 

impairments of fuel oxidation in different 

conditions (i.e. basal, postprandial and 

exercise-induced fuel oxidation) could be 

important physiological mechanism 

contributing to age-related chronic diseases.   

Physical exercise induces changes in the 

epigenome, transcriptome, and proteome to 

support increased storage of fuel and 

increased ability to use different energetic 

substrates depending on the environmental 

conditions. Physical exercise can promote 

better rates of fat oxidation at rest and during 

acute exercise 19. In this sense, dual effects 

have been attributed to physical exercise 

including an enhancement of insulin 

sensitivity and a likely downstream benefit of 

reducing type II diabetes mellitus and 

cardiometabolic disease risk.  

In conclusion, physical exercise is not able to 

reverse the ageing process, but it can ttenuate 

several of its deleterious systemic and cellular 

effects
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ABSTRACT 

Humans have long sought means to extend 

longevity and counteract the effects of aging 

on physical and mental functioning. Exercise 

is a highly effective way for treating and 

preventing the main causes of morbidity and 

mortality, most of which are associated with 

aging. Interestingly, the Klotho gene is 

involved in the aging process. Indeed, 

overexpression of the Klotho gene is 

associated to longevity, and experimental 

animals lacking this gene seem to develop 

multiple disorders resembling human aging, 

and present a shortened life span. Three 

Klotho related gene have been identified: α-

Klotho, β-Klotho, and γ-Klotho. Exercise 

seems to play a key role on α-Klotho gene 

expression in animal models as well as in 

humans. We systematically reviewed the 

available evidence on the associations 

between exercise and α-Klotho gene 

expression.
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BACKGROUND 

The human race has long sought means to 

extend longevity and counteract the effects of 

ageing on physical and mental functioning. 

Considerable strides have been made in our 

biological understanding of the factors 

contributing to the ageing process. This 

knowledge is crucial for the development of 

therapeutic and clinical strategies to prevent, 

delay, or reverse age-related decline 1. 

Expression of the Klotho gene [named after 

one of the three Fates in Greek mythology, the 

goddess who spins the thread of life] is 

involved in the ageing process. It was 

originally identified in a mutant mouse strain 

lacking the expression of Klotho. This defect 

caused no visible phenotypes until 3-4 weeks 

of age, but the mice subsequently developed 

multiple disorders resembling human ageing 

and presented a shortened lifespan 2. The 

ageing phenotypes included arteriosclerosis, 

decreased BMD, sarcopenia, skin atrophy, 

and impaired cognition 3–6. In contrast, Klotho 

overexpression produced a significantly 

longer lifespan in transgenic mice compared 

with their wild-type peers 3,4,6. 

Three Klotho-related genes have been 

identified: (i) α-Klotho is expressed in 

multiple tissues and cell types, 

predominantly in distal convoluted tubules in 

the kidney, parathyroid and choroid plexus in 

the brain, and it is involved in the control of 

mineral homeostasis 2. (ii) β-Klotho is 

expressed in the liver, endocrine pancreas, 

adipose tissue and brain, and it regulates bile 

acids, lipid and energy metabolism together 

with FGF15/19 and FGF21 7–9. (iii) γ-Klotho is 

a half-size Klotho-related protein expressed 

in brown adipose tissue 10,11. 

The α-Klotho gene can be expressed as three 

different forms 10: (i) intra-cellular form, 

which binds NaK-ATPase, (ii) cell-membrane 

form, which forms a complex with FGF23 and 

FGFR1, and (iii) S-Klotho, identified in blood, 

plasma, urine, and cerebrospinal fluid 12. The 

secreted form of α-Klotho is composed of two 

internal repeats, KL1 and KL2, which share 

amino-acid sequence homology with β-

glucosidase but lack glucosidase activity. KL1 

could also be transcribed through an 

alternative splicing, named S-Klotho 2. 

Unfortunately, the lack of a sensitive and 

reliable assay for measuring blood 

concentrations of the S-Klotho has hindered 

research into the relationship of S-Klotho 

protein levels with clinical phenotypes in 

human ageing. However, several trials have 

determined a sensitive and specific method 

for the measurement of S-Klotho protein 

levels in healthy humans 13–15. 

Several studies have demonstrated the 

effectiveness of exercise to prevent, delay, or 

reverse the effects of ageing on tissue health 

and functioning. These systemic anti-ageing 

benefits suggest that humoral factors may 

play a role, especially in sarcopenia treatment 

16. Moreover, it is well known that exercise 

has a positive impact and attenuates 

premature ageing. Among its benefits we can 

find greater walking capacity 17, higher BMD 

concentration 18, and cognitive function 
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improvements 19. Furthermore, it is positively 

associated with regenerative tissue response 

20, lower incidence of atherosclerosis 21, type 1 

diabetes mellitus 22, and kidney cancer risk 23, 

attenuating premature ageing.  

Likewise, higher concentrations of S-Klotho 

are associated with a superior lower 

extremity strength and functioning 24, a 

reduced likelihood of developing 

Alzheimer´s disease 25, and an increment of 

re-myelination of the brain in sclerosis 

patients 26. Furthermore, high concentrations 

are also associated with resistance to 

oxidative stress 27, an increase of stem cell 

numbers and regenerative response 28, a 

lower apoptosis incidence in pancreatic β cells 

29, a reduced incidence of renal fibrosis and 

cancer metastasis 30, and a lower risk of 

cardiovascular disease and mortality 31. 

Exercise is considered a highly effective mean 

of treating and preventing the main causes of 

morbidity and mortality, most of which are 

associated with ageing 32. Therefore, the 

objective of this systematic review was to 

study the available evidence on the 

associations between exercise and S-Klotho 

protein regulation. 

MATERIAL & METHODS 

Search strategy 

We conducted a systematic review of the 

literature using a pre-specified protocol 

according to the guidelines of the Cochrane 

Collaboration and PRISMA 

recommendations 33. We included cross-

sectional studies and randomized and non-

randomized controlled trials written in 

English. We excluded the uncontrolled 

studies. No exclusion criteria were applied to 

participants. Therefore, our study included 

healthy, untrained, trained, sedentary, 

recreational and non-athletic, athletes, 

patients with acute of chronic diseases aged 

between 18 and 90 years old, and animal 

models providing information about (i) acute 

and chronic effect of different exercise 

modalities on S-Klotho protein levels and (ii) 

the relationship between physical fitness and 

S-Klotho protein levels. 

Data sources and study search 

We searched in PubMed, Web of Science, 

SPORTDiscuss, EMBASE, CINAHL, Google 

Scholar, and the Cochrane library using all 

available records up to June 2017. The search 

terms covered the areas of Klotho genes, 

Klotho proteins, exercise, and physical fitness 

using combinations of the following key 

words: Klotho, S-Klotho, α-Klotho, β-Klotho, 

γ-Klotho, exercise, physical activity, fitness, 

physical fitness, skeletal muscle, strength, 

activities day-living, aerobic, anaerobic, 

endurance, training, and health. Two authors 

(FAG and AOP) independently conducted the 

literature search, quality assessment, and data 

extraction. We excluded all papers that did 

not meet the inclusion criteria (see below). 

Inter-reviewer disagreements were resolved 

by consensus opinion or arbitration by a third 
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reviewer (AG). Then, we collected full papers, 

including reviews, and we also examined the 

reference lists of the selected manuscripts for 

any other potentially eligible papers. Figure 1 

includes the full search strategy and protocol 

for the systematic review. 

Outcomes 

Inclusion criteria: Studies analyzing the 

association of S-Klotho protein levels with 

exercise and/or physical fitness; Studies 

conducted in humans and/or mice; Cross-

sectional, longitudinal, or intervention 

studies; Written in English or Spanish. We 

also registered the following related 

outcomes: (i) changes in skeletal muscle, 

changes in strength, changes in arterial 

stiffness, and changes in running endurance. 

We collected data on age, sex, exercise 

modality and duration, study location as well 

as the inclusion and exclusion criteria of each 

study. 

RESULTS AND DISCUSSION 

The initial search strategy found 1,278 results 

to be considered for inclusion in our 

systematic review. Of these results, 168 

duplicates were excluded, 91 were not full-

text, 67 were not available in the English 

language, and 21 were meta-analyses or 

review articles. A total of 931 articles were 

screened based on their title and abstract (859 

and 49 were excluded, respectively). We then 

evaluated in detail the full-text of 23 articles. 

As a result, 14 studies were included in the 

systematic review.  The reasons for exclusion 

in this final phase included the studies that 

did not analyze the association between S-

Klotho protein level measurements and 

exercise or physical activity application or 

physical fitness measurements. Table 1 

displays the study details. We found seven 

studies that included the effect of acute and 

chronic effects of different training modalities 

on S-Klotho protein levels and five studies 

that examined the possible relationship 

between physical fitness and S-Klotho protein 

levels. 

Klotho functions 

The α-Klotho gene can be expressed as three 

functionally different family members 

(Figure 2). Intracellular Klotho is present in 

the cytoplasm of mouse kidney and human 

parathyroid gland cells 10. Interestingly, it is 

involved in intracellular calcium modulation, 

wherein an aberrant cellular and subcellular 

control of calcium can affect the ageing 

process in different tissues. Intracellular 

Klotho binds NA+/K+-ATPase and 

stimulates its surface abundance and activity, 

thereby providing a driving force for 

transmembrane Ca2+ transport. This has 

been clearly demonstrated in the choroid 

plexus and kidney 10. 
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Figure 1. Literature search flow diagram 
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Moreover, intracellular Klotho was also 

recently found to block the RIG-I, which is 

responsible for the increased expression of 

pro-inflammatory cytokines such as IL-6 and 

IL-8 34. Therefore, the fact that the expression 

of these cytokines is associated with 

senescence suggests that intracellular Klotho 

could function as an intracellular anti-

inflammatory and anti-ageing factor 10. 

In addition, cell-membrane of α-Klotho is a 

constitutive part of the FGFR and its ligands 

are the members of the endocrine FGF family. 

This family is present in humans by FGF19 

[FGF15 in mice], FGF21, and predominantly 

FGF23, which is a bone-derived hormone that 

acts on the kidney to promote phosphate 

excretion into the urine and regulates Ca2+ 

homeostasis 10. Specifically, the amount of 

urinary phosphate excretion is primarily 

determined by the amount of phosphate 

reabsorbed at the renal proximal tubules, 

which depends on the activity of NaPi-2ab 

expressed on the apical brush border 

membrane of these tubules 35–37. Of note, 

FGF23 contributes to the onset of 

phosphaturia by suppressing NaPi-2a activity 

36,37. Mice lacking FGF23 (FGF23-/-) develop 

phosphate-retention phenotypes and exhibit 

unexpected phenotypes.
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These include growth retardation, 

hypogonadism, premature thyme involution, 

sarcopenia, osteopenia, skin atrophy, and 

pulmonary emphysema, which are 

reminiscent of the premature-ageing 

syndrome in Klotho-deficient mice 38. In 

support of this notion, Klotho-deficient mice 

have extremely high serum FGF23 levels, 

indicating that the loss of Klotho induces 

resistance to FGF23 9. In addition, FGF23 

acting on the Klotho-FGFRs complexes at the 

basolateral side stimulates renal Ca2+ 

reabsorption via the TRPV5 channel, which is 

expressed in the apical membrane of the distal 

convoluted tubule. The Klotho-FGFR 

complex activates signalling cascades 

involving Erk1/2, SGK-1, and WNK4 for 

TRPV5-mediated Ca2+ reabsorption 39. 

In particular, β-Klotho also contributes to the 

regulation of energy metabolism as an 

obligate co-receptor for FGF15 and FGF21 in 

rats 40,41. The complex formed by β-Klotho 

and FGF15 is indispensable for maintaining 

bile acid homeostasis 42,43. In contrast, FGF21 

is secreted from the liver upon fasting and 

acts on adipose tissue to promote lipolysis 44. 

Moreover, γ-Klotho, which is fundamentally 

expressed in brown adipose tissue, forms 

complexes with FGFR to increase FGF19 

activity; however, its biological function 

remains elusive 10,11. 

S-Klotho functions as a humoral factor that 

targets multiple tissues and organs 45. S-

Klotho exerts anti-ageing and organ 

protection effects 10 through the modulation 

of the action of growth factors and cytokines 

such as insulin, IGF-1, TGF-β, Wnt signaling, 

and IFNγ, which are associated with cell 

senescence and the ageing process in mice 

10,30. Indeed, several studies suggest that the 

over-expression of the α-Klotho gene down 

regulates the signalling of insulin and IGF-1, 

attenuating the generation of reactive oxygen 

species and thereby extending their lifespan 

27,30. In addition, Klotho-deficient mice that 

lack the anti-inflammatory effects of the S-

Klotho protein display increased TNF-α, Wnt 

signalling, and IFNγ levels, which contributes 

to accelerated ageing and premature 

mortality in these models 29. In summary, 

multiple studies have demonstrated that the 

S-Klotho protein might function as an anti-

ageing and organ protection factor. 

Finally, the S-Klotho protein maintains ion 

homeostasis by regulating ion channels 

and/or phosphate transporters. Indeed, high 

S-Klotho protein levels inhibit renal and 

intestinal phosphate transportation (NaPi-2a 

and NaPi-2b) avoiding phosphate 

reabsorption and producing phosphaturia 

independent of FGF23 46. In conclusion, the S-

Klotho protein has a regulatory function in 

calcium-phosphate metabolism playing an 

important role in the prevention of chronic 

kidney disease 47. 

Role of exercise on S-Klotho 

protein 

In murine models, the S-Klotho protein levels 

are associated with endurance capacity and 

skeletal muscle strength in Klotho-
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overexpressing mice, wild-type mice, and 

Klotho-deficient C57BL/6 mice. Muscle 

strength of Klotho-hypomorphic mice was 

around 50% less than that of Klotho-

overexpressing mice or wild-type mice 48. 

Interestingly, Klotho-deficient mice ran on 

the running wheel at the same speed as the 

other two groups, but they spent about 65% 

less time running than Klotho-overexpressing 

and wild-type mice 48. 

Another study assessed the effect of acute 

exercise bouts on S-Klotho protein levels in 

both young [3–4 months] and aged (22–24 

months) C57Bl6/J mice and observed a clear 

effect on S-Klotho protein levels 1. 

Particularly, mice performed an acute 

exercise consisting in 45-min of treadmill 

running at 70% of VO2max and the results 

showed a significant increase in S-Klotho 

protein levels in both young and aged mice. 

However, the response was higher in young 

animals when compared to their aged 

counterparts 1. 

In humans, interventional studies have been 

implemented in order to analyze the effects of 

a single acute exercise and an exercise 

training protocol on the S-Klotho protein 

levels of sedentary young adults and 

sedentary older adults. Particularly, the acute 

exercise bout for the young group consisted 

in one hour of treadmill walking at 55% of 

VO2max. For the older group, it consisted in 

one hour on a cycloergometer at 45% of 

VO2max. The exercise training protocol 

consisted in four to six exercise sessions 

weekly, which included cycling on a 

stationary bicycle, rowing, or 

walking/jogging at 55% of VO2max (the 

young group during 16 weeks) and 45% of 

VO2max (the older group during 14 weeks). 

Interestingly, before the intervention 

program, no significant changes in S-Klotho 

protein levels in response to an acute exercise 

bout pre-to-post was observed in young 

individuals. However, the completion of the 

16-week training program significantly 

increased the S-Klotho protein levels, which 

also rose in response to the acute exercise bout 

in both young and old individuals. The 

response of S-Klotho protein levels to an acute 

aerobic exercise was higher after the training 

period, although the effect was lower on the 

older compared to the younger participants 1. 

To study not only the age-related S-Klotho 

protein level changes, but also the effect of 

training status, an intervention study 

quantified the effect of an acute exercise bout 

on S-Klotho protein levels in both trained and 

untrained young (24.5±1.0 and 23.9±1.0 years 

old, respectively) and aged (58.6±1.1 and 

58.1±1.1 years old, respectively) adults 49. The 

acute exercise consisted in a graded maximal 

treadmill test. This study demonstrated that 

S-Klotho protein levels are significantly 

higher in healthy well-trained young and 

elderly subjects compared to their untrained 

counter-partners. Furthermore, well-trained 

young adults presented significantly higher 

values 49. Consistently, a recent intervention 

study designed to determine the effect of 

aerobic exercise on S-Klotho protein levels in 

an experimental group of trained athletes (30 
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healthy football male players aged 18-22) and 

in a control group (28 healthy young males 

aged 18-27) showed that aerobic exercise 

training induced a net increase in plasma S-

Klotho protein levels 50. Unfortunately, the 

persistence of this increase over time was not 

investigated, given that concentrations were 

only measured at one-time point (day after 

exercise training) in the experimental group 

50. In this regard, the study revealed that only 

20-minute bouts of maximal intensity 

running increased the S-Klotho protein levels 

in 21 healthy young adults who performed 

resistance and aerobic training for at least 1 

year, 4 to 5 times per week 51. 

In order to examine whether the S-Klotho 

protein levels depend on the type of exercise 

on well-trained young adults, an 

interventional study was implemented. The 

participants were 30 healthy young 

sportsmen, 15 well-trained sprinters at the 

national level (24.2±1.0 years old and 55.4±2.7 

ml/kg/min VO2max) and 15 aerobically well-

trained elite runners (24.7±1.0 years old and 

60.3±2.6 ml/kg/min VO2max) 52. In this 

study, an acute exercise consisting in 60 min 

of treadmill running at 75% of VO2max 

showed that the S-Klotho protein levels were 

markedly higher in aerobic trained sportsmen 

compared to those measured in the anaerobic 

sprinters 52. It also showed that sprinters and 

sedentary young adult males had similar S-

Klotho protein levels 52, thus demonstrating 

that the S-Klotho protein response could be 

dependent on aerobic fitness level. However, 

few studies have been published regarding 

the influence of a training program on S-

Klotho protein levels. In this context, a study 

of 19 healthy postmenopausal women (aged 

50–76) explored the effect of regular exercise 

on S-Klotho protein levels 53. The women who 

were assigned to 12 weeks of moderate 

aerobic exercise training showed an increase 

in S-Klotho, improvement in carotid artery 

compliance, and a decrease in β-stiffness 

index. However, no changes were observed in 

the control group over the same time period 

53. 

S-Klotho protein and physical 

fitness 

Limited data are available on the relationship 

between physical fitness, physical health, and 

the S-Klotho protein (Figure 3). 

Physical fitness is considered a measure of the 

ability to perform physical activity/exercise, 

and it involves most body structures and 

functions (locomotor function, 

cardiorespiratory, blood-circulatory, 

endocrine-metabolic, psychological, 

neurological system/apparatus, etc.) 32. 

Physical fitness is an excellent predictor of life 

expectancy 54, both for those who are healthy 

and for those with some form of 

cardiovascular disease 55,56. Therefore, it is 

essential to monitor the level of fitness during 

the ageing process through the regular 

assessment of its components. 

Interestingly, the InCHIANTI study 

demonstrated that many components of 

physical fitness are related to S-Klotho 24,57,58. 
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Furthermore, another recent study 

demonstrated a positive correlation between 

S-Klotho and aerobic capacity in 

postmenopausal women after a 12-week 

exercise program 53. 

An interventional study observed poor grip 

strength in older community-dwelling adults 

with low S-Klotho 57, consistent with the 

presence of sarcopenia described in the 

Klotho mice model of ageing 4,28,47. A negative 

correlation was also reported between hand-

grip test and S-Klotho protein levels in β-

thalassemia patients 59. In addition, a greater 

decline in knee strength was observed over a 

4-year follow-up period in older adults with 

lower versus higher S-Klotho 60. 

Finally, a recent study showed a positive 

association between S-Klotho and lower-

extremity physical performance 58 using the 

Short Physical Performance Battery derived 

from lower-extremity performance tests used 

in the Established Populations for the 

Epidemiologic Studies of the Elderly 61. These 

findings are consistent with the interpretation 

of S-Klotho protein as a fitness and health 

marker in animal models 1,48 and in humans 

1,49,53. 

 

 

 

 

CONCLUSIONS  

In conclusion, the S-Klotho protein may exert 

multiple anti-ageing functions, including 

regulatory functions in the calcium-

phosphate metabolism, avoiding 

precipitation of calcium phosphate, reducing 

apoptotic mechanisms, inflammatory 

processes, and oxidative stress, and 

protecting cells. Despite this, future 

interventions are essential to explain the 

specific physiological mechanisms 

underlying these phenomena. 
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AIMS  

The overall aim of this International Doctoral 

Thesis is to study the effect of different 

exercise training programs on S-Klotho, as 

well as in physical fitness, energy 

metabolism, and cardiometabolic health, and 

to study the role of S-Klotho on physical 

fitness, energy metabolism and 

cardiometabolic health in sedentary middle-

aged adults. This overall aim is addressed in 

ten studies. In addition, this International 

Doctoral Thesis also contains six 

methodological studies that were conducted 

to solve some methodological aspects to be 

applied in the rest of studies.  

 

GENERAL INTRODUCTION 

General objective: To study the available 

evidence on the associations between exercise 

and S-Klotho protein regulation (Study 1). 

METHODOLOGICAL SECTION 

General methodological objective 1: To 

describe rationale, design and methodology 

of the FIT-AGEING randomized controlled 

trial (Study 2). 

General methodological objective 2: To 

determine the best methods for data 

collection, selection and analysis for assessing 

energy metabolism (i.e. MFO and REE) in 

healthy humans. 

Specific methodological objective 2.1: To 

systematically review the available 

studies describing and/or comparing 

different data collection and analysis 

approach factors that could affect MFO in 

healthy individuals (Study 3). 

Specific methodological objective 2.2: To 

investigate the impact of using a pre-

defined time interval on MFO, as wells as 

the impact of applying 2 different data 

analysis approaches (measured-values vs. 

polynomial-curve) on MFO estimations in 

sedentary adults (Study 4). 

Specific methodological objective 2.3: To 

study the RER at which MFO occurred in 

sedentary and trained healthy adults 

(Study 5). 

Specific methodological objective 2.4: To 

analyze the diurnal variation of MFO in 

trained male athletes (Study 6). 

Specific methodological objective 2.5: To 

provide normative values by sex, weight 

status, and age for MFO in sedentary 

healthy individuals evaluated by a 

treadmill test (Study 7). 

Specific methodological objective 2.6: To 

determine the accuracy and validity of 

REE predictive equations in normal-

weight, overweight and obese sedentary 

middle-aged adults (Study 8). 
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SECTION 1: S-Klotho protein and 

physical fitness 

 
General objective 1: To examine the 

association of body composition and physical 

fitness with S-Klotho in sedentary middle-

aged adults. 

Specific objective 1.1: To analyse the 

association of body composition 

including LM and FM as well as BMD 

with S-Klotho in sedentary middle-aged 

adults (Study 9). 

Specific objective 1.2: To determine the 

association of sedentary, physical activity, 

and physical fitness levels (i.e. 

cardiorespiratory fitness and muscular 

strength) with S-Klotho in sedentary 

middle-aged adults (Study 10). 

 

SECTION 2: S-Klotho protein, energy 

metabolism and cardiometabolic health 

 
General objective 2: To study the relationship 

of energy metabolism, cardiometabolic health 

and S-Klotho in sedentary middle-aged 

adults. 

Specific objective 2.1: To examine the 

association of BMR and fuel oxidation in 

basal conditions and during exercise with 

S-Klotho in sedentary middle-aged adults 

(Study 11). 

Specific objective 2.2: To investigate the 

association of cardiometabolic risk with S-

Klotho in sedentary middle-aged adults 

(Study 12). 

SECTION 3: Role of exercise on S-

Klotho protein, physical fitness, energy 

metabolism and cardiometabolic health 

General objective 3: To study the effects of 

different exercise training modalities on S-

Klotho, physical fitness, energy metabolism, 

and cardiometabolic health in sedentary 

middle-aged adults. 

Specific objective 3.1: To examine the effects of 

different exercise training modalities on S-

Klotho in sedentary middle-aged adults 

(Study 13). 

Specific objective 3.2: To investigate the effects 

of different exercise training modalities on 

body composition in sedentary middle-aged 

adults (Study 14). 

Specific objective 3.3: To describe the influence 

of different exercise training modalities on 

physical fitness in sedentary middle-aged 

adults (Study 15). 

Specific objective 3.4: To investigate the 

influence of different exercise training 

programs on BMR and fat oxidation, in basal 

conditions and during exercise in sedentary 

middle-aged adults (Study 16). 

Specific objective 3.5: To describe the influence 

of different exercise training modalities on 

cardiometabolic risk in sedentary middle-

aged adults (Study 17).
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HYPOTHESIS 

The overall hypothesis of this International 

Doctoral Thesis is that S-Klotho is associated 

with physical fitness, energy metabolism and 

cardiometabolic health in sedentary middle-

aged adults, and that exercise training, 

specially a HIIT+EMS program, increases S-

Klotho, as well as physical fitness, energy 

metabolism, and cardiometabolic health. 

 

SECTION 1: S-Klotho protein and 

physical fitness 

 
General hypothesis 1: Body composition and 

physical fitness are associated with S-Klotho 

in sedentary middle-aged adults. 

Specific hypothesis 1.1: LM and BMD are 

positively associated with S-Klotho and 

FM is negatively associated with S Klotho 

in sedentary middle-aged adults (Study 

9). 

Specific hypothesis 1.2: Physical activity and 

physical fitness levels (i.e. 

cardiorespiratory fitness and muscular 

strength) are positively associated with S-

Klotho, and sedentary time is negatively 

associated with S-Klotho in sedentary 

middle-aged adults (Study 10). 

 
 

SECTION 2: S-Klotho protein, energy 

metabolism and cardiometabolic health 

 

General hypothesis 2: Energy metabolism and 

cardiometabolic health are positively 

associated with S-Klotho in sedentary 

middle-aged adults. 

Specific hypothesis 2.1: BMR, BFox and 

MFO are positively associated with S-

Klotho, whereas BCHox is negatively 

associated with S-Klotho in sedentary 

middle-aged adults (Study 11). 

Specific hypothesis 2.2: An increased 

cardiometabolic risk will be associated 

with poorer S-Klotho in sedentary 

middle-aged adults (Study 12). 

SECTION 3: Role of exercise on S-

Klotho protein, physical fitness, energy 

metabolism and cardiometabolic health 

General hypothesis 3: Exercise training, 

specially a HIIT+EMS program, increases S-

Klotho, as well as physical fitness, energy 

metabolism, and cardiometabolic health in 

sedentary middle-aged adults. 

Specific hypothesis 3.1: Exercise training, 

specially a HIIT+EMS program, increases S-

Klotho in sedentary middle-aged adults 

(Study 13). 

Specific hypothesis 3.2: Exercise training, 

specially a HIIT+EMS program, improves 

body composition in sedentary middle-aged 

adults (Study 14). 

Specific hypothesis 3.3: Exercise training, 

specially a HIIT+EMS program, increases 
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physical fitness in sedentary middle-aged 

adults (Study 15). 

Specific hypothesis 3.4: Exercise training, 

specially a HIIT+EMS program, increases 

BMR and fat oxidation, in basal conditions 

and during exercise in sedentary middle-aged 

adults (Study 16). 

Specific hypothesis 3.5: Exercise training, 

specially a HIIT+EMS program, decreases 

cardiometabolic risk in sedentary middle-

aged adults (Study 17).
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This section has two chapters: 

(i) Chapter 3 describes the rationale, design, 

and methodology of the FIT-AGEING study 

focusing on the periodization of PAR, HIIT 

and HIIT-EMS training programs, as well as 

its dependent outcomes (Study 2). 

(ii) Chapter 4 includes a number of 

methodological studies investigating the 

measurement of BMR and MFO. Firstly, we 

performed a systematic review regarding the 

assessment of MFO (Study 3). After that, we 

conducted 3 studies [i] to investigate the 

impact of using a pre-defined time interval 

and different data analysis approaches on 

MFO (Study 4); [ii] to study the RER at which 

MFO occurred (Study 5); and to analyze the 

diurnal variation of MFO (Study 6). In 

addition, normative values by sex, weight 

status, and age for MFO are provided in 

Study 7. Finally, the accuracy and validity of 

REE predictive equations in normal-weight, 

overweight and obese sedentary middle-aged 

adults was examined in Study 8.
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Chapter 3:  
Exercise training as S-
Klotho protein 
stimulator in 
sedentary healthy 
adults: Rationale, 
design, and 
methodology  
(Study 2)
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ABSTRACT 

The secreted form of the α-Klotho gene (S-

Klotho), which is considered a powerful 

biomarker of longevity, makes it an attractive 

target as an anti-ageing therapy against 

functional decline, sarcopenic obesity, 

metabolic and cardiovascular diseases, 

osteoporosis, and neurodegenerative 

disorders. The S-Klotho plasma levels could 

be related to physical exercise inasmuch 

physical exercise is involved in physiological 

pathways that regulate the S-Klotho plasma 

levels. FIT-AGEING will determine the effect 

of different training modalities on the S-

Klotho plasma levels (primary outcome) in 

sedentary healthy adults. FIT-AGEING will 

also investigate the physiological 

consequences of activating the klotho gene 

(secondary outcomes). 

FIT-AGEING will recruit 80 sedentary, 

healthy adults (50% women) aged 45- 65 

years old. Eligible participants will be 

randomly assigned to a non-exercise group, 

i.e. the control group, (n=20), a physical 

activity recommendation from World Health 

Organization group (n=20), a high intensity 

interval training group (n=20), and a whole-

body electromyostimulation group (n=20). 

The laboratory measurements will be taken at 

the baseline and 12 weeks later including the 

S-Klotho plasma levels, physical fitness 

(cardiorespiratory fitness, muscular 

strength), body composition, basal metabolic 

rate, heart rate variability, maximal fat 

oxidation, health blood biomarkers, free-

living physical activity, sleep habits, reaction 

time, cognitive variables, and health-related 

questionnaires. We will also obtain dietary 

habits data and cardiovascular disease risk 

factors. 
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DESIGN 

The present study is a randomized controlled 

trial (ClinicalTrials.gov ID: NCT03334357) 

approved by The Human Research Ethics 

Committee of the “Junta de Andalucía” [0838-

N-2017]. All participants had to provide an 

informed consent. The participants were 

randomly allocated to a control group, a PAR 

group, (3) a HIIT group, and (4) a HIIT+EMS 

group. All of the baseline and follow-up 

examinations were performed at the same 

setting [Centro de Investigación Deporte y Salud 

(CIDS) at the University of Granada]. The 

study followed the revised ethical guidelines 

of the Declaration of Helsinki. 

PARTICIPANTS AND 
SELECTION CRITERIA 

The participants were adults from the 

province of Granada (Spain). Granada has 

≈885,000 population, of which ≈190,000 are 

adults aged 45-65. The eligible participants 

were 45-65 years old, and they had a BMI 

between 18.5 to 35 kg/m2. The inclusion and 

exclusion criteria are listed in Table 1. We 

decided to conduct the intervention on 

overweight and obese adults because 

overweight and obesity accelerate the ageing 

of adipose tissue, increase the formation of 

reactive oxygen species in fat cells, shorten 

telomeres, and produce the inhibition of the 

p53 tumor suppressor 1, which are factors that 

could be related to S-Klotho. Considering that 

aerobic exercise is able to increase S-Klotho in 

normal-weight young and senior adults 

according to literature 2, we also includes 

participants with a BMI between 18.5 and 24.9 

kg/m2. Including people with different 

weight status and body composition allows to 

study S-Klotho differences across different 

BMI categories (i.e. normal-weight, 

overweight, and obese based on BMI, and on 

body fat measures). 

All participants had a health history and a 

medical examination done prior to the 

intervention program to minimize risks by 

ruling out contraindications to the testing and 

training protocols. If any participant suffered 

any injury or medical problem, a medical 

evaluation was performed and, if necessary, 

they were excluded from the study. 

The study was announced on social networks, 

local media, and posters at different points of 

Granada. We also organized information 

meetings at the School of Medicine of the 

University of Granada. The people interested 

contacted the research team by e-mail and 

phone. Later, they visited our facilities to 

receive a thorough explanation about the 

study’s aims, the test to be performed, the 

inclusion and exclusion criteria, and the types 

of intervention. The potentially interested 

participants meeting the inclusion criteria 

were invited to a second orientation session; 

in this case, the participants received detailed 

written information about the study, and the 

informed consent. The participants were cited 

for their baseline measurement. 
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RANDOMIZATION AND 
BLINDING 

After completing the baseline measurements, 

the selected participants were randomly 

assigned to either the control or the exercise 

training groups. The randomization was 

computer-generated using simple 

randomization 3. The assessment staff was 

blinded to the participant randomization 

assignment. The participants were explicitly 

informed of their assigned group, as well as 

of the study hypotheses. They were 

frequently reminded not to disclose their 

randomization assignments to the assessment 

staff in the follow-up measurements. For 

practical and feasibility reasons, the study 

was conducted in two waves (maximum 45 

participants). 

 

 

 

 

 

 

 

 

 

SAMPLE SIZE 

The determination of the sample size and 

power of the study were made based on the 

data of a pilot S-Klotho samples 4. We 

considered S-Klotho differences between pre 

and post-treatment in order to assess the 

sample size requirements for the one-way 

ANOVA 5. As a result, we expected to detect 

an effect size of 100 pg/ml considering a type 

I error of 0.05 with a statistical power of 0.85 

if we recruited a minimum of 14 participants 

per group. Assuming a maximum loss at 

follow-up of 25%, we decided to recruit at 

least 20 participants (≈50% women) for each 

study group: control, PAR, HIIT, and 

HIIT+EMS. A total of 80 participants were 

planned to be enrolled in FIT-AGEING study. 

We used IBM-SPSS Sample power software 

(version 3.0.1) for calculations. 

 

Table 1. Selection criteria  

Inclusion criteria Exclusion criteria 
Age: 45-65 years old History of cardiovascular disease 
BMI: 18.5-35 kg/m2 Diabetes 
Not engaged in regular physical activity 
>20min on >3days/week 

Pregnancy or planning to get pregnant 
during the study period 

Not participating in a weight-loss program Beta blockers or benzodiazepines use 
Stable weight over the last 5 months (weight 
changes>5kg) 

Taking medication for thyroid  

The participants must be capable and 
willing to provide consent, understand the 
exclusion criteria, and accept the 
randomized group assignment 

Other significant conditions that are life-
threatening or that can interfere with or be 
aggravated by exercise 

Normal electrocardiogram Unwillingness to either complete the study 
requirements or to be randomized into the 
control or training group 
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PARTICIPANT RETENTION 
AND ADHERENCE 

The participants were allowed to withdraw at 

any time; however, to reduce participants 

drop-out and to maintain adherence to the 

training program, several strategies were 

implemented. In anticipation of private 

commitments, vacations, etc., the 

intervention program was carried out from 

September to December. All sessions were 

accompanied by music, and were held on an 

airy, well-lighted, and well-equipped gym. 

Qualified and certificated trainers were 

carefully supervised every training session, 

and they worked with groups of no more than 

six persons to ensure that the participants did 

the exercises correctly, and at a correct 

intensity. The training specialist and other 

study staff constantly supported the 

participants. 

EXERCISE PROGRAM 
RATIONALE 

Since there is no information regarding the 

ideal exercise model to induce higher levels of 

S-Klotho, the FIT-AGEING study applied 

different exercise training modalities. These 

methods were (i) PAR 6–9, (ii) HIIT, and (iii) 

HIIT+EMS. 

One of the most important aims of the current 

randomized controlled trial was to compare 

various exercise intensity levels (moderate vs. 

high intensity) to test if higher intensity levels 

provide more benefits despite the application 

of a lower training volume.  

The trial length were twelve weeks based on 

(i) the results of a previous study 10 and (ii) 

taking into account that the substantial 

physiological adaptations occur within the 

first 12-24 weeks of exercise 6. We provided no 

dietary prescriptions or instructions to the 

participants in the control and exercise 

groups. The participants were asked to 

maintain their dietary habits during the 

intervention period. 

PAR training program 

Volume 

Given the importance of the transferability of 

results to the general population in terms of 

time, intensity, and frequency, the volume of 

PAR were based on the minimum physical 

activity recommended by the World Health 

Organization (150min/week at moderate 

intensity) 11,12. 

Intensity 

Physical activity at moderate intensity is 

recommended to sedentary people by 

important health institutions to obtain health 

benefits 7,8,13. Physical activity at 60% of the 

HRres produces significant physiological 

adaptations in sedentary adults 7,8,13. For this 

reason, the intensity selected for PAR aerobic 

training was 60-65% of the HRres. 1RM is the 

maximum amount of force that can be 

generated in one maximal contraction, and it 

is used to determine the intensity of resistance 

training 14. The World Health Organization 

recommends an intensity of 40-50% of 1RM to 
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improve muscle strength, and to increase 

muscle mass in sedentary persons which have 

never done strength training 9. Therefore, the 

intensity selected for this training modality 

was 40-50% of 1RM. We also considered other 

variables that influence strength training, 

such as eccentric-isometric-concentric speed 

ratio, recovery time, and range of motion 15. 

Frequency 

Considering several studies that have 

compared the effects of different training 

frequencies on physical fitness as a health 

marker, the World Health Organization 

recommends a dose of 3 or 4 days/week 13. 

Because the lack of time is one of the most 

important causes of participant dropout, we 

determined that the PAR group trained 3 

days/week, the minimum frequency 

recommended. Resistance training was 

performed on 2 of these 3 days/week. In 

addition, the participants were advised to 

refrain from training for a minimum of 24 

hours and ideally 48 hours. The participants 

were phoned if they did not meet the weekly 

recommendations.  

Type of exercise. 

The ergometers selected for the aerobic 

training section were treadmill, cycle-

ergometer, and elliptical ergometer. For the 

resistance training section, we included 

weight-bearing and guided pneumatic 

machines, involving the major upper and 

lower body muscle groups 9.  

Training load variation 

We considered that participants may not be 

immediately capable of meeting the volume 

and intensity dose required. Therefore, we 

proposed a gradual progression to control the 

exercise dose (see Table 2) based on a 

previous randomized controlled trial 16. The 

participants started their training program 

with an aerobic dose of 75 min/week at 60% 

of the HRres. It was progressive increased 30 

min/week, and the participants achieved 150 

min/week on the 4th week. Regarding 

resistance training, the participants 

performed a 2-week familiarization phase; 

they learnt the movement patterns which are 

based on resistance exercises of our specific 

training program (dead lift, squat, horizontal, 

and vertical push-pull, etc.). In addition, the 

participants did compensatory exercises to 

improve core competency and joints 

stabilization, in order to avoid injuries. It is 

well known that, as the fitness level of 

participants increases, aerobic and strength 

load should be higher. Aerobic training 

intensity was increased, since it was 

necessary to rise the previously established 

intensity to maintain a specific percentage of 

the HRres, when the physical fitness was 

increased. In addition, we measured the 1RM 

of all exercises on the first week of each phase 

in order to adjust the resistance training load. 
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On the other hand, it is important to consider 

that the session organization determines 

different physiological adaptations in terms 

of muscle hypertrophy (metabolic stress, 

muscle damage etc.) 15. Due to the fact that the 

best training stimulus to induce higher levels 

of the S-Klotho is unknown, we included 

different types of sessions during each 

training phase.  

Training periodization 

The training periodization is shown in Table 

2. It was divided into two different phases, 

and its duration was of 5 weeks, starting with 

a familiarization phase. The training program 

structure was based on other randomized 

controlled trials, which had the aim to meet 

the physical activity recommendations for 

adults suggested by World Health 

Organization 7,16.  

Familiarization phase: This phase was extended 

for two weeks. The principal aim of this phase 

was to learn the main movement patterns 

(squat, hinge, bridge, and horizontal and 

vertical pulls and push) and to improve many 

physical fitness components such as 

cardiorespiratory fitness, core stability, joint 

stabilizing muscles, balance, and flexibility. 

These sessions prepared the participants for 

the 1RM evaluation. 

Phase I: The participants performed two 

combined sessions (aerobic and resistance 

training) and only one aerobic training 

session in phase 1. The aerobic training 

volume was 150 min/week (except in RM 

weeks, with a duration of 120 min/week) and 

the aerobic training intensity was 60% of the 

HRres in all cases. The resistance training 

included exercises involving the major 

muscle groups and principal movement 

patterns (squat, bench press, dead lift, lateral 

pull down…) and compensatory exercises. 

Combined sessions had type I structure (see 

Table 3) which alternate 4 resistance exercises 

involving the major muscle groups, 2 core 

stability exercises, and 2 compensatory 

exercises with 10-minute sets of aerobic 

training.  

Phase II: In this case, the combined sessions 

were different in order to provide a different 

resistance training stimulus 7,15,17. The 

combined session was divided into type I 

session (which focuses on mechanical tension 

and muscle damage) and type II session 

(which focuses on metabolic stress) 15,17. Both 

sessions included similar exercises to those 

reported in phase 1, as well as several 

exercises which involve small muscle groups 

(lateral raises, French press, or lateral raises). 

Training sessions 

The participants completed a total of 60 

minutes of aerobic exercise in non-combined 

sessions (only aerobic exercises). These 

sessions started with a dynamic standardized 

warm-up, including several muscle activation 

exercises. In addition, aerobic sessions 

included compensatory exercises. All 

combined training sessions began like a non-

combined session. 
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After the warm-up, an aerobic exercise was 

carried out on 10-minute sets, alternating 

with resistance exercises (depending on the 

session [see Table 3]). The participants had 

the possibility to change the ergometer in 

different 10-minute aerobic sets (treadmill, 

elliptical, or cycle-ergometer). In all cases, the 

training session ended with a cooling-down 

protocol (active global stretching); the 

participants completed 5 anterior or posterior 

chain exercises. 

HIIT program 

HIIT describes physical exercise 

characterized by short and intermittent 

efforts of vigorous activity, interspersed with 

resting periods at passive or low-intensity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 exercises. There are many HIIT protocols, 

and the specific physiological adaptations 

induced by this training modality are related 

to exercise stimulus, (i.e. the intensity, 

duration, or number of intervals performed), 

as well as the duration and activity patterns 

during recovery 18,19. The energy expenditure 

at HIIT (more intensity and low volume) is 

the same (or even higher in some cases) as 

moderate intensity exercise. However, HIIT 

physiological and health-related markers are 

better in healthy and diseased populations 19–

21. These findings are important from a public 

health perspective, because the ‘lack of time’ 

is one of the most common problems to do 

exercise.  
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Volume 

The volume in HIIT (40-65 min/week at high 

intensity) was smaller than the minimum 

physical activity recommended by the World 

Health Organization (75 min/week at 

vigorous intensity). 

Intensity 

The HIIT intensity is based on scientific 

evidence 18,19,22,23. HIIT participants 

performed two different complementary 

protocols: (i) HIIT with long intervals (Type A 

session), with an intensity of >95% of VO2max 

and (ii) HIIT with short intervals (Type B 

session), with an intensity of >120% of 

VO2max (>90% of the HRres or <9 {0-10 RPE 

scale} 24). The intensity was progressively 

increased after the familiarization phase. 

Frequency 

Traditionally, HIIT has been recommended 3 

times/week 22,23. However, considering the 

age of the participants (45-65 years old) and 

their training level (sedentary), we decided to 

reduce the training frequency (twice per 

week), since this population needs a 72-hour 

rest after a HIIT session 25. 

Type of exercise 

The exercises programmed for HIIT with long 

intervals (type A session) were walking on a 

treadmill with personalized slopes. For the 

HIIT with short intervals (type B session), the 

participants performed eight weight-bearing 

exercises in circuit form, (i.e. squat, dead lift, 

high knees up, high heels up, push up, 

horizontal row, lateral plank, and frontal 

plank). 

Training load variation 

We considered that participants were not 

immediately capable of meeting the volume 

and intensity dose required; therefore, we 

proposed a gradual progression to control the 

exercise dose. The participant started with a 

dose of <40 min/week at 80%-90% of VO2max 

in type A and type B sessions (HIIT 

familiarization phase). It was progressive 

increased to 50 min/week at >95% in type A 

session and 120% of VO2max in type B session 

(HIIT phase I) and to 65 min/week at >95% in 

type A session and 120% of VO2max in type B 

session (HIIT phase II). 

Training periodization 

The training periodization can be seen in 

Table 4. It is divided into three phases: (1) 

HIIT familiarization phase, (2) HIIT phase I, 

(3) HIIT phase II. 

HIIT familiarization phase: This phase was 

extended for 4 weeks. The participants 

carried out 2 types of sessions each week, type 

A and type B. The intensity selected for the 

first and the second week was 80% of 

VO2max. The intensity and the volume were 

higher in the third and fourth week. In session 

type A, the participants completed 6-9 sets of 

4 minutes (2 minutes work/2 minutes rest) 

with a maximal duration of 18 

minutes/session. In session type B, the 

participants completed 2 sets (8-9.5 minutes) 
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of 16 exercises (15-20 seconds work / 15-20 

seconds rest) with an active rest of 5 minutes 

at 60% of VO2max and a maximal duration of 

19 minutes/session. 

HIIT Phase I: The participants did two 

different sessions as in the familiarization 

phase. The intensity was >95%VO2max in 

type A session, and >120%VO2max in type B 

session. The training volume was less than 50 

minutes/week. In session type A, the 

participants completed 8-10 sets of 4 minutes 

(2 minutes work / 2 minutes rest) with a 

maximal duration of 20 minutes/session. In 

session type B, the participants completed 2 

sets (8-12.5 minutes of duration) of 16 

exercises (15-30 seconds work / 15-30 seconds 

rest) with an active rest of 5 minutes at 60% of 

VO2max and a maximal duration of 25 

minutes/session.  

HIIT Phase II: Sessions followed the same 

structure than HIIT Phase I. However, training 

volume was more than 50 minutes/week but 

less than 65 minutes/week. In session type A, 

the participants completed 6-8 sets of 5 

minutes (3 minutes work/2 minutes rest) 

with a maximal duration of 24 

minutes/session (intensity >95% of VO2max). 

In session type B, the participants completed 

3 sets (8-12.5 minutes duration) of 16 exercises 

(15-30 seconds work / 15-30 seconds rest) 

with an active rest of 5 minutes to 60% of 

VO2max and a maximal duration of 37 

minutes/session (intensity >120% of 

VO2max). The exercises in session type B were 

modified in order to increase their difficulty 

(add external load, increase range of motion, 

add instability, etc.) because it was expected 

that physical fitness increases as a training 

adaptation.  

Training sessions 

Type A session: It started with a dynamic 

standardized warm-up, including several 

muscle activation exercises followed by 5 

minutes of aerobic exercise on the treadmill at 

60% of VO2max. After the warm-up, the 

participants completed several treadmill sets 

following the established parameters 

previously described.  

Type B session: It started with a dynamic 

standardized warm-up. The participants 

performed eight weight-bearing exercises (in 

circuit form) twice per set with an active rest 

(walking at 60%VO2max) following the 

periodization previously established. 

In all cases, the training session ended with 

the same cooling-down protocol described in 

PAR. 

HIIT+EMS program 

WB-EMS is becoming increasingly popular as 

a novel training technology. WB-EMS is able 

to simultaneously stimulate up to 14–18 

regions or 8–12 different muscle groups with 

up to 2.800 cm2 electrode area 26.  
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Table 4. HIIT training periodization 
HIIT familiarization phase 

Week 1 2 3 4 

Session 
(type) 

1 (A) 2 (B) 3 (A) 4 (B) 5 (A) 6 (B) 7 (A) 8 (B) 

Exercises 1 (Tr) 
8x2 = 16  
(W-B) 1 (Tr) 

8x2 = 16  
(W-B) 1 (Tr) 

8x2 = 16  
(W-B) 1 (Tr) 

8x2 = 16  
(W-B) 

Volume 12 min 16 min 14 min 21 min 16 min 16 min 18 min 21 min 

Intensity 
80% 

VO2m 
80% 

VO2m 
80% 

VO2m 
80% 

VO2m 
90% 

VO2m 
90% 

VO2m 
90% 

VO2m 
90% 

VO2m 

Sets 6 2 7 2 8 2 9 2 

Set 
duration 

4 min 8 min 4 min 10.5 min 4 min 8 min 4 min 10.5 min 

Work 
exercise  

2 min 15 Sec 2 min 20 Sec 2 min 15 Sec 2 min 20 Sec 

Rest 
exercise  

2 min 
(pass) 15 Sec 2 min 

(pass) 20 Sec 2 min 
(pass) 15 Sec 2 min 

(pass) 20 Sec 

Rest 
between 

sets 
- 

5 min                 
(60% 

VO2m) 
- 

5 min                   
(60% 

VO2m) 
- 

5 min                   
(60% 

VO2m) 
- 

5 min                   
(60% 

VO2m) 
HIIT Phase I 

Week 5 6 7 8 

Session 
(type) 

9 (A) 10 (B) 11 (A) 12 (B) 13 (A) 14 (B) 15 (A) 16 (B) 

Exercises 1 (Tr) 8x2 = 16 
(W-B) 1 (Tr) 8x2 = 16 

(W-B) 1 (Tr) 8x2 = 16 
(W-B) 1 (Tr) 8x2 = 16 

(W-B) 

Volume 16 min 16 min 18 min 21 min 20 min 27 min 20 min 32 min 

Intensity 
>95% 
VO2m 

120% 
VO2m 

>95% 
VO2m 

120% 
VO2m 

>95% 
VO2m 

120% 
VO2m 

>95% 
VO2m 

120% 
VO2m 

Sets 8 2 9 2 10 2 10 2 

Set 
duration 

4 min 8 min 4 min 10.5 min 4 min 13.5 min 4 min 16 min 

Work 
exercise  

2 min 15 Sec 2 min 20 Sec 2 min 25 Sec 2 min 30 Sec 

Rest 
exercise  

2 min 
(pass) 15 Sec 2 min 

(pass) 20 Sec 2 min 
(pass) 25 Sec 2 min 

(pass) 30 Sec 

Rest 
between 

sets 
- 

5 min                   
(60% 

VO2m) 
- 

5 min                   
(60% 

VO2m) 
- 

5 min                   
(60% 

VO2m) 
- 

5 min                   
(60% 

VO2m) 
HIIT Phase II 

Week 9 10 11 12 

Session 
(type) 

17 (A) 18 (B) 19 (A) 20 (B) 21 (A) 22 (B) 23 (A) 24 (B) 

Exercises 1 (Tr) 8x2 = 16 
(W-B) 1 (Tr) 8x2 = 16 

(W-B) 1 (Tr) 8x2 = 16 
(W-B) 1 (Tr) 8x2 = 16 

(W-B) 

Volume 18 min 24 min 21 min 31.5 min 24 min 40.5 min 24 min 40.5 min 

Intensity 
>95% 
VO2m 

120% 
VO2m 

>95% 
VO2m 

120% 
VO2m 

>95% 
VO2m 

120% 
VO2m 

>95% 
VO2m 

120% 
VO2m 

Sets 6 3 7 3 8 3 8 3 

Set 
duration 

4 min 8 min 4 min 10.5 min 4 min 13.5 min 4 min 13.5 min 

Work 
exercise  

3 min 15 Sec 3 min 20 Sec 3 min 25 Sec 3 min 25 Sec 

Rest 
exercise  

2 min 
(pass) 15 Sec 2 min 

(pass) 20 Sec 2 min 
(pass) 25 Sec 2 min 

(pass) 25 Sec 

Rest 
between 

sets 
- 

5 min                   
(60% 

VO2m) 
- 

5 min                   
(60% 

VO2m) 
- 

5 min                   
(60% 

VO2m) 
- 

5 min                   
(60% 

VO2m) 
Type A; High Intensity Interval Training on the treadmill with individual slopes, Type B; High Intensity Interval 
Power Training (weight-bearing exercises), Tr; Treadmill, W-B; Weight-Bearing exercises, VO2m; Maximal oxygen 
uptake, Min; minutes, Sec; seconds, Pas; Passive. 
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Very few studies have determined the 

influence of WB-EMS on ageing, physical 

fitness, body composition, and physiological 

parameters in sedentary healthy adults 27–29, 

and its effects are controversial 30,31. It is 

essential to follow the scientific 

recommendations related to WB-EMS to 

avoid possible health problems 32,33 produced 

by the irresponsible use of this technology 

28,29,33. The HIIT+EMS program followed the 

same structure as the HIIT intervention in 

terms of volume, intensity, frequency, type of 

exercise, training load variation, training 

periodization, and training session. However, 

electrical impulses were included in order to 

assess whether the WB-EMS stimuli produces 

an extra effect compared with the HIIT 

program.  

Electrical parameters 

Given that the participants have never done 

WB-EMS, we decided to establish a 

progressive and gradual HIIT-EMS training 

periodization in order to avoid possible 

dangerous health consequences, such as 

increased creatine kinase levels and 

rhabdomyolysis 30,31. Using the WB-EMS 

devices from Wiemspro® (Malaga, Spain), 

bipolar, symmetrical, and rectangular electric 

pulse were applied. The periodization of 

electric parameters can be seen in Table 5. The 

typical frequency used in WB-EMS studies 

has been 85 Hz 26–29,33. However, our 

participants were sedentary adults aged 45-

65, and it has been shown that ageing is 

associated with a muscle mass decrease, 

especially type II fibers, and this decrease in 

muscle tissue begins around the age of 50 and 

dramatically increases beyond the age of 60 

34,35. In addition, it is well-known that the 

ideal frequency to recruit type I fibers is 7-33 

Hz 36. Therefore, we applied a frequency of 

15-33 Hz in our type A session (aerobic 

exercise). On the other hand, we applied a 

frequency of 35-75 Hz in the type B session 

(resistance exercises) because, in this case, our 

aim was to active type II fibers and their 

optimal frequency is 35-100 Hz 36. The 

intensity applied in our intervention program 

was 80-100 mA, following the scientific 

guidelines established in local 

electrostimulation in order to improve fitness 

and body composition (>50 mA) 36. The 

impulse intensity was individually adapted 

in accordance with the participants in order to 

generate similar values of RPE than other WB-

EMS studies (49, 54-59) using the Borg CR-10 

Scale “5” of “9” 37. The scientific 

recommendations regarding this matter 

range between 200-400 μsec. We adjusted this 

parameter in relation to the body segment: 

thigh zone (400μsec), glute zone (350μsec), 

abdominal zone (300μsec), dorsal zone 

(250μsec), cervical (200μsec), chest zone 

(200μsec), and arm zone (200μsec) 36. The 

stimulation ratio (duty cycle) is defined as 

ratio of on-time to the total cycle time (% duty 

cycle = 100/ [total time/on-time]). A duty 

cycle of 50-70% was used 27–29,38.  

 

 

 



MATERIALS & METHODS 
 

65 

 

 

We programmed a duty cycle of 50-67% in 

type B (resistance training) session following 

scientific evidence, but duty cycle in type A 

session (aerobic exercise) was 99% because 

the frequency was low and the work time was 

of 3 minutes maximum. 

 

CONTROL GROUP 

We provided general advice to the control 

group participants though an information 

meeting presided by a graduate in Sport  

 

Sciences. They were instructed to maintain 

their lifestyle. 

 

OUTCOME VARIABLES 

The primary outcome of our study was S-

Klotho. The secondary outcome variables 

included physical fitness components, body 

composition and anthropometric 

measurements, energy expenditure and fuel 

oxidation in basal conditions and during 

exercise, health blood biomarkers, sedentary 

and physical activity levels, dietary habits, 

Table 5. Electrical parameters in the HIIT+EMS periodization. 
FAMILIARIZATION PHASE 

Week 1 2 3 4 

Session (type) 1 (A) 2 (B) 3 (A) 4 (B) 5 (A) 6 (B) 7 (A) 8 (B) 

Frequency 15 Hz 35 Hz 15 Hz 35 Hz 15 Hz 40 Hz 15 Hz 40 Hz 

Intensity 100 mA 80 mA 100 mA 80 mA 100 mA 80 mA 100 mA 80 mA 

RPE impulse 
(0-10) 

5-6 5-6 6-7 6-7 7-8 7-8 7-8 7-8 

Duty cycle 
99% 

(59¨:1¨) 
50% 

(15¨:15¨) 
99% 

(59¨:1¨) 
57% 

(20¨:15¨) 
99% 

(59¨:1¨) 
50% 

(15¨:15¨) 
99% 

(59¨:1¨) 
57% 

(20¨:15¨) 
HIIT PHASE I 

Week 5 6 7 8 

Session (type) 9 (A) 10 (B) 11 (A) 12 (B) 13 (A) 14 (B) 15 (A) 16 (B) 

Frequency 20 Hz 45 Hz 20 Hz 45 Hz 20 Hz 50 Hz 20 Hz 55 Hz 

Intensity 100 mA 80 mA 100 mA 80 mA 100 mA 80 mA 100 mA 80 mA 

RPE impulse 
(0-10) 

7-8 7-8 7-8 7-8 7-8 7-8 7-8 7-8 

Duty cycle 
99% 

(59¨:1¨) 
50% 

(15¨:15¨) 
99% 

(59¨:1¨) 
57% 

(20¨:15¨) 
99% 

(59¨:1¨) 
63% 

(25¨:15¨) 
99% 

(59¨:1¨) 
67% 

(30¨:15¨) 
HIIT PHASE II 

Week 9 10 11 12 

Session (type) 17 (A) 18 (B) 19 (A) 20 (B) 21 (A) 22 (B) 23 (A) 24 (B) 

Frequency 25 Hz 60 Hz 20 Hz 65 Hz 20 Hz 70 Hz 20 Hz 75 Hz 

Intensity 100 mA 80 mA 100 mA 80 mA 100 mA 80 mA 100 mA 80 mA 

RPE impulse 
(0-10) 

8-9 8-9 8-9 8-9 8-9 8-9 8-9 8-9 

Duty cycle 
99% 

(59¨:1¨) 
50% 

(15¨:15¨) 
99% 

(59¨:1¨) 
57% 

(20¨:15¨) 
99% 

(59¨:1¨) 
63% 

(25¨:15¨) 
99% 

(59¨:1¨) 
63% 

(25¨:15¨) 
Type A; High Intensity Interval Training on the treadmill with individual slopes, Type B; High Intensity Interval Power 
Training (weight-bearing exercises), Hz; Hertz, mA; milliamps. 
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and cardiovascular risk factors (secondary 

outcomes) in sedentary healthy adults. 

The baseline measurements were organized 

on 4 days: 

Day 1: Medical examination (anamnesis, 

blood pressure assessment…) and fasting 

blood sample collection. 

Day 2: BMR and fuel oxidation measured by 

IC during 30 minutes, body composition by 

Dual Energy X-ray Absorptiometry scan and 

anthropometric measurements, and MFO 

during an incremental treadmill protocol. All 

tests were conducted under fasting 

conditions. 

Day 3: Upper and lower muscular strength by 

an isokinetic dynamometry test, manual 

isometric dynamometry and core resistance 

stability. 

Day 4: Cardiorespiratory fitness by a 

maximum exercise test on a treadmill 

(H/P/Cosmos Pulsar, H/P/Cosmos Sport & 

Medical GMBH, Germany) with an Ultima 

CardiO2 metabolic cart (Medgraphics Corp, 

Minnesota, USA), electrocardiogram, and 

blood pressure control. All tests were 

supervised by a graduate in sport sciences, 

and a sport medicine doctor.  

We used accelerometers to objectively 

measure sedentary and physical activity 

levels. Finally, we controlled the dietary 

intake by three 24 h recalls. 

Primary outcome: S-Klotho  

We collected blood samples from the 

antecubital vein after 12 hours of fasting. S-

Klotho plasma levels were measured by 

ELISA using a soluble α-klotho ELISA assay 

kit (Demeditec, Kiel, Germany). The kit is a 

non-competitive solid-phase sandwich ELISA 

that uses two types of highly specific 

antibodies (purified mouse anti-human 

Klotho IgG). The optical density was 

measured at a wavelength of 450 nm ± 2 nm 

and a standard curve was generated using 

known antigen concentrations. All 

participants were requested to abstain from 

drugs and/or caffeine, to eat a standardized 

dinner before sampling, and to avoid any 

physical activity of moderate intensity (24 

hours before) and/or vigorous intensity (48 

hours before).  

We also measured other blood parameters 

including a general biochemical profile and a 

hormone profile. The ELISA kits and 

spectrophotometry were used to perform 

these analyses.  

Secondary outcomes 

Physical fitness 

Cardiorespiratory fitness were measured 

through a maximum treadmill test applying 

the modified Balke protocol 39, which has 

been widely used and validated 16,40–42. We 

also measured the O2 uptake and CO2 

production with a breath by breath gas 

analyzer calibrated with known gas mixtures 

and environmental air immediately before 

the test. Consistently across each trial, the 

participants were strongly encouraged to 

invest maximum effort. The criteria for 
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achieving VO2max were to reach a RER ≥1.1, 

a plateau in VO2 (change of <100 ml/min in 

the last 30 s stage), and a heart rate within 10 

beats/min of the age-predicted maximal 

heart rate (208–0.7∗age) 43. The exercise 

electrocardiogram was continuously 

monitored. 

We conducted an isokinetic strength test 

using a Gymnex Iso-2 dynamometer 

(EASYTECH s.r.l., Italy), calibrated following 

the product instructions before the data 

collection. The knee flexor and extensor 

muscles were tested concentrically and 

eccentrically at 180° and 60° s-1. The upper 

members, hips, and shoulders were stabilized 

with safety belts. The rotational axis of the 

dynamometer was aligned with the right 

lateral femoral condyle. The force pad was 

placed 3–4 cm above the medial malleolus. 

The knee extension started with a 90º-joint 

angle and it ended at 170°. The subjects were 

instructed to sub maximally flex and extend 

the knee five times, and then completed three 

maximal repetitions. We allowed the 

participants a one-minute rest between 

submaximal and maximal trials, and 5 

minutes between 180° and 60° s-1, following a 

scientific validated protocol 44. The peak 

torque was determined as the single 

repetition with the highest muscular force 

output (Nm). The participants were 

encouraged by the trainer during the test, and 

the same trainer-researcher conducted all the 

isokinetic tests.  

We measured the handgrip strength using a 

digital dynamometer (TKK 5101 Grip-D; 

Takey, Tokyo, Japan). It was assessed 

following the procedures described 

elsewhere 45. 

We evaluated the core resistance stability 

using a standard protocol described by 

McGill et al. 46, which has been extensively 

used in scientific studies 47,48. This 

methodology included the Biering-Sorensen 

extensor endurance test, flexor endurance test 

(60º), frontal plank test, and the side bridge 

test. 

Anthropometric and body 
composition measurements 
Weight, height, hip circumference, and WC 

were determined following the 

recommended standardization procedures 

from the International Society for the 

Advancement of Kinanthropometry. We also 

evaluated the FM, FFM, LM, VAT, and BMD 

by conducting a dual-energy X-ray 

absorptiometer scan (Discovery Wi, Hologic, 

Inc., Bedford, MA, USA).  

Energy expenditure and fuel 
oxidation  
We evaluated the BMR and fuel oxidation by 

IC with a breath by breath gas analyzer. The 

participants were requested to attend to our 

lab in post-absorptive conditions (12–14 h 

fasting), to be abstained from drugs and/or 

caffeine, to eat an established dinner before 

blood samples, to avoid physical activity of 

moderate intensity (24 hours before) and/or 

vigorous intensity (48 hours before). They lied 

on a bed, in a quiet environment. Indirect 

calorimetric measures followed the scientific 



Chapter 3 

68 

accepted standards to ensure the validity of 

these tests 49,50. 

A standardized treadmill protocol test was 

used to measure MFO 51. The test started at 3.5 

km∙h-1 and at a gradient of 0% during three 

min. The speed was then increased until 

reaching the maximal speed that the 

participant would comfortably maintain 

without running. Grade was increased by 2% 

every 3 min until a RER of 1 was reached. 

After that, the speed was decreased until 4 

km/h, and the grade was 0% during 5 

minutes (active recovery). The respiratory gas 

measurements were continuously 

monitorized. Furthermore, the heart rate and 

RPE record were measured throughout the 

whole test. 

Sedentary and physical activity 
levels 
The amount of sedentary and physical 

activity time was measured by accelerometry 

(Actigraph, Pensacola, Florida, USA). The 

participants wore two accelerometers (non-

dominant wrist and right hip) during 7 

consecutive days for 24 hours.  

Dietary assessment 

We conducted a dietary assessment based on 

three 24-hour dietary recalls (1 during the 

weekend) at the baseline and after the 

intervention. All data were processed by the 

dietetic software (EVALFINUT®, Ibero-

American Foundation of Nutrition, Spain). 
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STUDIES´ METHODOLOGY 
OVERVIEW 

The present International Doctoral thesis 

contains a total of a total of 17 studies. One of 

them (Study 1) was conducted to study the 

available evidence on the associations 

between exercise and S-Klotho protein 

regulation. Seven of them were 

methodological studies: one aimed to 

describe the rationale, design and 

methodology of the FIT-AGEING 

randomized controlled trial (Study 2), and the 

other six studies were conducted to determine 

the best methods for data collection, selection 

and analysis for assessing energy metabolism 

(i.e. MFO and REE) in healthy humans 

(Studies 3 to 8). The rest of studies were 

conducted to address the aims of the 

International Doctoral Thesis. All studies 

contain data from the participants enrolled in 

the FIT-AGEING project, except: (i) in study 

4, 5, and 6 in which the participants of the 

ACTIBATE project (ClinicalTrials.gov ID: 

NCT02365129) were also included, and (ii) in 

study 6 in which an independent cohort of 

trained male athletes was considered. An 

overview of the design, cohorts, and variables 

included in every study is included below.
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ABSTRACT 

MFO and Fatmax are considered biological 

markers of metabolic health and performance. 

A wide range of studies have been performed 

to increase our knowledge about their 

regulation by exercise and/or nutritional 

intervention. However, numerous data 

collection and analysis approaches have been 

applied, which may have affected the MFO 

and Fatmax estimation. We aimed to 

systematically review the available studies 

describing and/or comparing different data 

collection and analysis approach factors that 

could affect MFO and Fatmax estimation in 

healthy individuals and patients. Two 

independent researchers performed the 

search. We included all original studies in 

which MFO and/or Fatmax were estimated by 

indirect calorimetry through an incremental 

graded exercise protocol published from 2002 

to 2019. This systematic review provides key 

information about the factors that could affect 

MFO and Fatmax estimation: ergometer type, 

metabolic cart used, warm-up duration and 

intensity, stage duration and intensities 

imposed in the graded exercise protocol, time 

interval selected for data analysis, 

stoichiometric equation selected to estimate 

fat oxidation, data analysis approach, time of 

the day when the test was performed, fasting 

time/previous meal before the test, and 

testing days for MFO/Fatmax and maximal 

oxygen uptake assessment. We suggest that 

researchers measuring MFO and Fatmax 

should take into account these key 

methodological issues that can considerably 

affect the accuracy, validity, and reliability of 

the measurement. Likewise, when comparing 

different studies, it is important to check 

whether the above-mentioned key 

methodological issues are similar in such 

studies to avoid ambiguous and unacceptable 

comparisons. 
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BACKGROUND 

The prevalence of overweight and obesity has 

dramatically increased over the last decades, 

being currently a worldwide public health 

problem 1,2. Although obesity is 

multifactorial, its aetiology is mainly based on 

a chronic imbalance between energy intake 

and energy expenditure. This chronic 

imbalance is not always due to hyperphagia 

since a high proportion of overweight 

individuals present a low metabolic rate, low 

rates of fat oxidation, an impaired 

sympathetic nervous activity, and metabolic 

inflexibility 3. 

Obese individuals present an impaired BFox 

4. However, less attention has been given to 

the study of fat oxidation during exercise 5, 

and the finding are so fat controversial. 

Several studies reported a lower MFO 

capacity during exercise and a lower Fatmax in 

individuals with obesity compared with 

normal-weight individuals 6–8. However, 

recent studies have observed higher MFO and 

Fatmax in obese people compared with their 

lean counterparts 9. Despite these apparently 

contradictory results, it seems clear that both 

MFO and Fatmax can be considered markers of 

metabolic health 7,10. 

Several studies estimated fat oxidation over a 

range of exercise intensities and protocols 11,12 

yet in some cases the exercise duration was 

too long (i.e. 15 minutes at six different 

workloads 12) and the number of exercise 

intensities used to determine MFO and Fatmax 

were minimal arbitrarily selected (i.e. 

walking on a treadmill at 4.3 km/h at 0%, 3%, 

and 6% slope 11). Since 2002, MFO and Fatmax 

have commonly been determined by IC 

through an incremental graded exercise 

protocol adapted to the population under 

study 8,13,14. This allowed to improve the 

previous methodology used to estimate fat 

oxidation during exercise. 

A recent systematic review confirmed a high 

variability in MFO and Fatmax across 

individuals with different biological 

characteristics 7, which can be attributed to a 

number of factors in addition to the weight 

status. These factors include the following: (i) 

Training status: trained endurance athletes 

have greater MFO than less-trained 

endurance athletes, with no differences in 

Fatmax 7,15,16. (ii) Sex: absolute MFO (g/ 

minute) is lower in women, whereas MFO 

relative to LM appears to be greater in women 

compared to men 7,17–19. However, Fatmax 

seems to be higher in women than in men 7,18. 

(iii) Nutritional status: a previous study 

compared MFO and Fatmax in two different 

conditions that included 75 g of glucose vs. 

placebo ingested 45 minutes pre-exercise after 

fasting overnight. They showed lower MFO 

and Fatmax in the glucose ingestion condition 

18. 

Besides the individual’s biological 

characteristics 20, there are numerous factors 

that could affect MFO and Fatmax estimation 

related to data collection and analysis 

approach (i.e. ergometer type, metabolic cart 

used, warm-up duration and intensity, stage 

duration and intensities imposed in the 
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graded exercise protocol, time interval 

selected for data analysis, stoichiometric 

equation selected to estimate fat oxidation, 

data analysis approach, time of the day when 

the test was performed, fasting 

time/previous meal before the test, and 

testing days for MFO/Fatmax and VO2max 

assessment. 

Numerous MFO and Fatmax data collection 

and analysis approaches have been 

previously applied, which could explain an 

important part of the high inter-individual 

variability and discrepant findings in the 

literature of MFO and Fatmax previously 

reported 20. To our knowledge, there is 

currently no available systematic review 

focused on the different data collection and 

analysis approaches used in the MFO and 

Fatmax determination which allows to fully 

understand their role in the high inter-

individual variability of MFO and Fatmax. In 

addition, there are no guidelines for the 

estimation of MFO and Fatmax. 

Therefore, in order to provide specific 

recommendations for MFO and Fatmax 

estimation, we systematically reviewed the 

available studies describing and/or 

comparing different data collection and 

analysis approach factors that could affect the 

MFO and Fatmax estimation during an 

incremental graded exercise protocol in 

healthy individuals and patients. 

 

 

 

 

MATERIAL & METHODS 

Study design 

This systematic review was registered in the 

International Prospective Register of 

Systematic Reviews (PROSPERO: identifier 

ID: 103158). The study was undertaken in 

accordance with the PRISMA statement 21. 

The present review focuses on 10 key 

methodological issues related to MFO and 

Fatmax data collection and analysis approach: 

(i) ergometer type, (ii) metabolic cart used, 

(iii) warm-up protocol (duration and 

intensity), (iv) graded exercise protocol (stage 

duration and intensities imposed), (v) time 

interval selected for data analysis, (vi) 

stoichiometric equation selected to estimate 

fat oxidation, (vii) data analysis approach, 

(viii) time of the day when the test is 

performed, (ix) acute nutritional status 

(fasting time and previous meal), and (x) 

testing days for MFO/Fatmax and VO2max 

assessment. 

Search strategy 

We searched in MEDLINE (via PubMed) and 

Web of Science for studies using incremental 

graded exercise protocols to measure MFO 

and Fatmax. The search was done using the 

Boolean search method, which limits the 

search results with operators including 

AND/OR/NOT to only those documents 

containing relevant key terms in the scope of 

this review. The search combined the 
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following terms: "maximal fat oxidation", 

"fatmax", "peak fat oxidation", "fuel 

oxidation", "whole-body fat oxidation", "fat 

oxidation", "maximal lipid oxidation" "lipid 

oxidation", "exercise ", "training", "walking", 

"cycling", "running", "physical activity". The 

search equations were:  

 PubMed: 

o (("maximal fat oxidation" or "fatmax" 

or "peak fat oxidation" or "fuel 

oxidation" or "whole-body fat 

oxidation" or "fat oxidation" or 

"maximal lipid oxidation" or "lipid 

oxidation")) AND ("exercise " or 

"training" or "walking" or "cycling" or 

"running" or "physical activity") NOT 

((((((((((((((((("Mice"[Mesh]) OR 

"Rats"[Mesh]) OR "Animal 

Experimentation"[Mesh]) OR 

"Models, Animal"[Mesh])) OR ("rats" 

OR "mouse"))) OR "mice")) OR 

"rat")))))))))) 

 Web of Science: 

o (((((((maximal fat oxid* or fatmax) or 

peak fat oxid*) or fuel oxid*) or whole-

body fat oxid*) or fat oxid*) or 

maximal lipid oxid*) or lipid oxid*) 

AND (((((exercise or training) or 

walking) or cycling) or running) or 

physical activit*) NOT (Mice OR Rat* 

OR (Experiment* AND Animal*) OR 

(Research* AND Animal*) OR mouse 

OR (model* AND animal*). 

Since the first experimental study that 

assessed MFO and Fatmax through 

incremental graded exercise protocol was 

published in 2002 8, we limited the dates of 

our search from 1st January 2002 to 26th 

February 2019. When the MFO and Fatmax 

data collection and processing criteria were 

not specified in the manuscript, we contacted 

authors (3 manuscripts). Also, we carefully 

examined the reference lists of the selected 

studies as an additional verification for 

potential studies that could be included in 

this review (11 manuscripts). 

Eligibility criteria 

Research articles were selected using the 

defined PICOS (Population, Intervention, 

Comparison and Outcome) criteria 22, and the 

literature search only included original 

studies (cross-sectional, longitudinal, or 

follow-up) in which the MFO and Fatmax were 

measured by incremental graded exercise 

protocol. We did not find studies performed 

in individuals younger than 6 years old or 

older than 80 years old, consequently the 

studies included in this review concern 

individuals within 6 and 80 years old, which 

allowed us to classify the participants into 

older adults (aged >60), adults (aged 18-59), 

adolescents (aged 12-17), and children (aged 

6-11). Reviews, editorials, and abstracts or 

congress communications were excluded. 

Studies were required to be written in English 

or Spanish language, and to be published in a 

peer-reviewed journal. 
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Data extraction 

Two investigators (FAG and ADO) 

independently read the articles and checked 

whether they met the eligibility criteria, and a 

third reviewer was involved when 

discrepancies were found (LJF). Eighty-two 

percent of agreement was reached on 

selecting the papers in the first phase, and 

100% of agreement after discrepancies was 

resolved in a consensus meeting. In addition 

to the 10 key methodological issues related to 

MFO and Fatmax data collection and analysis 

approach (see above), we extracted the 

following data from each study: (i) study 

(author identification and reference), (ii) 

number of participants and sex, (iii) 

participants’ age, (iv) participants’ health 

status and fitness level, (v) participants’ 

weight status, and (vi) study design. 

RESULTS 

Figure 1 shows the PRISMA consort flow 

diagram of the search strategy and selection 

process.  A total of 6915 manuscripts were 

identified, of which 315 were duplicates. 

Subsequently, we screened title and abstract 

of 6285 manuscripts, excluding 6147. Forty-

one articles were additionally excluded after 

reading the full text and verifying that they 

did not meet the inclusion criteria. A total of 

112 manuscripts were considered eligible for 

this systematic review. We identified a total of 

2 studies (1.8%) conducted in older adults, 93 

studies (83.0%) conducted in adults, 13 

studies (11.6%) conducted in adolescents, and 

9 studies (8.0%) conducted in children (Table 

1). We identified a total of 85 cross-sectional 

studies (75.9%), 26 longitudinal studies 

(23.2%), and 1 follow-up study (0.9%). Figure 

2 shows the percentage of studies that did not 

provide information about key 

methodological issues considered in the 

present systematic review. 

Ergometer type 

The ergometers used to assess MFO and 

Fatmax through an incremental graded 

exercise protocol were a cycle-ergometer 

(n=86 studies, 76.8%), a treadmill (n=32 

studies, 28.6%), and a hand cycle ergometer 

(n=2 studies, 1.8%). 

Metabolic cart used 

A total of 14 metabolic carts were identified 

across the studies included (Table 2). 
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Figure 1. Flowchart of the literature search and study selection process. Abbreviations: MFO, 
maximal fat oxidation; Fatmax, exercise intensity eliciting MFO. 
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Figure 2. Percentage of the 112 included papers that did not report key methodological issues related to maximal fat 
oxidation (MFO) and the exercise intensity eliciting MFO (Fatmax) data collection and data analysis approach. Total 
number of studies that did not report information about the specific key methodological issue related to MFO and 
Fatmax data collection and data analysis approach are included in brackets. 

Table 2. Metabolic carts identified across the studies included in the systematic review. 

Metabolic cart % of articles 

Oxycon Pro (Jaeger, Hochberg, Germany) 33.0% 

Metalyzer 3B (Cortex, Leipzig, Germany) 17.0% 

Vmax N29 (Sensormedic, California, USA) 11.6% 

Cosmed Quark (CPET, Rome, Italy) 11.6% 

TrueOne 2400 (ParvoMedics, Sandy, UT) 5.3% 

Ergocard (Schiller, Baar, Switzerland) 4.5% 

Aeromonitor (Minato Medical Science, Tokyo, Japan) 3.6% 

CPX Ultima CardiO2 (Medical Graphics Corp, St Paul, USA) 3.6% 

K4 B2 (Cosmed, Rome, Italy) 1.8% 

ZAN 600 (ZAN Messgeräte, Oberthulba, Germany) 1.8% 

Moxus Modular (AEI, Technologies, Pittsburgh, USA) 0.9% 

Mini MP 5200 (Servomex Group Ltd., Crowborough, East Sussex, UK) 0.9% 

Oxycon Mobile (Viasys Healthcare GmbH, Hoechberg, Germany) 0.9% 

Servomex 1400 B4 (East Sussex, UK) 0.9% 
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Warm-up protocol 

We observed that the warm-up intensity was 

lower than the first load selected for the main 

part of incremental graded exercise protocol 

in all studies that provided information about 

the warm-up. The warm-up duration was (i) 

similar to the duration of their respective 

incremental graded exercise protocol stages 

in 50 studies (44.6%), (ii) higher than the 

duration of their respective incremental 

graded exercise protocol stages in 37 studies 

(33.0%), and (ii) lower than the duration of 

their respective incremental graded exercise 

protocol stages in 14 studies (12.5%). 

Graded exercise protocol 

There are a number of different stage 

durations during the graded exercise 

protocols across the studies selected: (i) 53 

studies (47.3%) applied 3 minutes of stage 

duration, (ii) 19 studies (17.0%) applied 6 

minutes of stage duration, (iii) 16 studies 

(14.3%) applied 4 minutes of stage duration, 

(iv) 11 studies (9.8%) applied 5 minutes of 

stage duration, (v) 4 studies (3.6%) applied 2 

minutes of stage duration, (vi) 2 studies 

(1.8%) applied 10 minutes of stage duration, 

(vii) 2 studies (1.8%) applied 1 minute of stage 

duration, and (viii) 1 study (1.0%) applied 1.5 

minutes of stage duration. 

 

Time interval for data selection 
and analysis 

The time interval selected for data analysis 

across the studies included were (i) the last 60 

seconds of each stage in 44 studies (39.3%), (ii) 

the last 120 seconds of each stage in 25 studies 

(22.3%), (iii) the last 30 seconds of each stage 

in 13 studies (11.6%), (iv) the last 90 seconds 

of each stage in 7 studies (6.3%), (v) the last 45 

seconds of each stage in 1 study (0.9%), (vi) 

the last 20 seconds of each stage in 1 study 

(0.9%), (vii) the last 10 seconds of each stage 

in 1 study (0.9%), (viii) between 90 to 150 

seconds of each stage in 1 study (0.9%), and 

(ix) between 180 to 210 seconds of each stage 

in 1 study (0.9%). 

Stoichiometric equation selected 
to estimate fat oxidation 

We identified 5 stoichiometric equations to 

estimate fat oxidation: (i) the Frayn equation 

125 in 72 studies (64.2%), (ii) the Péronnet 

equation 126 in 22 studies (19.6%), (iii) the 

Jeukendrup equation 127 in 11 studies (9.8%), 

(iv) the Brouwer equation 128 in 4 studies 

(3.6%), and (v) the Livesey equation 129 in 2 

studies (1.8%). 

Data analysis approach 

 

The data analysis approaches used across the 

studies included were the following: (i) The 

measured-values data analysis approach was 

applied in 37 studies (33.0%). This data 

analysis approach is based on the highest fat 
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oxidation rate recorded in the graded exercise 

protocol 75. (ii) 25 studies applied the 2nd 

polynomial curve data analysis approach and 

9 studies applied the 3rd polynomial data 

analysis approach (22.3% and 8.0%, 

respectively). 

This data analysis approach is based on the 

graphical depiction of fat oxidation as a 

function of exercise intensity performing a 2nd 

or 3rd polynomial curve with intersection at 

(0;0). Fatmax can be calculated by 

differentiation of the 2nd or 3rd polynomial 

equation, and corresponded to the intensity at 

which the value of the differentiated equation 

was equal to zero 75. (iii) The sine model data 

analysis approach was used in 8 studies 

(7.1%). This data analysis approach is based 

on an specific equation that includes 

dilatation, symmetry, and translation as three 

independent variables representing the main 

modulations of the fat oxidation curve 75. 

Time of the day when the test 
was performed 

The time of the day when the graded exercise 

protocol was performed was different across 

the studies selected: (i) 84 studies (80.8%) 

were conducted in the morning, (ii) 5 studies 

were performed in the afternoon (4.8%), and 

(iii) 2 studies (1.9%) were conducted in the 

evening. 

Acute nutritional status 

The fasting time before the incremental 

graded exercise protocols varied across the 

studies selected (Table 3). Moreover, the meal 

established before the incremental graded 

exercise protocol were the following: (i) 

breakfast, lunch, and dinner before the 

incremental graded exercise protocol were 

standardized in 17 studies (15.2%), (ii) dinner 

before the incremental graded exercise 

protocol was standardized in 5 studies (4.5%), 

(iii) breakfast before the incremental graded 

exercise protocol was standardized in 5 

studies (4.5%), (iv) non-standard meal before 

the incremental graded exercise protocol was 

established in 4 studies (3.6%), (v) breakfast 

and lunch before the incremental graded 

exercise protocol was standardized in 2 

studies (1.8%), and (vi) lunch before the 

incremental graded exercise protocol was 

standardized in 1 study (0.9%). 

Testing days for MFO/Fatmax and 
VO2max assessment 

The estimation of MFO/Fatmax by an 

incremental graded exercise protocol cannot 

be assessed if the VO2max has not been 

previously determined. Therefore, the 

MFO/Fatmax and VO2max can be assessed in 

the same day or in separate days. A total of 69 

studies (61.6%) assessed MFO/Fatmax and 

VO2max the same day, while a total of 43 

studies (38.4%) assessed MFO/Fatmax and 

VO2max in separate days. 
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DISCUSSION 

The number of studies investigating MFO 

and Fatmax has grown enormously during the 

last years (see Figure 3). Besides individual’s 

biological characteristics 20, there are several 

factors that potentially affect MFO and Fatmax 

estimation related to data collection and 

analysis approach (i.e. ergometer type,  

 

 

 

metabolic cart used, warm-up duration and 

intensity, stage duration and intensities 

imposed in the graded exercise protocol, time 

interval selected for data analysis, 

stoichiometric equation selected to estimate 

fat oxidation, data analysis approach, time of 

the day when the test was performed, and 

fasting time/previous meal before the test,  

Table 3. Fasting time conditions identified across the studies included in the systematic review 

Fasting time % of articles 

Overnight fasting 26.7% 

Fasting state of 12 hours 16.1% 

Fasting state of 10 hours 10.7% 

Fasting state of 4 hours 7.1% 

Fasting state of 3 hours 6.3% 

Fasting state of 10-12 hours 5.4% 

Fasting state of 2 hours 5.4% 

Fasting state of <1 hour 1.8% 

Fasting state of 11 hours 1.8% 

Fasting state of 8 hours 0.9% 

Fasting state of 9-13 hours 0.9% 

Fasting state of at least 5 hours 0.9% 

Fasting state of at least 8 hours 0.9% 

Fasting state of 3-12 hours 0.9% 

Fasting state of 1 hour 0.9% 

Fasting state of 8-12 hours 0.9% 

Fasting state of 5 to 6 hours 0.9% 

Fasting state of at least 6 hours 0.9% 
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and testing days for MFO/ Fatmax and 

VO2max assessment.). 

We observed that a number of studies did not 

report information about key methodological 

issues related to the assessment of MFO and 

Fatmax (Figure 2). In addition, a high inter-

study heterogeneity was observed in each key 

methodological issue. Thus, adequate across-

study comparisons are not possible. 

Therefore, it is necessary to provide 

recommendations/guidelines about MFO 

and Fatmax data collection and processing to 

help harmonize future studies and make 

comparisons across studies possible. 

Ergometer type 

A number of previous studies have 

investigated whether the application of 

different ergometer types influences MFO 

and Fatmax in individuals with different  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

biological characteristics 88,91,97,98,123,130–134. 

Most of them compared a graded exercise 

protocol performed on a cyclo-ergometer vs. 

on a treadmill (walking/running). The 

findings obtained are not conclusive. While 

two studies reported greater MFO during 

walking/running on a treadmill than cycling 

on a cyclo-ergometer in healthy and 

moderately trained men with ~23 years of age 

(0.65±0.05 vs. 0.47±0.05 g/minute) 123 and  in 

children aged from 8 to 13 (0.24±0.06 vs. 

0.19±0.05 g/minute) 91, two other studies did 

not find significant differences in moderately 

trained individuals of both sexes aged ~29 

(0.48±0.04 vs. 0.44±0.05 g/min) 98 and in 

healthy men and women aged 22 to 29 

(0.50±0.19 vs. 0.47±0.22 g/minute) 88. 

Furthermore, different results have been 

obtained when comparing treadmill vs. cyclo-

ergometer graded exercise protocols in Fatmax 

across populations with different biological 

Figure 3. Number of articles that address maximal fat oxidation (MFO) and the intensity that 

elicit MFO (Fatmax) estimated by incremental graded exercise protocols. 
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characteristics. Zakrzewski et al. 91 found 

higher Fatmax walking/running on a treadmill 

than cycling on a cyclo-ergometer in children 

(59±13 vs. 51±7% of VO2max), which is in 

agreement with a study conducted in 

moderately trained men and women (57±2 vs. 

44±3% of VO2max) 98. However, no 

differences in Fatmax comparing treadmill vs. 

cyclo-ergometer graded test protocols were 

reported in a similar individual population 

(59±3 vs. 62±3% of VO2max) 123, and also in 

healthy men and women (49±20 vs. 50±15% of 

VO2max) 88. It has recently been suggested 

that these contradictory results can be related 

to the intraindividual variability and to the 

different data collection and analysis 

approaches used in the MFO and Fatmax 

determination 7,20. Moreover, different 

ergometer models (e.g. electromagnetic vs 

mechanically braked cycle ergometer) have 

been used across studies not giving specific 

information about it in almost all cases, which 

could impact on MFO and Fatmax data. Thus, 

we encourage authors to describe the key 

methodological issues in detail, and also to 

compare sex-, age- and training-status-

matched group of individuals 7. 

Metabolic cart used 

We registered a total of 14 different metabolic 

carts, yet there is no available information 

about the validity and reliability of these 

metabolic carts to measure MFO and FATmax. 

The breath-by-breath systems are capable of 

measuring metabolic gas exchange during 

exercise but most of the commercially 

available metabolic carts have shown a wide 

inter-day reliability (~10%) that is clinically 

unacceptable 135. Consequently, no gold 

standard has been well-recognised. However, 

assuming that differential monitor-specific 

deviations are one of the determinants for the 

lack of accuracy, comparability, and 

transferability of results obtained by IC, a 

post-calorimetric correction (i.e. correcting 

the measurements by artificial infusion of 

gases) was proposed. Interestingly, it was 

shown that this correction improved the 

comparability and reliability of the Vmax N29 

metabolic cart and the Deltatrac Metabolic 

Monitor 136. Galgani et al. 137 reported that the 

application of this post-calorimetric 

procedure appears to improve data quality in 

terms of substrate oxidation estimation 

during resting metabolic rate. Moreover, 

another key issue that should be carefully 

considered is that some metabolic cart 

systems assume constants atmospheric air 

factors, automatically correcting the 

registered VO2 and VCO2 concentrations. 

This fact could also modify the MFO and 

Fatmax assessment 138. Therefore, the 

comparison between studies that used 

different metabolic carts to determine MFO 

and Fatmax should be considered with caution. 

Future studies are needed to investigate 

whether the application of a post-calorimetric 

procedure provides an accurate, valid, and 

reliable measurement of MFO and Fatmax in 

different metabolic carts. Furthermore, 

although a minor percentage of portable 
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metabolic cart have been used in previous 

studies, it should be investigated whether the 

MFO and Fatmax estimations are similar using 

stationary vs. portable metabolic carts. 

Warm-up protocol 

Regarding the warm-up protocols, the 

duration ranges from 3 minutes to 10 minutes, 

with 3-5 minutes the most common duration. 

Warm-up intensity is commonly prescribed 

as a function of VO2max (ranging from 10% to 

60%) or as a predetermined external load 

(ranging from 6 to 100 watts in cyclo-

ergometer protocols and from 2.5 to 7 km/h 

in treadmill protocols). It is important to 

considerer that if the selected warm-up 

intensity is too high, in certain populations a 

potential carry over effects could be 

produced, affecting MFO and Fatmax 

estimations. To our knowledge, there is no 

study comparing the effect of different warm-

up durations or intensities on the MFO and 

Fatmax estimations. However, considering that 

Hajoglou et al. 139 reported that a specific 

warm-up protocol improved endurance 

performance more than no warm-up and 

other warm-up protocol in well-trained road 

cyclists, further studies are needed to clarify 

whether the selection of specific warm-up 

protocols for individuals with certain 

characteristic affects MFO and Fatmax 

estimations.  

 

 

Graded exercise protocol 

Fat oxidation during exercise has 

traditionally been studied over few stages, 

which included two to four progressive 

exercise intensities 140–142, being the resolution 

to establish MFO and Fatmax quite limited 28. 

In order to improve this resolution, a graded 

exercise protocol with 3-minute stages on a 

cyclo-ergometer was proposed by Achten et 

al. 8. Since then, numerous graded exercise 

protocol variations have been employed to 

determine MFO and Fatmax. The main 

variations involve alterations in exercise 

intensities (e.g. increments of 35 W vs. 20 W) 

8,143 or stage durations (e.g. stage duration of 

1 minute vs. 10 minutes) 80,97. Nowadays, 

there is no consensus about which is the best 

stage duration to estimate MFO and Fatmax. 

The application of too large workload 

increments and short stage durations may 

lose accuracy on MFO and Fatmax estimation 

and do not ensure that the participant reaches 

steady-state gas exchange measure in each 

stage. In contrast, too small workload 

increments and long stage durations imply an 

excessively long test affecting the MFO and 

Fatmax estimation. Therefore, taking into 

account the biological characteristics of the 

study participant´s seems to be crucial on the 

graded exercise protocol design. Further 

studies are needed to investigate this specific 

issue.  
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Time interval for data selection 
and analysis 

It seems clear that to reach a steady-state 

gaseous exchange (VO2 and VCO2) a key 

requirement is to accurately measure 

substrate metabolism through IC 144,145. In this 

context, previous studies have suggested that 

individuals with low cardiorespiratory fitness 

need longer time periods to reach the steady-

state gaseous exchange 146,147. Thus, the 

application of a 3-minute stage duration or 

less could not be enough to attain the steady-

state gaseous exchange in specific 

populations. A recent study showed that 

graded exercise protocols using a 4-minute 

stage duration are sufficient to establish 

steady-state gaseous exchange in individuals 

with low levels of cardiorespiratory fitness 28. 

They also suggested that no differences were 

obtained comparing 4-minutes vs. 6-, 8- 

minutes stages, thus they recommended to 

use a 4-minutes stage duration, despite this 

stage duration could may systematically 

produce higher variability in gas exchange, 

and, consequently, in MFO and Fatmax 28. 

However, although some studies have 

mentioned that it is necessary to reach a 

steady-state gaseous exchange during each 

graded exercise protocol stage to get a MFO 

and Fatmax valid measures 11,40,113,143,47,57,65,86–

88,92,110, most of them did not report a detailed 

checking analysis. Therefore, we suggest 

using a graded exercise protocol with a 4-

minute stage duration, using the last 60 

seconds time interval for data analysis in low 

cardiorespiratory fitness individuals. Further 

studies are needed to know whether this 

recommendation is applicable for individuals 

with different cardiorespiratory fitness levels, 

and also to determine whether sex, age, 

and/or health status may play a role in this. 

Stoichiometric equation selected 
to estimate fat oxidation 

We found a total of 5 different stoichiometric 

equations to estimate fat oxidation across the 

studies selected from gas exchange data. A 

recent study suggested that further inter-

study discrepancies in MFO and Fatmax can be 

attributed to the stoichiometric equation 

applied to calculate fuel oxidation 44. This 

suggestion concurred with previous studies 

which proposed that the use of different 

stochiometric equations hinders inter-study 

comparisons 7,119. To our knowledge, there are 

no studies that compare the estimation of fat 

oxidation through different stochiometric 

equations, and thus there is a need to 

investigate whether the use of different 

stochiometric equations provide similar or 

distinct MFO and Fatmax estimations. 

Moreover, despite the existence of studies 

estimating MFO through stochiometric 

equations, there are no investigations that 

evaluate the contribution of protein oxidation 

during the incremental graded exercise 

protocol. 
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Data analysis approach 

We found a total of 3 different data analysis 

approaches to estimate MFO and Fatmax 

across the studies included in our systematic 

review. To date, only one study has 

investigated the reproducibility of MFO and 

Fatmax in recreationally trained males 

applying the measured-values data analysis 

approach, the polynomial curve data analysis 

approach, and the sine model data analysis 

approach 75. They observed a high inter-

individual variability (CV ~16%) in MFO and 

Fatmax regardless of the data analysis 

approach employed, despite the robust 

methodological design performed in their 

study 75. However, the reproducibility of 

MFO and Fatmax in recreationally trained 

females and/or sedentary individuals 

applying the above-mentioned data analysis 

approaches has not been previously reported. 

Moreover, data analysis approaches that use 

fat oxidation data from stages between the 

lactate threshold and the critical power (e.g. 

polynomial curve data analysis approach or 

the sine model data analysis approach) 

should be considered cautiously, since it can 

take up to ~15-minutes to achieve steady-

state gas exchange at these intensities. 

Therefore, further studies are needed to 

investigate which is the best data analysis 

approach depending of both the participants’ 

biological characteristics, and also the graded 

exercise protocols methodological 

characteristics.  

Time of the day when the test 
was performed 

It is well known that numerous physiological 

processes are governed by a biological clock 

and have diurnal-variation patterns 148. 

Indeed, previous studies showed that 

substrate oxidation in different conditions 

depends on the time of the day 149. 

Nevertheless, little is known regarding the 

diurnal variations of substrate oxidation 

during exercise. To our knowledge, there is 

only two studies that investigated the diurnal 

variations of MFO and Fatmax concluding that 

both outcomes reached higher values in the 

evening than in the morning in untrained 

normal weight and obese men 94, and in 

trained male athletes 23. Since we cannot 

extend these results to untrained and/or 

athletes’ women, we recommend that the 

MFO and Fatmax assessment in the morning 

should not be compared with those measured 

in the afternoon and/or evening. We also 

encourage authors to precisely describe the 

time of the day at which the MFO and Fatmax 

is determined in order to avoid inappropriate 

and inaccurate comparisons. 

Acute nutritional status 

Our review shows a high inter-study 

variability of the acute nutritional status to 

estimate MFO and Fatmax, although a recent 

narrative review emphasized that the fasting 

time and the previous meal intake exert an 

important influence on MFO and Fatmax 

values 7. Achten & Jeukendrup showed that 
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75 g of glucose ingested 45 minutes before 

exercise induced a reduction of MFO and 

Fatmax compared with placebo in trained 

males 121. Moreover, a recent study showed 

that the dietary intake of carbohydrates and 

fat exert an independent negative and 

positive influence on MFO and Fatmax, 

respectively in healthy men and women. 

Although Astorino et al. 143 proposed that 

objectively standardising activity and diet 

may help increase reliability of estimating 

MFO and Fatmax, it is important to note that 

the majority of studies reported that the pre-

trial diet standardisation was self-reported, 

which could impact on MFO and Fatmax 

determination. Therefore, we encourage 

authors to precisely control the acute 

nutritional status when the MFO and Fatmax 

are determined. Nevertheless, more studies 

are needed to confirm: (i) whether different 

fasting times before the incremental graded 

exercise protocol imply different MFO and 

Fatmax values, and (ii) whether non-

previously studied dietary pattern 

maintained for long time periods (e.g. 

Mediterranean diet) induces alterations of 

MFO and Fatmax. 

Testing days for MFO/Fatmax and 
VO2max assessment 

Fatmax is commonly expressed as the 

percentage of VO2max, thus, the 

determination of the VO2max is an essential 

requirement to assess MFO/Fatmax. This issue 

has entailed an important methodological 

research question with logistic and practical 

implications: to assess MFO/Fatmax and 

VO2max in the same day, or in separate days. 

To resolve this matter, Guadalupe-Grau et 

al.59 performed two different testing days in 

young healthy men performing: (i) A 

maximal incremental graded exercise 

protocol on a cycle ergometer, starting at 60 

W for 5 min, followed by 35 W increment 

every 3 min until the RER reached 1.0. After 

that, increments of 35 W every minute was 

applied until exhaustion, obtaining 

MFO/Fatmax and VO2max in the same day.  

(ii) A maximal graded exercise protocol on a 

cycloergometer starting with a 6-min warm-

up at 60 W, followed by progressive increases 

of 35 W each minute until exhaustion, 

obtaining VO2max. No significant differences 

were observed in VO2max data measured by 

either day one or two testing days 59.  

Therefore, we suggest to determine 

MFO/Fatmax and VO2max in the same day for 

logistic and practical reasons in healthy 

young men. However, further studies are 

needed to know whether this 

recommendation is applicable for women, 

and/or other populations with different 

biological characteristics (i.e. trained vs. 

untrained, younger vs. older, etc.).  

Limitations 

Certain limitations need to be acknowledged. 

One limitation is that for certain population 

groups the number of studies was small, thus 

the recommendation and future directions 

outlined should be updated when more 
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studies are published. Another point to note 

is that this review did not include studies 

conducted in patients. 

CONCLUSIONS 

Based on the findings of this systematic 

review, we suggest that researches measuring 

MFO and Fatmax using graded exercise 

protocols by IC should consider some key 

methodological issues that can considerably 

affect the accuracy, validity, and reliability of 

the measurement: (i) ergometer type, (ii) 

metabolic cart used, (iii) warm-up protocol 

(duration and intensity), (iv) graded exercise 

protocol (stage duration and intensities 

imposed), (v) time interval selected for data 

analysis, (vi) stoichiometric equation selected 

to estimate fat oxidation, (vii) data analysis 

approach, (viii) time of the day when the test 

was performed, (ix) acute nutritional status 

(fasting time and standard meal conditions 

established before the incremental graded 

exercise protocol) and (x) testing days for 

MFO/Fatmax and VO2max assessment. 

Likewise, when comparing different studies, 

it is important to check whether the above-

mentioned key methodological issues are 

similar in such studies to avoid ambiguous 

and unacceptable comparisons. Further 

studies are needed to develop detailed 

guidelines for MFO and Fatmax assessment 

using graded exercise protocols by IC. 

 

 

Perspectives 

Besides the individual’s biological 

characteristics there are numerous factors that 

could affect MFO and Fatmax estimation 

related to data collection and analysis 

approach. Some key methodological issues 

should be considered by researches 

measuring MFO and Fatmax using graded 

exercise protocols by IC. These include: (i) 

ergometer type, (ii) metabolic cart used, (iii) 

warm-up protocol, (iv) graded exercise 

protocol, (v) time interval selected for data 

analysis, (vi) stoichiometric equation selected 

to estimate fat oxidation, (vii) data analysis 

approach, (viii) time of the day when the test 

was performed, (ix) acute nutritional status, 

and (x) testing days for MFO/Fatmax and 

VO2max assessment. 

The results of the current systematic review 

suggest that when comparing different 

studies, it is important to check whether the 

above-mentioned key methodological issues 

are similar in such studies to avoid 

ambiguous and unacceptable comparisons. 

Finally, an important aspect that should be 

considered when the MFO estimation of 

different studies are compared is whether 

MFO has been expressed in absolute values 

vs. relative values (g/min, 

g/kgbodyweight/min, or g/kgleanmass/min). This 

fact allows to compare data considering 

several key confounder variables such as sex, 

weight, and body composition.
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ABSTRACT 

MFO and Fatmax are considered excellent 

markers of fat metabolism during exercise. 

Besides individual’s biological characteristics 

(e.g. fed state, physical fitness level, sex, or 

age), data selection and analysis can affect 

MFO and Fatmax estimations, yet the effect 

is unknown. We investigated (i) the impact of 

using a pre-defined time interval on MFO 

and Fatmax estimation, and (ii) the impact of 

applying 2 different data analysis approaches 

(measured-values vs. polynomial-curve) on 

MFO and Fatmax estimations in sedentary 

adults. A total of 151 (97 women) sedentary 

adults aged 29.2 ± 13.2 years old participated 

in the study. We assessed MFO and Fatmax 

through a walking graded exercise test using 

indirect calorimetry. We pre-defined 13 

different time intervals for data analysis, and 

the estimation of MFO and Fatmax were 

performed through the measured-values and 

the polynomial-curve data analysis 

approaches. There were significant 

differences in MFO across pre-defined time 

intervals methods (P<0.001) applying 

measured-values data analysis approach, 

while no statistical differences were observed 

when using polynomial-curve data analysis 

approach (P=0.077). There were no 

differences in Fatmax across pre-defined time 

intervals independently of the data analysis 

approach (P≥0.7). We observed significant 

differences in MFO between measured-

values and the polynomial-curve data 

analysis approaches across the time intervals 

methods selected (all P≤0.05), and no 

differences were observed in Fatmax (all 

P≥0.2). In conclusion, our results revealed 

that there are no differences in MFO and 

Fatmax across different time intervals methods 

selected using the polynomial-curve data 

analysis approach. We observed significant 

differences in MFO between measured-

values vs. polynomial-curve data analysis 

approaches in all the study time intervals, 

whereas no differences were detected in 

Fatmax. Therefore, the use of polynomial-

curve data analysis approach allows to 

compare MFO and Fatmax using different 

time intervals in sedentary adults. 
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BACKGROUND 

A low capacity to oxidize fatty acids by whole 

body and skeletal muscle in the fasted state 1 

or during exercise 2 is one of the most 

important factors related to metabolic 

diseases 3. MFO and Fatmax are currently 

considered excellent markers of fat 

metabolism during exercise, and have been 

used to investigate alterations of substrate 

metabolism in obesity 4–7 and type II diabetes 

8. Moreover, MFO and Fatmax have been 

considered key factors in endurance sport 

performance 9. 

During exercise fat oxidation increases as 

exercise intensity increases until fat oxidation 

peak (i.e. MFO) is reached at a certain 

intensity (i.e. Fatmax), and then fat oxidation 

begins to decline. From this exercise intensity 

onwards, carbohydrate oxidation becomes 

the primary energy source 10,11. Interestingly, 

there is a high interindividual variability in 

fuel oxidation substrates during exercise, 

which depends on sex, age, or training status 

4,10–13. Besides these individual’s biological 

characteristics, there are numerous factors 

known to affect both MFO and Fatmax 

estimation, including the graded exercise 

protocol applied 14,15, the exercise type 16, the 

metabolic cart used to register the VO2 and 

VCO2 release during the exercise protocol 

13,17,18, and the stoichiometric equations 

selected to calculate fuel oxidation 14,17–20. 

Previous studies have shown that data 

selection and analysis methods, when applied 

to IC data, exert an important influence on 

BMR and meal-induced thermogenesis 

estimations 21–23. Thus, it is plausible that data 

selection and analysis methods also play an 

important role in MFO and Fatmax 

estimations. There are two known factors that 

could influence on MFO and Fatmax related to 

data selection and data analysis: (i) the time 

interval selected to conduct the data analysis 

(e.g. average of the last 30, 60, 90 or 120 

seconds) 5,6,8,13,17,24, and (ii) the data analysis 

approaches to determine MFO and Fatmax, 

that is the highest measured value, commonly 

known as measured-values approach 24, the 

highest point in a polynomial-curve built 

with the measured values with intersection at 

(0;0) 6,17,24,25 , the LIPOXmax method 26 or the 

sine model 24). Croci et al. (2014) investigated 

the intra-individual variability of Fatmax 

measurements determined using some of 

these data analysis approaches. However, 

they did not consider different time intervals 

for data analysis (they only used the last 120 

s), and their study participants were 15 

healthy, moderately trained male volunteers. 

To our knowledge, there are no studies 

examining whether the selection of different 

time intervals and the use the two most used 

data analysis approaches (i.e. measured-

values vs. polynomial-curve) influence MFO 

and Fatmax estimations in sedentary adults of 

both sexes. 

Considering MFO and Fatmax as important 

factors related to metabolic diseases that 

became increasingly popular during the last 

years, it is of importance to determine which 

methodological procedures are better to get a 
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valid and reliable MFO and Fatmax estimation. 

We analyzed the impact of using different 

pre-defined time intervals on MFO and Fatmax 

estimations. Moreover, we also examined the 

impact of applying two different data analysis 

approaches (measured-values vs. 

polynomial-curve) on MFO and Fatmax 

estimations in sedentary adults. We 

hypothesised that the use of different pre-

defined time intervals may affect the MFO 

and Fatmax estimations independently of the 

data analysis approach, due to the fact that 

sedentary individuals likely need longer time 

to reach a stable measurement when different 

intensities are applied. 

MATERIAL & METHODS 

Participants 

A total of 151 (97 women) sedentary adults 

aged 29.2 ± 13.2 years old participated in the 

current study. Participants were enrolled in 

the ACTIBATE study (n=109, 74 women, aged 

22.1 ± 2.2 years old)  27 (ClinicalTrials.gov. 

ID:NCT02365129) or in the FIT-AGEING 

study (n=42, 23 women, aged 52.1 ± 4.2 years 

old) 28 (Clinicaltrial.gov. ID: NCT03334357). 

They reported being: (i) sedentary, (ii) non-

smokers, (iii) not taking any medication, (iv) 

not having acute or chronic illness, and (v) not 

being pregnant. Both studies were approved 

by the Human Research Ethics Committee of 

the University of Granada (nº 924), and by the 

Human Research Ethics Committee of the 

Junta de Andalucía (nº 0838-N-2017), and 

followed the revised ethical guidelines of the 

Declaration of Helsinki (last revision). All 

participants signed the written informed 

consent before their enrolment. 

Study design 

The current study followed a single-center, 

cross-sectional design, and was conducted 

between September-November 2016, and 

September-December 2017. Participants were 

asked to avoid any moderate or vigorous 

physical activity (24 and 48 hours, 

respectively) before the testing day, and not 

to consume dietary supplements and/or 

stimulant beverages during the 24 hours 

before to test. Participants came to the 

research center in a fasting state of 6-7 h 

(6.2±0.5h) and arrived at the laboratory with a 

minimum of physical activity.  

Weight and height were measured on a 

separate day at 8:15 a.m., after a pre-

established dinner, in a fasting condition (at 

least 12 h, except for water intake), without 

shoes, and with minimal clothing, using a 

digital integrating scale and stadiometer (Seca 

760, Electronic Column Scale, Hamburg, 

Germany). BMI was calculated as weight 

(kg)/height (m2), and body composition (LM 

and FM) was determined by a Dual Energy X-

ray Absorptiometry (HOLOGIC, Discovery 

Wi) scan. LMI and FMI were calculated as LM 

(kg)/height (m2), and FM (kg)/height (m2), 

respectively. 
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Graded exercise protocol  

The protocol began with a maximal walking 

speed test on a treadmill (H/P/cosmos 

pulsar, H/P/cosmos sports & medical 

GmbH, Nussdorf-Traunstein, Germany) 

which started with 30 seconds at 4 km/h 

(gradient of 0%) followed by 45 seconds at 5.5 

km/h. After that, the speed was increased by 

1 km/h every 45 seconds until the maximal 

walking speed was reached (see Figure 1A). 

Then, after approximately 3 minutes resting, 

a graded exercise protocol was performed on 

the treadmill to determine MFO and Fatmax 

(see Figure 1). The test started with 3 minutes 

warm-up at 3.5 km/h (gradient 0%), and the 

speed was increased by 1 km/h every 3 

minutes until the maximal walking speed was 

reached. Thereafter, the treadmill speed was 

kept constant (i.e. maximal walking speed) 

with the gradient increasing by 2% every 3 

minutes until the RER was ≥ 1.0 29. The 

protocol finished with 5 minutes of recovery 

walking at 4 km/h (gradient 0%). The 

protocol duration was ~60 min, including 

rest, maximal walking speed protocol, graded 

exercise protocol, and recovery (see Figure 

1A). Respiratory gas exchange was collected 

during the whole test through IC (CPX Ultima 

CardiO2, Medical Graphics Corp, St Paul, 

USA). A face-mask (model 7400, Hans 

Rudolph Inc, Kansas City, MO, USA), 

equipped with a prevent™ metabolic flow 

sensor (Medgraphics Corp, Minnesota, USA) 

was used for gases collection. 

We determined VO2max in a separate day 

(separated by 3-14 days) using a maximum 

treadmill exercise test following the modified 

Balke protocol 30. In this test, the obtained gas 

exchange parameters were averaged every 5 

seconds using the Breeze Suite software. The 

criteria for achieving VO2max were: RER ≥ 

1.1, a plateau in VO2 (change of <100 ml/min 

in the last 3 consecutives 10 seconds stage), 

and a heart rate within 10 beats/min of the 

age-predicted maximal heart rate (209–0.73 ∗ 

age) 31. We considered the peak oxygen 

uptake value during the maximum treadmill 

exercise test when these criteria were not met 

31. 

Gases processing and analysis  

Obtained gas exchange parameters in the 

MFO and Fatmax test were averaged every 10 

seconds with the Breeze Suite software 

(version 8.1.0.54 SP7, MGC Diagnostic®). A 

total of 13-time intervals (see Figure 1B) were 

pre-defined and applied in all the 3 minutes 

stages: (i) First 30 seconds mean; (ii) Second 

30 seconds mean; (iii) Third 30 seconds mean; 

(iv) Fourth 30 seconds mean; (v) Fifth 30 

seconds mean; (vi) Last 30 seconds mean; (vii) 

First 60 seconds mean; (viii) Middle 60 

seconds mean; (ix) Last 60 seconds mean; (x) 

First 90 seconds mean; (xi) Last 90 seconds 
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mean; and (xii) Last 120 seconds mean; and 

(xiii) 180 seconds mean. 

Fat oxidation rates were calculated using the 

Frayn stoichiometric equations with the 

assumption that urinary nitrogen excretion 

was 0 32. We determined MFO and Fatmax 

using 2 different data analysis approaches: (i) 

measured-values: we obtained MFO and 

Fatmax data from the stage at which fat 

oxidation rate was higher, and the 

corresponding intensity was selected 24; (ii) 

Polynomial-curve: we calculated MFO and 

Fatmax constructing a third polynomial curve 

with intersection at (0;0) from a graphical 

depiction of fat oxidation values as a function 

of exercise intensity 24. 

Statistical analysis 

The Shapiro-Wilk test, visual check of 

histograms, Q-Q, and box plots were used to 

verify the normal distribution of all variables. 

The descriptive parameters are reported as 

mean and SD. We conducted repeated 

measures ANOVA with Bonferroni 

correction to compare MFO and Fatmax across 

the pre-defined time intervals in the graded 

exercise protocol, using measured-values and 

the polynomial-curve data analysis 

approaches separately. The main analyses 

were conducted with the most used time 

intervals (i.e. last 30, 60, 90 and 120 seconds). 

We conducted a paired t-test to study the 

differences on MFO and Fatmax between 

measured-values and the polynomial-curve 

data analysis approaches. In order to 

understand whether the cardiorespiratory 

fitness level (i.e. VO2max) influences the MFO 

and Fatmax calculated by different time 

intervals methods and using different data 

analysis approaches, we performed a 

repeated measures ANOVA to compare MFO 

and Fatmax across the pre-defined time 

intervals using measured-values vs. 

polynomial-curve data analysis approaches 

after dividing our participants into tertiles 

based on VO2max (high VO2max vs. low 

VO2max). Finally, we conducted a repeated 

measures ANOVA to compare MFO and 

Fatmax measurements calculated by different 

stoichiometric equations across the time 

intervals. The analyses were conducted using 

the Statistical Package for Social Sciences 

(IBM Corporation, Chicago, IL, USA), and the 

level of significance was set at <0.05. 

RESULTS 

The characteristics of the study sample are 

shown in Table 1. 

Figure 2 shows the MFO and Fatmax 

measurements across the time intervals (i.e. 

last 30, 60, 90 and 120 seconds) applying 2 

different data analysis approaches 

(measured-values and the polynomial-curve). 

The MFO (expressed in absolute term and 

relative to the LM) and Fatmax data of the other 

pre-defined time intervals methods can be 

seen in Figure 3.
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There were significant differences in MFO in 

absolute and relative terms across time 

intervals applying the measured-values data 

analysis approach (range: from 0.34 to 0.35 

g/min ; P=0.001; Figure 2A, and range: from 

0.0077 to 0.0078 g/min; P=0.002; Figure 2C), 

while no differences were obtained in MFO 

across time intervals when applying the 

polynomial-curve data analysis approach 

(range: from 0.36 to 0.37 g/min; P≥0.077; 

Figure 2B and range: from 0.0083 to 0.00784 

g/min ; P=0.102; Figure 2D. There were no 

differences in Fatmax across time intervals 

applying both measured-values and 

polynomial-curve data analysis approaches 

(range: from 43.1 to 45.9 % of VO2max; 

P=0.797; Figure 2E, and range: from 46.3 to 

47.2 % of VO2max; P=0.781; Figure 2F, 

respectively). The statistical analysis of the 

results remained unchanged after adjusting 

for sex, BMI, LMI, and FMI (all P≥0.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

We also conducted a comparison between 

MFO (expressed in absolute term and relative 

to LM) and Fatmax calculated with the 

measured-values and the polynomial-curve 

data analysis approaches across time 

intervals (see Table 2). There were significant 

differences in MFO when it was calculated by 

measured-values or by polynomial-curve 

across time intervals in the whole sample 

(mean differences range from 6.69 to 7.29 %, 

all P≤0.002 for MFO expressed in absolute 

terms, and mean differences range from 6.69 

to 9.09 %, all P≤0.003 for MFO expressed 

relative to the LM). On the other hand, Fatmax 

did not differ between approaches (mean 

differences range from 0.41 to 1.55 %, all 

P≥0.2).

Table 1. Descriptive characteristic of participants. 

 All  
(n=151) 

Men  
(n=54) 

Women  
(n=97) 

Age (years) 29.7 (13.4) 32.0 (14.5) 28.3 (12.6) 

BMI (kg/m2) 25.7 (4.7) 28.1 (5.1) 24.5 (3.9) 
LM (kg) 42.3 (10.2) 53.6 (6.7) 36.1 (5.2) 
LMI (kg/m2) 14.9 (2.6) 17.4 (2.1) 13.4 (1.6) 
FM (%) 37.4 (8.0) 32.7 (7.8) 40.0 (7.0) 
FMI (kg/m2) 9.6 (3.3) 9.3 (3.6) 9.8 (3.1) 
VO2max (ml/kg/min) 37.4 (8.9) 38.5 (10.1) 36.8 (8.2) 
MWS (%)       

5.5 km/h 84 (55.6) 20 (37.0) 64 (66.0) 

6.5 km/h 61 (40.4) 29 (53.7) 32 (33.0) 

7.5 km/h 6 (4.0) 5 (9.3) 1 (1.0) 

Data are presented as mean (standard deviation), except for MWS that is expressed as 
n (%). Abbreviations: MWS: Maximal Walking Speed  
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Figure 2. Maximal fat oxidation (MFO), and exercise intensity that elicits MFO (Fatmax) 
measurements across different time interval, using 2 different data analysis approaches: MFO by 
measured values data analysis approach (Figure 2A and 2C), MFO by polynomial-curve data 
analysis approach (Figure 2B and 2D), Fatmax by measured values data analysis approach (Figure 2E), 
and Fatmax by polynomial-curve data analysis approach (Figure F). P value from repeated measures 
ANOVA (*P<0.05; **P<0.01; ***P<0.001).  
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Figure 3. Maximal fat oxidation (MFO), and exercise intensity that elicits MFO (Fatmax) 
measurements across different time interval, using 2 different data analysis approaches: MFO by 
measured values data analysis approach (Figure 2A and 2C), MFO by polynomial-curve data 
analysis approach (Figure 2B and 2D), Fatmax by measured values data analysis approach (Figure 
2E), and Fatmax by polynomial-curve data analysis approach (Figure F). Black columns represent time 
intervals of 30 seconds; dark grey columns represent time intervals of 60 seconds; grey columns 
represent time intervals of 90 seconds; light grey columns represent time intervals of 120 seconds; 
and white columns represent time intervals of 180 seconds. P value from repeated measures 
ANOVA. 
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Figure 4 shows MFO and Fatmax across time 

intervals using measured-values and the 

polynomial-curve data analysis approaches 

in individuals with high and low VO2max. 

There were no differences in MFO and Fatmax 

across time intervals in both data analysis 

approaches, comparing high and low 

VO2max individuals (all P≥0.267, see Figure 

4). 

Finally, we compared MFO and Fatmax 

measurements calculated by 6 different 

stoichiometric equations (i.e. Frayn, Jequier et 

al., Péronnet & Massicotte, Brouwer, Elia &  

 

 

Livesey, and Jeaukendrup & Achten 29,32–36) 

across the time intervals using both 

measured-values and the polynomial-curve 

data analysis approaches. There were no 

significant differences in MFO and Fatmax in 

all cases (data not shown). 

Table 2. Maximal fat oxidation (MFO), and exercise intensity that elicits MFO (Fatmax) 
measurements across different time intervals using 2 different data analysis 
approaches: measured-values vs. polynomial-curve data analysis approaches. 
 Measured-values Polynomial-curve Δ (%) P  Cohen´s D 

Last 30 sec        

MFO (g/min) 0.34 (0.11) 0.37 (0.12) 7.20 0.002 0.26 

MFO (g/kg/min) 0.0078 (0.0022) 0.0084 (0.0026) 7.69 0.001 0.25 

Fatmax (VO2max%) 47.32 (11.99) 46.75 (9.17) 1.21 0.520 0.06 

Last 60 sec        

MFO (g/min) 0.34 (0.10) 0.37 (0.12) 7.29 0.002 0.27 

MFO (g/kg/min) 0.0077 (0.0022) 0.0083 (0.0022) 7.79 0.001 0.27 

Fatmax (VO2max%) 46.24 (11.64) 46.96 (10.46) 1.55 0.278 0.07 

Last 90 sec        

MFO (g/min) 0.34 (0.10) 0.36 (0.11) 6.69 0.001 0.26 

MFO (g/kg/min) 0.0077 (0.0021) 0.0084 (0.0023) 9.09 0.003 0.32 

Fatmax (VO2max%) 45.86 (10.71) 46.30 (9.77) 0.97 0.387 0.04 

Last 120 sec        

MFO (g/min) 0.35 (0.10) 0.37 (0.12) 6.97 0.001 0.23 

MFO (g/kg/min) 0.0078 (0.0024) 0.0084 (0.0020) 7.69 0.002 0.27 

Fatmax (VO2max%) 46.97 (10.99) 47.16 (9.86) 0.41 0.725 0.01 

Data are presented as mean (SD). Paired-sample t-test were used to examine the differences 
between MFO and Fatmax calculated by 2 different data analyses approaches (measured-values vs. 
polynomial-curve) across different time intervals. Statistically significant values are shown in bold 
(P≤0.05). Abbreviations: VO2max: maximal oxygen uptake from the maximum treadmill exercise 
test. 
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Figure 4. Maximal fat oxidation (MFO), and exercise intensity that elicits MFO (Fatmax) 
measurements across different time interval, dividing the participants in terciles by maximal oxygen 
consumption (VO2max), and using 2 different data analysis approaches: MFO by measured values 
data analysis approach (Figure 3A, and 3B), MFO by polynomial-curve data analysis approach 
(Figure 3C, and 3D), Fatmax by measured values data analysis approach (Figure 3E, and 3F), and 
Fatmax by polynomial-curve data analysis approach (Figure 3G, and 3H). P value from repeated 
measures ANOVA. 
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DISCUSSION 

The primary findings indicate that there are 

no differences in MFO and Fatmax across the 

selection of different time intervals in the last 

part of the stage (i.e. last 30, 60, 90- and 120-

seconds time intervals) using the polynomial-

curve data analysis. However, we observed 

significant differences in MFO estimation 

using the measured-values data analysis 

approach, although a small effect size was 

obtained when we compared MFO and Fatmax 

estimations by measured-values vs. 

polynomial-curve data analysis approaches 

across different time intervals. Importantly, 

significant differences were noted in MFO, 

but not in Fatmax, estimations using measured-

values vs. polynomial-curve data analysis 

approaches. Therefore, the use of polynomial-

curve data analysis approach leads to 

similarly estimates of MFO and Fatmax 

independently of the time interval used in 

sedentary adults.  

It is widely accepted that data selection and 

analysis have an important influence on BMR 

and meal-induced thermogenesis estimations 

by IC using breath-by-breath metabolic carts 

21–23, but data are scarce about the impact of 

methods for data analysis on MFO and Fatmax. 

It is widely recognized that there is a high 

variability in MFO and Fatmax between 

individuals, which can be attributed to 

numerous factors such as sex, training status, 

nutritional status or exercise modality 9.  We 

observed that the use of different time 

intervals for data analysis and different data 

analysis approaches influence the estimation 

of MFO and Fatmax, concluding that the use of 

the polynomial-curve data analysis approach, 

whenever the last seconds (i.e. last 30, 60, 90- 

and 120-seconds time intervals) of the stage 

are used, is a method that allow to reach a 

stable measurement and, consequently, to 

well estimate MFO and Fatmax. These findings 

can be explained because the polynomial-

curve data analysis approach may suppose a 

better mathematical model than measured-

values data analysis approach, and the use of 

time intervals that include the last seconds of 

the stage implies that the probability of reach 

a stable measurement is higher than whether 

they include the first second of the stage. 

Indeed, significant differences in MFO were 

observed when compared all time intervals 

selected in our study independently of the 

Fatmax data analysis approach applied, while 

no differences were noted when compared 

time intervals that include the last seconds of 

the stage applying the polynomial-curve data 

analysis approach. 

MFO and Fatmax values of different studies 

have been compared without considering the 

time interval selected for data analysis 

5,6,8,13,17,24. Our results clearly indicate that the 

comparison between MFO obtained by the 

different time intervals methods (last 30 

seconds, last 60 seconds, last 90 seconds, and 

last 120 seconds) applying measured-values 

data analysis approach must be considered 

cautiously, since significant differences were 

observed across time intervals. However, no 

significant differences were obtained neither 
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in Fatmax using measured-values analysis 

approach, nor in MFO and Fatmax applying 

measured-values vs. polynomial-curve data 

analysis approaches. 

Our results support the notion that training 

status strongly influences MFO, whereas the 

differences in Fatmax are not still clearly 

established 9,11,12,37,38. High VO2max 

individuals showed greater MFO compared 

with low VO2max individuals (0.34 vs. 0.30 

g/min; P=0.005), whereas no differences were 

observed in Fatmax (45.0 vs. 46.8 %; P=0.103), 

which concur with previous studies 9,11,12,37,38. 

Our findings suggest that the results obtained 

in our study persist when different time 

intervals and Fatmax data analysis approaches 

were compared in sedentary adults. Further 

studies are needed to elucidate, whether these 

results remain when different data selection 

and analysis are compared in trained 

individuals and/or patients.  

It has been suggested that inter-study 

discrepancies in MFO and Fatmax can be 

attributed to the stoichiometric equation used 

to calculate substrate oxidization applied to 

calculate fuel oxidation 14,17–20. Although 

previous studies proposed that the use of 

different stochiometric equations hamper the 

inter-study comparison 9,39, our results 

revealed that no differences were observed in 

MFO and Fatmax across different time 

intervals applying 2 different data analysis 

approaches (measured-values vs. 

polynomial-curve) in sedentary adults. 

Some studies have previously mentioned that 

it is necessary to reach a stable measurement 

in the respiratory parameter values during 

each graded exercise protocol stage to get a 

valid measure of MFO and Fatmax 40. 

Considering that we obtained a narrow CV in 

the respiratory parameters, we can conclude 

that a stable measurement was reached in 

each time interval selected.  

Limitations 

Our study has some limitations: (i) We do not 

know whether our findings apply when MFO 

and Fatmax are calculated by a cycle ergometer 

graded exercise protocol, or in physically 

active individuals. (ii) We averaged gas 

exchange each 10 seconds and, consequently, 

we did not have available a large amount of 

data for some cases. (iii) We applied a 3 

minutes duration for each stage based on 

previous studies 6,7,13,41.  However, fat and 

carbohydrate oxidation values obtained by 3 

minutes stage duration are different than 

those obtained by 6 minutes stage duration in 

very sedentary patients, showing a 

substantial underestimation of fat oxidation 

rates 42. This fact could have influenced our 

results. (iv) The work rates of our test protocol 

were based on the treadmill grade, instead of 

a metabolically-derived marker (i.e. % of 

VO2max). 
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CONCLUSION 

In conclusion, our results revealed that there 

are no differences in MFO and Fatmax across 

the selection of different time intervals in the 

last part of the intensity stages using the 

polynomial-curve data analysis approach. We 

observed significant differences in MFO 

between measured-values vs. polynomial-

curve data analysis approaches in all the 

studied time intervals. Therefore, based on 

our data, the method of choice for estimating 

MFO and Fatmax should be the polynomial-

curve data analysis approach, while the time 

interval selected (if it contains the last seconds 

of the stage) and the stoichiometric equation 

do not impact on MFO and Fatmax estimations. 

Future studies should consider these 

methodological aspects when analysing MFO 

and Fatmax
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Optimizing maximal fat 
oxidation assessment by a 
graded exercise protocol 
when the test should be 
ended  
(Study 5) 
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ABSTRACT 

MFO and Fatmax are considered important 

factors related to metabolic health and 

performance. Numerous MFO and Fatmax 

data collection and analysis approaches have 

been applied, which may have influenced 

their estimation during an incremental 

graded exercise protocol. Despite the 

heterogeneity of protocols used, all studies 

consistently stopped the MFO and Fatmax test 

when the REr was 1.0. It remains unknown 

however whether reaching a RER of 1.0 is 

required to have an accurate, reliable and 

valid measure of MFO and Fatmax. We aimed 

to investigate the RER at which MFO and 

Fatmax occurred in sedentary and trained 

healthy adults. A total of 182 sedentary aged 

between 18-65 years participated in the 

study. MFO and Fatmax were calculated by 

an incremental graded exercise protocol 

before and after 2 exercise-based intervention. 

Our findings suggest that a graded exercise 

protocol aiming to determine MFO and 

Fatmax could end when a RER=0.93 is reached 

in sedentary healthy adults, and when a 

RER=0.90 is reached in trained adults 

independently of sex, age, body weight status, 

or the Fatmax data analysis approach. In 

conclusion, we suggest reducing the RER 

from 1.0 to 0.95 to be sure that MFO is 

reached in outliers individuals. This 

methodological consideration has important 

clinical implications, since it would allow to 

apply smaller workload increments and/or to 

extend the stage duration to attain the steady-

state, without increasing the test duration. 
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BACKGROUND 

Metabolic flexibility is defined as the capacity 

of an individual to respond or adapt the 

nutrients balance to different metabolic 

demands 1. This concept has been particularly 

studied in the fasted state as well as in the 

shift from fasting to fed 2. MFO and Fatmax are 

key factors of metabolic flexibility 1,3, affecting 

both endurance performance and metabolic 

health 1,3, therefore their accurate 

determination is of clinical interest. 

In 2002, Achten et al. 4 were the first to 

validate a graded exercise protocol to 

determine MFO and Fatmax using a 3-min 

duration stages and 35-W workload 

increments. Later, other graded exercise 

protocols to determine MFO and Fatmax have 

been applied considering participants’ sex, 

age, training status, or weight status 5. Two 

specific issues have traditionally been 

modified on the graded exercise protocol: (i) 

the stage duration (e.g. from 1-min to 10-min), 

and (ii) the workload increment (e.g. from 10-

W to 50-W) 5. 

There is no consensus regarding the ideal 

stage duration of a graded exercise protocol 

for determining MFO and Fatmax 5, yet 

reaching the steady-state seems mandatory 

6,7. Achten et al. 4 showed no differences in 

MFO and Fatmax between 3-min and 5-min 

stage protocols in moderately trained men 4, 

whereas others reported that 3-min stage 

duration is not long enough to reach a steady-

state in obese and diabetic patients with very 

low VO2max levels, and recommended 6-min 

stage duration in sedentary patients 8,9.  

The workload increment has also largely 

varied across studies and, alike the stage 

duration, it has been adjusted to the 

participant’s biological characteristics 3,5. 

Applying relatively small workload 

increments allows to accurately determine 

MFO and Fatmax, independently of the 

participant´s biological characteristics. 

Taking into account the above-mentioned 

issues, it would be advisable to apply long 

stage duration to reach the steady-state (e.g. 

6-min stage duration for sedentary patients 

with low levels of VO2max), and also to select 

small workload increments (e.g. 10-W 

increments) to accurately determine MFO and 

Fatmax through a graded exercise protocol. 

However, this can result in a very long test 

duration, which could negatively influence 

determination of MFO and Fatmax due to 

peripheral and/or central fatigue 10. 

Therefore, the development of strategies 

aiming to decrease the total duration of a 

graded exercise protocol, while using long 

enough stage durations and relatively small 

workload increments, is of clinical relevance.  

Of note is that despite the heterogeneity of 

protocols used, all studies consistently 

stopped the MFO and Fatmax test when the 

RER was 1.0. This criteria was firstly applied 

by Achten et al. 4 and all the subsequent 

studies followed the same criteria. It remains 

unknown however whether reaching a RER 

of 1 is required to have an accurate, reliable 

and valid measure of MFO and Fatmax. We 
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aimed to investigate the RER at which MFO 

and Fatmax occurred in sedentary and trained 

healthy adults. 

MATERIAL & METHODS 

Participants 

One-hundred twenty-five young sedentary 

adults (age 22.1±2.2 years; BMI 25.0±4.8 

kg/m2; VO2max 41.2±7.8 ml/kg/min; 84 

women/41 men) 11 and 42 sedentary middle-

aged adults (age 52.1±4.6 years; BMI 27.8±3.6 

kg/m2; VO2max 30.4±5.6 ml/kg/min; 23 

women/19 men) 12 were included in the 

current study. Both cohorts performed an 

exercise-based intervention ( 24-weeks and 

12-weeks, respectively) and a total of 57 

young trained adults (age 22.6±2.2 years; BMI 

24.3±5.1 kg/m2; VO2max 44.3±9.5 

ml/kg/min; 39 women/18 men) and 31 

middle-aged trained adults (age 52.4±4.6 

years; BMI 27.1±3.9 kg/m2; VO2max 34.8±6.3 

ml/kg/min; 16 women/15 men) finished 

their respective exercise training programs. 

Before participating in this study, the 

participants signed an informed consent 

form. The investigations were approved by 

the Human Research Ethics Committee of the 

University of Granada (nº 924), and by the 

Human Research Ethics Committee of the 

Junta de Andalucía (nº 0838-N-2017). 

 

 

Procedures 

We assessed MFO and Fatmax  through a 

walking graded exercise protocol 13,14 before 

and after both exercise training programs. 

The graded exercise protocol began with a 3-

min warm-up at 3.5 km/h with a gradient of 

0% followed by increments of the treadmill 

speed of 1 km/h every 3-min until the 

maximal walking speed (previously 

determined) was reached. Afterwards, the 

treadmill speed was maintained and the 

treadmill gradient increased 2% every 3-min 

until RER reached 1.0 15. We considered the 

last 1-min of each 3-min stage 16 to calculate 

fat oxidation using the Frayn stoichiometric 

equation 17. We determined MFO and Fatmax 

using the measured-values data analysis 

approach (i.e. the highest fat oxidation rate 

recorded across the graded exercise protocol).  

RESULTS 

RER at Fatmax in sedentary 
healthy adults 

We observed a RER at Fatmax of 0.82±0.04 

(range: 0.70 to 0.93; Figure 1A), which was 

similar in men and women (0.83±0.05 vs. 

0.82±0.04, respectively, P>0.9), in young and 

middle-aged adults (0.83±0.05 vs. 0.82±0.05, 

respectively, P>0.8), and across weight status 

(0.82±0.03, 0.82±0.05 and 0.83±0.05 for  
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normal-weight, overweight and obese 

individuals, respectively, P>0.8). 

Interestingly, the RER at Fatmax was between 

0.7 and 0.8 in 34.7% (n=58) of participants, 

between 0.8 and 0.9 in 62.3% (n=104) of 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 participants, and between 0.9 and 0.93 in 3% 

(n=5) of participants. To note is that the 

graded exercise protocol total duration was 

21.3±4.7 min when RER=1.0, while if the 

graded exercise protocol had been stopped at 

Figure 1. Respiratory exchange ratio (RER) reached at the intensity that elicit the maximal fat oxidation 
during exercise (Fatmax) in: Panel A: 125 young sedentary adults (age 22.1±2.2 years; BMI 25.0±4.8 kg/m2; 
VO2max 41.2±7.8 ml/kg/min; 84 women/41 men) and in 42 middle-aged sedentary adults (age 52.1±4.6 
years; BMI 27.8±3.6 kg/m2; VO2max 30.4±5.6 ml/kg/min; 23 women/19 men); and Panel B in 57 young 
sedentary adults (age 22.6±2.2 years; BMI 24.3±5.1 kg/m2; VO2max 44.3±9.5 ml/kg/min; 39 women/18 
men) and in 31 middle-aged sedentary adults (age 52.4±4.6 years; BMI 27.1±3.9 kg/m2; VO2max 34.8±6.3 
ml/kg/min; 16 women/15 men). 



MATERIALS & METHODS 
 

147 

the highest registered RER at Fatmax (i.e. 0.93), 

the total duration would have been 13.4±5.3 

min (mean difference 7.9±2.9 min).  

RER at Fatmax in trained healthy 
adults 

The RER at Fatmax was 0.82±0.06 (range: 0.67 

to 0.90; Figure 1B). As in the sedentary group, 

we observed no sex (0.84±0.05 vs. 0.81±0.06, 

men and women, respectively, P=0.3), age 

(0.83±0.04 vs. 0.82±0.05, young and middle-

aged adults, respectively, P>0.9) and weight 

status (0.81±0.06, 0.82±0.06, 0.82±0.05, for 

normal-weight, overweight and obese 

individuals, respectively, P>0.9) differences. 

The RER at Fatmax was between 0.67 and 0.7 in 

5.7% (n=5) of participants, between 0.7 and 

0.8 in 26.1% (n=23) of participants, and 

between a 0.8 and 0.9 in 68.2% (n=60) of 

participants. To note is that the graded 

exercise protocol total duration was 24.0±4.6 

min when RER=1.0, while if we had 

considered that the graded exercise protocol 

ended at the highest registered RER at Fatmax 

(i.e. 0.9), the total duration would have been 

15.6±5.8 min (mean difference 8.5±3.7 min). 

DISCUSSION 

Taken together, these findings suggest that a 

graded exercise protocol aiming to determine 

MFO and Fatmax could end when a RER=0.93 

is reached in sedentary healthy adults, and 

when a RER=0.90 is reached in trained adults 

independently of sex, age, and weight status. 

Whereas these figures should be confirmed in 

other studies, we suggest reducing the RER 

from 1.0 to 0.95 to be sure that MFO is reached 

in outliers individuals.   

More sophisticated data analysis approaches, 

such as 2nd or 3rd polynomial curve with 

intersection in (0,0) have been applied to 

accurately estimate MFO and Fatmax 18,19. 

These methodologies require at least 4 fat 

oxidation values (preferably 6 or more) to 

determine MFO and Fatmax. Reducing the 

maximum RER from 1.0 to 0.95 could lead to 

fewer fat oxidation points, and may hamper 

the application of those methods. To this end, 

we used the baseline data of the above-

mentioned cohorts to calculate MFO by a 3rd 

polynomial curve using all fat oxidation 

values when RER was ≤0.95 and when RER 

≤1.0. No meaningful differences in MFO were 

observed between both methodologies 

(0.37±0.12 vs. 0.36±0.11 g/min, for RER≤1.0 

and RER≤0.95 respectively; P=0.971). 

Similarly, there were no differences in MFO 

calculated with the measured-values data 

analysis approach (0.34±0.11 vs. 0.34±0.12 

g/min, for RER≤1.0 and RER≤0.95 

respectively; P=0.924). These findings suggest 

that reducing maximum RER to 0.95 does not 

affect the MFO estimation. Reducing 

maximum RER until 0.95 would allow to 

apply smaller workload increments without 

increasing the test duration, which would 

allow more fat oxidation values around 

Fatmax, increasing the accuracy of the MFO 

estimation.  
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Limitations 

Our data should however be taken with 

caution since we conducted a treadmill test, 

and we do not know whether these findings 

can be extended to cycle ergometer test. Of 

note is also that our participants were healthy 

adults, thus future studies are needed to 

elucidate if these results can be applied to 

younger people or to patients. Moreover, 

future studies should confirm these findings 

in other populations of elite athletes or very 

well-trained individuals.  

CONCLUSIONS 

In summary, our results have important 

implications, and may allow to substantially 

reduce the graded exercise protocol duration 

to assess MFO and Fatmax. Further studies are 

needed to investigate the impact of reducing 

the RER criteria on the MFO and Fatmax 

accuracy, by means of increasing the stage 

duration to attain the steady-state and 

decreasing the workload increments 

magnitude.
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Diurnal variation of 
maximal fat oxidation rate 
in trained male athletes    
(Study 6)  
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ABSTRACT 

The purpose of this study was to analyze the 

diurnal variation of MFO and Fatmax in 

trained male athletes.  

A total of 12 endurance-trained male athletes 

aged 24.7±4.1 participated in the study. We 

measured MFO, Fatmax, VO2max and VT2 

with a graded exercise protocol performed on 

two days separated by one week. One test was 

performed in the morning and the other in the 

afternoon. We assessed the participants’ 

chronotype using the HÖME questionnaire. 

Results: Our results indicate that MFO and 

Fatmax are greater in the afternoon than in the 

morning (Δ=13%, P<0.001 and Δ=6%, 

P=0.001, respectively), whereas there were 

similar VO2max and VT2 in the morning 

than in the afternoon test (Δ=0.2%, P=0.158 

and Δ=7%, P=0.650, respectively). There 

was a strong positive association between 

VO2max and MFO in both morning and 

afternoon assessments (R2=0.783; P=0.001 

and R2=0.663; P<0.001, respectively). 

Similarly, there was a positive association 

between VO2max with Fatmax in both 

morning and afternoon assessment 

(R2=0.406; P=0.024 and R2=0.414; P=0.026, 

respectively).  

These findings suggest that the diurnal 

variation of MFO and Fatmax may partially 

explain some of the observed diurnal 

variation in the performance of endurance 

sports.  
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BACKGROUND 

Carbohydrates and fats are the primary 

substrates oxidized to fuel energy metabolism 

during exercise 1. Humans predominantly 

store carbohydrates as glycogen in skeletal 

muscle and liver, and ~4g circulating in 

plasma as glucose 2. However, these storage 

depots are limited, whereas human fat energy 

storage is effectively unlimited during 

prolonged exercise 3. Therefore, the capacity 

to adapt fuel oxidation to fuel availability 

(known as metabolic flexibility) is a key 

determinant of endurance sport performance 

4. Therefore, MFO capacity during a graded 

exercise protocol is considered an important 

factor in endurance exercise performance as 

well and in cardiovascular health 5. Moreover, 

another important variable is the exercise 

intensity at which MFO occurs, so called 

Fatmax. Both MFO and Fatmax, together with 

VO2max, VO2max percentage at VT2 and 

running economy are considered as 

important outcomes in endurance sports 

performance 5,6.  

Endurance sport performance, specifically 

running and cycling performance, seems to 

present diurnal variation, being higher in the 

afternoon than in the morning 7. This might be 

explained by a higher body temperature, 

higher neural activation and contractile 

properties of the skeletal muscle, or higher 

plasma catecholamine concentrations 

immediately after exercise in the afternoon 

than in the morning 8,9. It has been observed a 

higher MFO and Fatmax in the afternoon than 

in the morning in non-athlete male students 10 

and in untrained normal-weight and obese 

individuals 11. Whether the observed diurnal 

variations in MFO and Fatmax also apply to 

endurance trained athletes is unknown. 

Moreover, despite it has been reported that 

individuals with higher VO2max present 

greater muscle capacity to oxidize fat 12,13, the 

relation of VO2max with MFO and Fatmax in 

endurance trained male athletes remains to be 

elucidated. 

Therefore, the aims of this study were to 

analyze the diurnal variations of MFO and 

Fatmax in endurance trained male athletes. We 

also determined the diurnal variations of 

VO2max and VT2, and examined the 

association of VO2max and VT2 with MFO 

and Fatmax. We hypothesized that MFO, 

Fatmax, VO2max and VT2 are higher in the 

afternoon compared with in the morning, and 

that VO2max and VT2 are positively 

associated with MFO and Fatmax in endurance 

trained male athletes.  

MATERIAL & METHODS 

Participants 

A total of 14 endurance trained male athletes 

aged 18-32 years voluntarily participated in 

the study. Two out of 14 participants did not 

meet the predetermined conditions (see 

below) for MFO and Fatmax measurements on 

one of the testing days and were 

retrospectively excluded from further 

statistical analyses. All athletes had extensive 
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experience in endurance events and had a 

minimum of 2 years of cycling or running 

practice as a part of their main training 

schedule. They had a BMI between 18 and 25 

kg/m2, were nonsmokers, did not take any 

medication, and had no acute or chronic 

illness. All participants provided written 

informed consent to participate in the study, 

which was performed in accordance with the 

Declaration of Helsinki. Ethic approval was 

obtained from the University of Granada 

Research Ethics Committee (ethical approval 

code Nº 507/CEIH/2018). 

Design and methodology 

The study was conducted between March and 

April 2018. MFO and Fatmax were measured 

on 2 different days separated by 1 week. 

Measurements were performed between 8 am 

and 11 am (MFO-morning, Fatmax-morning, 

VO2max-morning and VT2-morning), and 

between 5 and 8 pm in the afternoon (MFO-

afternoon, Fatmax-afternoon, VO2max- 

afternoon and VT2-afternoon). The test order 

(morning vs. afternoon) was randomized 

using a simple random function of the 

software MS Excel for Windows®. 

Participants arrived at the laboratory by car or 

by bus (avoiding any physical activity) in a 

fasted state (between 7-10 hours). Participants 

were instructed to avoid moderate or 

vigorous physical activity 24 and 48 h before 

the testing day, respectively. A nutritionist 

prescribed an individualized pre-trial diet 

(i.e. 24hrs before each testing day: 2653±162 

kcal; 50% carbohydrates, 30% fat and 20% 

protein) and the participants adhered to it of 

their own accord. When the tests were 

performed in the afternoon, we instructed to 

the participants to consume the same menu 

(same energy intake and % of macronutrient 

in each meal), at the same order than those 

consumed in the morning test (i.e. the 

breakfast in the morning test [24 hours ago] 

was the lunch in the afternoon test [24 hours 

ago]). Energy demand was determined using 

the Harris-Benedict equation based on body 

mass, height, and age. An activity factor of 1.8 

was used 14.  

On day 1, the weight and height were 

measured using a Seca scale and stadiometer 

(model 760, Electronic Column Scale, 

Hamburg, Germany), and the BMI was 

calculated as weight (kg)/height (m2). 

Participants wore light clothing and no shoes 

during the measurements. FM was assessed 

by dual energy X-ray absorptiometry 

(Hologic Discovery Wii, Hologic, Bedford 

MA, USA). The participants also completed 

the HÖME questionnaire 15, which is a 

validated questionnaire that determines the 

participants’ chronotype (morningness–

eveningness). The questionnaire consists of 19 

questions related to sleep/wake behaviour 

and yields scores ranging from 16 to 86. Based 

on the HÖME score, the participants were 

categorized into one of five chronotype 

categories: 16-30: definite evening type, 31-41: 

moderate evening type, 42-58: neither type, 

59-69: moderate morning type and 70-86: 

definite morning type. 
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The resting metabolic rate was measured by 

IC during 15 minutes in peaceful and relaxing 

room (temperature: 22.6 ± 0.7ºC; humidity: 

44.5 ± 6.1%). After that, a maximal walking 

speed protocol on a treadmill (H/P/cosmos 

pulsar, H/P/cosmos sports & medical 

GmbH, Nussdorf-Traunstein, Germany) was 

performed on the first day before the graded 

exercise protocol to determine MFO, Fatmax, 

VO2max and VT2 adapted from a validated 

protocol 16. In brief, the protocol started with 

a 3 minutes warm-up at 3.5 km/h, and 1 

km/h speed increments were programmed 

every 3 minutes until the maximal walking 

speed was reached. Subsequently, the 

treadmill speed was constant, and the 

gradient was increased by 2% every 3 minutes 

until the RER was ≥ 1.0. Then, after a 5-

minutes break, a maximal incremental 

exercise test, using the modified Balke 

protocol (3 min walking at 5.3 km/h and 1%, 

followed by increments of 1% every minute) 

until voluntary exhaustion was performed. 

The final 30 seconds of the VO2 measurement 

was considered to be maximal (VO2max) 

when the following conditions were met: (i) a 

plateau (an increase of <2ml/kg/min) in VO2 

with a further increasing workload; (ii) a heart 

rate at least higher than the age-predicted 

maximum minus 10 bpm; (iii) a respiratory-

exchange ratio >1.1. If any of these criteria 

was not met, a VO2peak value was taken, 

defined as the highest VO2 measured over a 

30 seconds period. VT2 was estimated from 

gas exchange data by two independent 

researchers following a validated standard 

methodology as previously described 17.  

An oronasal mask (model 7400, Hans 

Rudolph Inc, Kansas City, MO, USA), 

equipped with a prevent™ metabolic flow 

sensor (Medgraphics Corp, Minnesota, USA) 

was fitted, and breath-by-breath respiratory 

measurements were recorded throughout the 

test with the use of an automated gas-analysis 

system (CPX Ultima CardiO2, Medical 

Graphics Corp, St Paul, USA). Gas analyzers 

were calibrated immediately before each 

graded exercise protocol according to the 

manufacturer’s recommendations. Heart rate 

was recorded using a heart-rate monitor 

(Polar RS800, Polar Electro Inc., Woodbury, 

NY). 

VO2, VCO2 and ventilation data were 

averaged over the most stable 5-consecutive-

minute periods (after discarding the first 5 

minutes) for analysis of the resting metabolic 

rate applying the Weir abbreviated equation 

(assuming negligible protein oxidation) and 

expressed as kcal/day: Resting metabolic rate 

= [3.9 (VO2) + 1.1 (VCO2)] * 1.44. On the other 

hand, VO2, VCO2 and ventilation data were 

averaged over and the last 60 s of each graded 

exercise protocol stage. Stoichiometric 

equations described by Frayn were used to 

calculate fat oxidation rates with the 

assumption that urinary nitrogen excretion 

was negligible 18 in all cases. Fat oxidation 

rates were plotted against the relative exercise 

intensity (% of VO2max) and a third-degree 

polynomial regression was used to determine 
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MFO and Fatmax for each individual 

participant.  

Statistical analysis 

The determination of the sample size and 

power of the study are made based on the 

data of a pilot study. We considered MFO 

differences between morning and afternoon 

test in order to assess the sample size 

requirements for the one-way ANOVA. As a 

result, we expected to detect an effect size of 

0.05 g/min considering a type I error of 0.05 

with a statistical power of 0.85 with a 

minimum of 10 participants. Assuming a 

maximum loss of 20%, we decided to 

recruited a total of 12 participants. 

Result are reported as the mean ± SD, 

otherwise stated. We used the Shapiro-Wilk 

test, visual check of histograms, and Q-Q 

plots to verify the normal distribution of all 

variables. A repeated-measures ANOVA was 

applied to determine differences between 

MFO-morning vs. MFO-afternoon, Fatmax-

morning vs. Fatmax-afternoon, VO2max-

morning vs. VO2max-afternoon and VT2-

morning vs. VT2-afternoon. A one-way 

repeated-measures ANCOVA was conducted 

to study morning vs. afternoon differences 

including FM percentage, and chronotype as 

covariates.  

To analyze the association of VO2max and 

VT2 with MFO and Fatmax , we conducted a 

simple linear regression analysis as follows: 

(i) VO2max-morning with MFO-morning, (ii) 

VO2max-morning with Fatmax-morning, (iii) 

VT2-morning with MFO-morning, (iv) VT2-

morning with Fatmax-morning, (v) VO2max-

afternoon with MFO-afternoon, (vi) VO2max-

afternoon with Fatmax-afternoon, (vii) VT2-

afternoon with MFO-afternoon, and (viii) 

VT2-afternoon with Fatmax-afternoon. We also 

included FM percentage, and chronotype as 

covariates. 

The analyses were conducted using the 

Statistical Package for Social Sciences (IBM 

Corporation, Chicago, IL, USA). For all 

statistical procedures, the significance level 

was set at p≤0.05.  

RESULTS 

Descriptive parameters of the study 

participants are listed in Table 1. Most of the 

participants did not fit in definite morning or 

definite evening chronotypes (~92%). The test 

order was morning-afternoon in 7 

participants and afternoon-morning in 5 

participants. Fasting time was similar in the 

morning and in the afternoon (8.4±1.2 vs. 

8.2±1.0 hrs., respectively, P=0.554). 

We observed significant differences between 

MFO-morning and MFO-afternoon (0.55±0.12 

vs. 0.63±0.15 g/min, respectively; P<0.001, 

Figure 1A and 1B), which persisted after 

controlling for FM percentage and 

chronotype (P=0.023, and P<0.001, 

respectively). 
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Table 1. Descriptive parameters of study participants (n=12). 
Age (years) 24.7 ± 4.1 
Weight (kg) 69.5 ± 9.2 
Height (m) 1.75 ± 0.04 
BMI (kg/m2) 22.7 ± 2.3 
FM (%) 16.7 ± 3.7 
Resting metabolic rate (kcal/day) 2096.8 ± 212.8 
Resting fat oxidation (g/min) 0.068 ± 0.014 
VO2max (ml/kg/min) 63.8 ± 9.6 
HÖME questionnaire score 47.1 ± 13.7 

Definitive evening type (n [%]) 1 [8.3] 
Moderate evening type (n [%]) 2 [16.7] 
Neither type (n [%]) 6 [50.0] 
Moderate morning type (n [%]) 3 [25.0] 
Definite morning type (n [%]) 0 [0] 

Values expressed as mean ± standard deviation. 
 

Figure 1. Maximal fat oxidation (MFO) in the morning (MFO-morning) and in the afternoon (MFO-
afternoon) [Panel A and B], and the intensity which MFO occurs (Fatmax) in the morning (Fatmax-
morning) and in the afternoon (Fatmax-afternoon) [Panel C and D]. Results are shown as the 
individual observations for each participant (gray lines), and as the mean for all participants (black 
line). P value obtained by repeated-measures ANOVA. 



MATERIALS & METHODS 
 

159 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Similarly, there were significant differences 

between Fatmax-morning and Fatmax-

afternoon (59.0±8.1 vs. 62.6±7.0% of VO2max, 

respectively; P=0.001, Figure 1C and 1D), that 

remained once FM percentage and 

chronotype were included in the model 

(P=0.018, and P<0.001, respectively).  

There were no significant differences between 

VO2max-morning and VO2max-afternoon 

(63.7±9.5 vs. 63.9±9.7 ml/kg/min, 

respectively; P=0.158, Figure 2A and 2B), 

which persisted after controlling for FM  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

percentage and chronotype (P=0.288, and 

P=0.561, respectively). Similarly, there were 

no significant differences between VT2-

morning and VT2-afternoon (78.2±4.9 vs. 

78.8±6.9% of VO2max, respectively; P=0.650, 

Figure 2C and 2D), that remained once FM 

percentage and chronotype were included in 

the model (P=0.309, and P=0.784, 

respectively). 

VO2max was positively associated with MFO 

in both morning (P<0.001, Figure 3A) and 

afternoon assessments (P=0.001, Figure 3B). 

Figure 2. Maximal oxygen uptake (VO2max) in the morning (VO2max-morning) and in the 
afternoon (VO2max -afternoon) [Panel A and B], and VO2max percentage in ventilatory threshold 
2 (% of VO2max VT2) in the morning (% of VO2max VT2-morning) and in the afternoon (% of 
VO2max -afternoon) [Panel C and D]. Results are shown as the individual observations for each 
participant (gray lines), and as the mean for all participants (black line). P value obtained by 
repeated-measures ANOVA. 
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Figure 3. Association between (i) VO2max-morning with MFO-morning (Figure 3A), (ii) VO2max-
afternoon with MFO-afternoon (Figure 3B), (iii) VO2max-morning with Fatmax-morning (Figure 3C), (iv) 
VO2max-afternoon with Fatmax-afternoon (Figure 3D), (v) VT2-morning with MFO-morning (Figure 3E), 
(vi) VT2-afternoon with MFO-afternoon (Figure 3F), (vii) VT2-morning with Fatmax-morning (Figure 3G),  
and (viii) VT2-afternoon with Fatmax-afternoon (Figure 3H). VO2max (maximal oxygen uptake), VT2 
(VO2max percentage in ventilatory threshold 2), β (Unstandardized regression coefficient), R2 
(coefficient of determination) and P value obtained from a simple linear regression analysis.    
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A positive association was observed between 

VO2max and Fatmax in both morning (P=0.024, 

Figure 3C) and afternoon assessment 

(P=0.026, Figure 3D). VT2 was positively 

associated with MFO in both morning 

(P=0.005, Figure 3E) and afternoon 

assessments (P=0.034, Figure 3F).  

A positive association was observed between 

VT2 and Fatmax in afternoon assessment 

(P=0.024, Figure 3H), while a tendency 

toward significance was noted in the morning 

assessment (P=0.105, Figure 3G). We repeated 

all the regression analysis after controlling for 

either FM or chronotype, and the results did 

not change (data not shown). 

DISCUSSION 

The main finding of this study shows that 

MFO and Fatmax are higher in the afternoon 

than in the morning in endurance trained 

male athletes. Moreover, we observed no 

differences in VO2max and VT2 in the 

morning vs. afternoon. We also observed a 

significant positive association of VO2max as 

well as VT2 with both MFO and Fatmax. These 

findings support the idea that the MFO and 

Fatmax diurnal variation should be considered 

for repeat laboratory testing in research, 

clinical, and athlete monitoring settings, since 

maintaining the same fasting time does not 

seem to nullify these effects. Additionally, 

these finding may partially explain the 

observed increased endurance sport 

performance in the afternoon, specifically in 

events limited by endogenous carbohydrate 

availability 7.  

Our results extend those reported by others in 

untrained individuals 10,11. Mohebbi et al. 11 

reported that MFO and Fatmax were higher in 

the afternoon than in the morning in 

untrained normal-weight and obese 

individuals aged 19-25 years old. Similarly, 

Darvakh et al. 10 observed significantly 

greater MFO and Fatmax in the afternoon 

compared with in the morning in non-athlete 

male students. The MFO differences observed 

in the present study were larger than those 

observed by Mohebbi et al. 11 (14.5% vs. 8.9%) 

and Darvakh et al. 10 (14.5% vs. 6.7%), 

whereas Fatmax differences were smaller than 

those obtained by Mohebbi et al. 11 and 

Darvakh et al. 10  (6.1% vs. 12.2% and 10.7%, 

respectively) 10,11.  

It is well-known that the catecholamine peak 

induced by exercise is higher in the afternoon 

than in the morning 9. Considering that the 

catecholamine release activates the lipolysis 

in skeletal muscle and in adipose tissue 19, it 

seems reasonable that this will lead to 

increased plasma fatty acid content which 

could explain the elevated fat oxidation rates 

observed in the afternoon. However, a higher 

catecholamine release in the afternoon may 

also increase the glycogenolysis during 

exercise 20 producing a potential decrement of 

fat oxidation during exercise. Future studies 

are needed to investigate whether a higher 

plasma catecholamine concentration can 

induce higher MFO and Fatmax levels in the 

afternoon, since we have no data on exercise-
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induced catecholamine release.  In addition, a 

number of studies suggest that body 

temperature, time to the exhaustion, and 

VO2max in the afternoon are higher than in 

the morning in active and untrained 

individuals 11,21. Moreover, our data indicate 

that both VO2max and VT2 are similar in the 

morning and in the afternoon, which does not 

agree with others 11,21. Other studies are 

warranted to determine diurnal differences in 

VO2max and VT2 in trained athletes.  

The association of VO2max with MFO and 

Fatmax remains unclear, since controversial 

results have been reported. Several studies 

showed positive associations of VO2max with 

MFO in moderately trained men (VO2max 

ranged from 50-55ml/kg/min) 22, in trained 

males endurance athletes (VO2max 

>70ml/kg/min) 23, in healthy young adults 

(VO2max=43.9±7.2 ml/kg/min) 13, and in a 

very heterogenous group of 300 men and 

women (VO2max=46.3±0.7 ml/kg/min) 12, 

which concur with the results obtained in our 

study. However, these findings differ from 

those obtained by others 24,25, who did not 

find significant associations between VO2max 

and MFO in healthy trained individuals 

(VO2max=58.0±1.6 ml/kg/min) 24, and in 

male ironman athletes (VO2max ranged from 

43.9–72.5 ml/kg/min) 25. It has been 

suggested that this association is only present 

when heterogenous groups are compared 

12,25,26. These results concurred with our 

findings that showed a strong positive 

association between VO2max and MFO in a 

heterogeneous cohort of endurance trained 

male athletes (VO2max ranged from 52.9 to 

83.7 ml/kg/min). The fact that individuals 

with higher VO2max normally had greater 

capacity of the muscle to oxidize fat 27 could 

partially explain the observed association. In 

addition, it has previously reported that 

trained individuals use more fat at the same 

relative exercise intensity than untrained 

individuals in both longitudinal 28 and cross-

sectional 26 training studies.  

Previous studies suggested that greater 

endurance performance is most frequently 

observed in the afternoon 7. Atkinson et al. 29 

showed that aerobic cycling performance 

(measured by peak power) is greater in the 

afternoon than in the morning in trained 

cyclist. Moreover, Souissi et al. 21 also found 

greater peak power and VO2max in the 

afternoon than in the morning, yet no 

differences were observed from morning to 

afternoon in VO2max when corrected for total 

work done. Taken together, it is plausible that 

the diurnal variation of MFO and Fatmax 

might be the key factor in endurance 

performance diurnal variation, rather than of 

VO2max and VT2, specifically in events 

limited by endogenous carbohydrate 

availability. 

Limitations 

The results of this study should be considered 

with caution. The lack of body temperature 

data and blood parameters assessments 

during the graded protocol test did not allow 

us to confirm whether metabolic and 
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hormonal variables play a role in MFO and 

Fatmax diurnal variation. It should also be 

acknowledged that the present study was 

performed in endurance trained male 

athletes, thus these results cannot be extended 

to women or a sedentary population. Despite 

we established a fasted state (between 7-10 

hours) as a pre-testing previous condition, a 

stricter control of fasting conditions should be 

considered in future studies (i.e. 8 hours), 

although our results remained after 

controlling by fasting time (data not shown).  

In addition, we do not know whether the 

differences found in MFO and Fatmax are 

determined by the individual chronotype, 

since the small sample size made it difficult to 

study. Finally, Croci et al. (2014) reported a 

CV ranging from 16 to 21% for MFO 

estimation determined from two progressive 

exercise protocols completed 3–7 days apart 

30. This variability may bias the results 

obtained by the current study. 

CONCLUSIONS 

In summary, our results indicate that MFO 

and Fatmax are greater in the afternoon than in 

the morning in endurance trained male 

athletes, whereas there is no diurnal variation 

in VO2max and VT2. Moreover, we observed 

a positive strong association of VO2max and 

VT2 with MFO and Fatmax. These data are 

relevant when scheduling training times, and 

specifically for coaches, who usually engage 

in athletic testing and monitor training 

session that can occur during different hours 

of the day, whenever the training intensity 

will be the Fatmax. Further studies are needed 

to investigate whether these results remain 

when a running or cycling protocol are used 

to estimate MFO and Fatmax.
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Normative values for 
maximal fat oxidation 
during exercise in 
sedentary adults   
(Study 7)
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ABSTRACT 

Using a short-duration Graded exercise 

protocol and continuous IC, whole-body rates 

of fat and carbohydrate oxidation can be 

estimated across a range of exercise 

workloads, along with the individual MFO 

and Fatmax. These variables appear to have 

sport and health implications. After the 

discussion of the key determinants of MFO 

and Fatmax that should be considered during 

laboratory measurement, the present study 

provides MFO and Fatmax normative values 

collected in two different cohorts using a 

submaximal walking protocol. These 

normative values can be used to contextualize 

individual measurements and define research 

cohorts according their capacity for fat 

oxidation during exercise. 
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BACKGROUND 

We read with interest the study by Maunder 

et al. where they elegantly synthesized the 

available evidence regarding the biological 

factors that affect MFO and Fatmax 1. 

Moreover, they compiled data from previous 

studies and provided normative values for 

MFO and Fatmax. Although we appreciate the 

usefulness of this approach, there are several 

important aspects that need to be considered. 

Firstly, as Maunder et al. 1 recognised, they 

provide percentiles for MFO and Fatmax 

derived from calculations based on mean and 

SD rather than in true percentiles. This 

approach assumes a normal distribution of 

data, which may not be the case in studies 

with relatively small sample size. 

Secondly, due to the lack of definitions of 

physical activity or fitness level in overweight 

and obese populations, Maunder et al. 1 

provided normative values for sedentary and 

physically active overweight/obese 

individuals without considering this 

important aspect. Several studies showed 

significant changes on MFO after an exercise 

intervention in overweight-obese individuals 
2,3. Therefore, the MFO and Fatmax normative 

values for the overweight and obese group 

should be considered with caution. 

Thirdly, they compiled data from studies 

performed in cycloergometer. The mode of 

exercise (cycling, running, or walking) 

significantly influences MFO and Fatmax in 

young healthy and relatively fit individuals 4. 

However, its influence on sedentary people is 

unknown. Thus, it remains to be elucidated 

whether the provided normative values for 

MFO and Fatmax apply to the treadmill test. 

Finally, Maunder et al. 1 did not consider the 

potential effect of age on MFO and Fatmax, 

and, therefore, it was not taken into account 

in the normative values reported. Data from 

our laboratory (Table 1) suggest that age 

influences MFO, and, therefore, participants’ 

age should be considered when providing 

normative values. 

MATERIAL & METHODS 

Here, we provide normative values by sex, 

weight status, and age for MFO and Fatmax 

(Table 1) of 167 (n=107 women) sedentary 

healthy individuals evaluated by a treadmill 

test. We determined the MFO and Fatmax in 

125 young adults aged 22.1±2.2 years old [84 

women, BMI: 25.0±4.8 kg/m2] 5 and in 42 

middle-aged adults aged 52.1±4.6 years old 

[23 women, BMI: 27.8±3.6 kg/m2] 6 . We 

conducted a graded exercise protocol on a 

treadmill that started with a 3-minute warm-

up at 3.5 km/h (gradient 0%) and continued 

with speed increments of 1 km/h every 3 

minutes until the maximal walking speed was 

reached. The treadmill speed was kept 

constant with the gradient increasing by 2% 

every 3 minutes until the RER was ≥ 1.0 7. 
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Fat oxidation was calculated during the last 

60 seconds of each step using a stoichiometric 

equation for respiratory gas exchange 8 

disregarding protein oxidation. A third 

polynomial curve with intersection at 0;0 9 

was determined for each individual in order 

to determine MFO and Fatmax. 

RESULTS AND DISCUSSION 

Our results showed that absolute MFO was 

higher in men than in women (0.37±0.11 vs. 

0.32±0.10 g/min, respectively, P=0.004, see 

Table 1), while Fatmax was lower in men than 

in women (40.8±10.99 vs. 46.1±12.84% of 

VO2max, respectively, P=0.009, see Table 1). 

Considering the known sex-related 

differences in body composition, MFO 

relative to FFM might be more appropriate 

when conducting sex comparisons 1. Our 

results showed that MFO relative to FFM 

(assessed by dual-energy X-ray 

absorptiometry) was lower in men than in 

women (0.050±0.026 vs. 0.084±0.043 

g/min/kg, respectively, P<0.001). These 

findings concur with those presented by 

Maunder et al. 1, who showed that absolute 

MFO was greater in physically active men 

than in women (0.56 vs. 0.33 g/min, 

respectively), whereas Fatmax was slightly 

higher in physically active women than in 

men (56.0 vs. 51.0% of VO2max, respectively). 

A recent study described the MFO and Fatmax 

values in an athletic population across 

different ages, and showed large inter-

individual differences regardless of the sport 

modality 10. Our results showed significantly 

higher MFO in young compared with 

sedentary middle-aged adults (0.36±0.11 vs. 

0.29±0.78 g/min, respectively, P<0.001), 

whereas no differences were observed in 

Fatmax (44.0±13.30 vs. 44.7±9.47% of VO2max, 

respectively, P=0.753). Furthermore, we 

reported MFO and Fatmax normative values 

by weight status in sedentary adults. We 

observed similar MFO and Fatmax values in 

normal-weight, overweight, and obese 

individuals (MFO: 0.34±0.11, 0.33±0.09, and 

0.36±0.12 g/min, respectively, P=0.494; 

Fatmax: 45.9±12.9 vs. 42.6±10.9 vs. 43.3±13.5% 

of VO2max, respectively, P=0.146).  

In contrast, Maunder et al. 1 showed lower 

MFO in obese individuals, which may be due 

to differences in training status, since 

Maunder et al. did not consider this 

dimension in the obese population. 

It should be noted that the cohorts included in 

Maunder et al. review 1 performed a graded 

exercise protocol test after an overnight fast, 

whereas the participants in our study fasted 

only for 5-6 h. Previous studies suggested that 

the nutritional status plays an important role 

in MFO and Fatmax determination 1,11–13, and, 

therefore, fasting should be carefully 

considered when determining MFO and 

Fatmax. 

 

CONCLUSIONS 

We believe that the normative values 

provided by Maunder et al. 1 will be very 
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useful when evaluating MFO and Fatmax both 

in research and in clinical settings. However, 

whenever possible, future studies should 

provide normative data by sex, age, training 

status, and weight status.
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ABSTRACT 

IC is considered the reference method to 

determine REE, but its use in a clinical 

context is limited. Alternatively, there is a 

number REE predictive equations to estimate 

the REE. However, it has been shown that the 

available REE predictive equations could 

either overestimate or underestimate the REE 

as measured by IC. Moreover, the role of the 

weight status in the accuracy and validity of 

the REE predictive equations requires further 

attention. Therefore, this study aimed to 

determine the accuracy and validity of REE 

predictive equations in normal-weight, 

overweight and obese sedentary middle-aged 

adults.  

A total of 73 sedentary middle-aged adults 

(53% women, 40-65 years old) participated 

in the study. We measured REE by indirect 

calorimetry strictly following the standard 

procedures and we compared it with 33 

predictive equations.  

The most accurate predictive equations in 

middle-aged sedentary adults were: (i) the 

equation of FAO/WHO/UNU in normal-

weight individuals (50.0% of prediction 

accuracy) (ii) the equation of Livingston in 

overweight individuals (46.9% of prediction 

accuracy), and (iii) the equation of Owen in 

individuals with obesity (52.9% of prediction 

accuracy). Our study shows that the weight 

status plays an important role in the accuracy 

and validity of different REE predictive 

equations in middle-aged adults.
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BACKGROUND 

Obesity is associated with an increased 

morbidity and mortality risk, and is 

considered a significant burden to health care 

systems worldwide 1. The amount of 

overweight and individuals with obesity has 

globally increased from 857 million to 2.1 

billion during the last thirty years, becoming 

a public health problem of the current society 

2. Although the physiological mechanisms 

that determine or influence obesity are 

complex, several studies have shown that an 

energy imbalance between energy intake and 

energy expenditure is a predisposing factor 

for metabolic diseases 1. 

Total energy expenditure is the sum of the 

REE, physical activity energy expenditure, 

and thermic effect of food. The REE accounts 

for more than 50% of the total daily energy 

expenditure 3. IC is considered the reference 

method to determine the REE through the 

VO2 and the VCO2 4. However, the use of IC 

in a clinical context is limited due to its strict 

evaluation conditions, the high cost of the gas 

analyzer used for its measurement, and 

because these devices are not usually portable 

5. Alternatively, there is a number REE 

predictive equations to estimate the REE 6–24. 

Previous studies have shown that the 

available REE predictive equations could 

either overestimate or underestimate the REE 

as measured by IC 25–28. Furthermore, the 

majority of REE predictive equations were 

proposed decades ago, and they are based on 

some specific individual cohorts that have 

different biological and metabolic 

characteristics than the current population. 

Moreover, the role of the weight status in the 

accuracy and validity of the REE predictive 

equations requires further attention, since 

individuals with different weight status may 

have different amount of metabolically active 

tissues (FM vs. FFM), which could influence 

the REE estimation 29. 

Therefore, the purpose of this study was to 

determine the accuracy and validity of REE 

predictive equations in normal-weight, 

overweight and obese sedentary middle-aged 

adults.  

MATERIAL & METHODS  

Participants 

Seventy-three healthy sedentary adults (53% 

women), aged between 45 and 65, with a BMI 

range of 20-38 kg/m2, Caucasian, non-

physically active (<20 minutes on 3 

days/week), and with stable weight (weight 

changes<5kg) over the last 6 months 

participated in the study. The participants 

were enrolled in the FIT-AGEING study 

(ClinicalTrials.gov: NCT03334357 [8-11-17]) 

30. We used the baseline data of the original 

study for data analysis. An informed consent 

was signed by each participant before they 

started the intervention program. The study 

was in accordance with the latest revision of 

the Helsinki Declaration, and it was approved 

by The Human Research Ethics Committee of 

the “Junta de Andalucía” [0838-N-2017].  
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Body composition 

The weight was measured before the REE test 

using an electronic scale (Seca 760, Electronic 

Column Scale, Hamburg, Germany) to the 

nearest 0.1 kg. The height was also measured 

using a stadiometer (Seca 760, Electronic 

Column Scale, Hamburg, Germany) to the 

nearest 0.1 cm. The BMI was calculated as 

weight (kg)/height (m2) 31. The body 

composition (FM, FFM, and LM) was 

determined by Dual Energy X-ray 

Absorptiometry (DXA, HOLOGIC, Discovery 

Wi). 

Resting energy expenditure 
assessment by IC 

The REE was evaluated by IC following the 

current recommendations to ensure the 

validity of the test 32,33. The participants 

arrived at the laboratory at 8-9 a.m. after a 12-

hour fasting period. The participants were 

asked not to perform any physical activity 48 

hours before the test. The REE was evaluated 

in a quiet and relaxing room at a constant 

temperature (22.6±0.8ºC) and humidity 

(44.5±6.7%). The participants lay on a bed in a 

supine position, and they were asked not to 

fall asleep. The respiratory exchange was 

measured after resting for 30 minutes, using a 

CPX Ultima CardiO2 system (Medical 

Graphics Corp, St Paul, USA) and a neoprene 

facemask, equipped with a directconnect™ 

metabolic flow sensor (Medgraphics Corp, 

Minnesota, USA). The data were collected 

during 30 minutes. The first 5 minutes of each 

measurement were routinely discarded, and 

the most stable 5-minute steady state period 

was selected for the analysis (Breeze 

Software, MGC Diagnostic®, Breeze Suite 

8.1.0.54 SP7) 34. The steady-state criteria were 

established as: (i) <10% CV in VO2, VCO2, and 

ventilation, and (ii) <5% CV in RER 35,36. The 

REE was calculated from the VO2 consumed 

and the VCO2 by using the Weir abbreviated 

equation assuming that urinary nitrogen 

excretion was negligible, and it was expressed 

as kcal/day 37: REE = [3.9 (VO2) + 1.1 (VCO2)] 

x 1.44. 

REE predictive equations 

The National Library of Medicine's search 

service (PUBMED) was used to conduct a 

systematic search, combining the following 

keywords: ‘Energy metabolism’, ‘Basal 

metabolism’, ‘Indirect calorimetry’, and also 

additional terms (rest*, measure*, predict*’, 

‘estimat*’, ‘equation*’, and ‘formula*’). 

We only selected the REE predictive 

equations that complied with the following 

criteria: (i) developed in adults, and (ii) based 

on weight, height, age, sex, and/or FM, FFM, 

and LM. We excluded the REE predictive 

equations: (i) conducted in patients with any 

disease or athlete cohorts, (ii) including a 

small sample size (n<50), or (iii) conducted in 

specific ethnic groups. A total of 33 predictive 

equations (see Table 1) were retained and 

used for analysis 6,7,16–24,8–15. 
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Statistical analysis 

An ANCOVA was performed to compare 

measured (by IC) vs. predicted REE (by REE 

predictive equations) adjusting by age and 

sex. The BIAS (mean error between measured 

and predicted REE), the absolute differences 

(measured minus predicted REE in absolute 

terms), and the 95% limits of agreement were 

also analyzed. We determined the following 

two accuracy levels: (i) ±10% of measured 

REE, which included REE predicted values 

between 90% and 110% of the measured REE 

38,39, considering underprediction when the 

estimation value was below 90%, and 

overprediction when the estimation value 

was above 110% of the measured REE, and (ii) 

±5% of measured REE, which included REE 

predicted values between 95% and 105% of 

the measured REE, considering 

underprediction when the estimation value 

was below 95% and overprediction when the 

estimation value was above 105% of the 

measured REE. Repeated measures ANOVA 

across the REE predictive equations was used 

to determine differences between the REE 

predictive equation that presented the least 

absolute differences with measured REE, 

respectively. The heteroscedasticity was 

tested using the Bland-Altman method 40, 

which plots the difference between predicted 

and measured REE vs. the mean of predicted 

and measured REE.  We conducted one-way 

ANOVA to determine differences across 

weight status categories (i.e. individuals with 

normal-weight, overweight and individuals 

with obesity) in the percentage of accurate 

prediction and mean differences between 

predicted and measured REE in absolute 

values of the most accurate predictive 

equations. We selected the most accurate REE 

predictive equations for each weight category 

based on the percentage of accurate 

prediction at ±10% of measured REE. If two or 

more REE predictive equations provide 

similar percentage of accurate prediction at 

±10% of measured REE, we selected the most 

accurate REE predictive equation at ±5% of 

measured REE. The analyses were conducted 

using the SPSS version 25.0 (IBM 

Corporation, Chicago, IL, USA).  

The analyses were conducted separately in 

normal-weight, overweight and obese. The 

results are expressed as mean ± SD, and the 

level of statistical significance was set at 

<0.05.  

RESULTS  

Table 2 shows the characteristics of the study 

sample. 
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In normal-weight individuals (see Figure 1A 

and Table 3), the Schofield 21 and 

FAO/WHO/UNU 22 predictive equations 

presented 66.7% of prediction accuracy, 

20.8% underpredictions, and 12.5% 

overpredictions (accurate prediction ±10%). 

Nevertheless, when a severe accurate 

estimation (±5%) was applied, the equation of 

FAO/WHO/UNU 22 provided 50.0% of 

prediction accuracy and the equation of 

Schofield 21 45.8% of prediction accuracy 

(mean absolute differences: 131 ± 138 and 129 

± 132 Kcal/day, respectively). Repeated 

measures ANOVA showed significant 

differences (all P<0.001) when comparing the 

REE estimation by the equation of 

FAO/WHO/UNU 22  vs. the equations of 

Owen 17,18 and Mifflin 19 (see Figure 1B). The 

results persisted including age and sex as a 

covariate (all P>0.3).  

Figures 2A and 2B show the percentage of 

prediction accuracy in all REE predictive 

equations and mean absolute values 

differences between predicted and measured 

REE in overweight participants, respectively. 

The equations of Livingston 20 and Huang 15 

provided a similar percentage of prediction 

accuracy (75%) when ±10% of accurate 

estimation was applied. However, when a 

severe accurate estimation filter (±5%) was 

applied, the equation of Livingston 20 showed 

the highest percentage of prediction accuracy 

(46.9% vs. 43.8%, respectively). The absolute 

differences were 117 ± 122 and 114 ± 109 

Kcal/day for Livingston´s 20 and Huang´s 

REE predictive equations 15, respectively (see 

Table 4). An interaction effect in ANCOVA 

analysis was observed adjusting by age in the 

equations of Schofield 21 (P=0.003) and Owen 

17,18 (P=0.042), whereas no sex interaction was 

observed in the model (P>0.4).
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Figure 1. Percentage of accurate prediction of resting energy predictive equations and mean differences between 
predicted and measured resting energy expenditure in absolute values in normal-weight individuals. A: 
Percentage of prediction accuracy at 5% and 10% of resting energy expenditure. B: Mean (SD) differences 
between predicted and measured resting energy expenditure in absolute values. P value of repeated measures 
ANOVA (with Bonferroni post-hoc analysis) among the predictive equations. * = P<0.05; ** = P<0.01; *** = 
P<0.001 when compared with the predictive equation that presented the least absolute differences with resting 
energy expenditure measured (FAO_ht). ¥ = P<0.05; ¥ ¥ = P<0.01; ¥ ¥ ¥ = P<0.001 when compared with the 
predictive equation that presented the best resting energy expenditure prediction accuracy (10%) with resting 
energy expenditure measured (FAO_ht). # = P<0.05; ## = P<0.01; ### = P<0.001 when compared with the 
predictive equation that presented the best resting energy expenditure prediction accuracy (5%) with resting 
energy expenditure measured (FAO_ht). AP: Accurate prediction. “_a” refers to predictive equations which 
require only anthropometric parameters to calculate REE, “_b” refers to predictive equations which require 
body composition parameters to calculate REE, and “_ht” refers to predictive equations which are proposed by 
the same author and include height. 
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Figure 2. Percentage of accurate prediction of resting energy predictive equations and mean differences between 
predicted and measured resting energy expenditure in absolute values in overweight individuals. A: Percentage 
of prediction accuracy at 5% and 10% of resting energy expenditure. B: Mean (SD) differences between predicted 
and measured resting energy expenditure in absolute values. P value of repeated measures ANOVA (with 
Bonferroni post-hoc analysis) among the predictive equations. * = P<0.05; ** = P<0.01; *** = P<0.001 when 
compared with the predictive equation that presented the least absolute differences with resting energy 
expenditure measured (Livingston). ¥ = P<0.05; ¥ ¥ = P<0.01; ¥ ¥ ¥ = P<0.001 when compared with the predictive 
equation that presented the best resting energy expenditure prediction accuracy (10%) with resting energy 
expenditure measured (Roza). # = P<0.05; ## = P<0.01; ### = P<0.001 when compared with the predictive 
equation that presented the best resting energy expenditure prediction accuracy (5%) with resting energy 
expenditure measured (Livingston). AP: Accurate prediction. “_a” refers to predictive equations which require 
only anthropometric parameters to calculate REE, “_b” refers to predictive equations which require body 
composition parameters to calculate REE, and “_ht” refers to predictive equations which are proposed by the 
same author and include height. 
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Figure 3. Percentage of accurate prediction of resting energy predictive equations and mean differences between 
predicted and measured resting energy expenditure in absolute values in individuals with obesity. A: 
Percentage of prediction accuracy at 5% and 10% of resting energy expenditure. B: Mean (SD) differences 
between predicted and measured resting energy expenditure in absolute values. P value of repeated measures 
ANOVA (with Bonferroni post-hoc analysis) among the predictive equations. * = P<0.05; ** = P<0.01; *** = 
P<0.001 when compared with the predictive equation that presented the least absolute differences with resting 
energy expenditure measured (Owen_a). ¥ = P<0.05; ¥ ¥ = P<0.01; ¥ ¥ ¥ = P<0.001 when compared with the 
predictive equation that presented the best resting energy expenditure prediction accuracy (10%) with resting 
energy expenditure measured (Roza). # = P<0.05; ## = P<0.01; ### = P<0.001 when compared with the 
predictive equation that presented the best resting energy expenditure prediction accuracy (5%) with resting 
energy expenditure measured (Owen_a). AP: Accurate prediction. “_a” refers to predictive equations which 
require only anthropometric parameters to calculate REE, “_b” refers to predictive equations which require 
body composition parameters to calculate REE, and “_ht” refers to predictive equations which are proposed by 
the same author and include height. 



MATERIALS & METHODS 
 

193 

T
ab

le
 5

: V
al

id
ity

 o
f r

es
tin

g 
en

er
gy

 e
xp

en
di

tu
re

 (R
EE

) p
re

di
ct

iv
e 

eq
ua

tio
ns

 in
 in

di
vi

du
al

s 
w

ith
 o

be
si

ty
. 

R
E

E
 

p
re

d
ic

ti
ve

 
eq

u
at

io
n

 
N

 
R

E
E

1  
(K

ca
l/

d
ay

) 
P

 v
al

u
e 

A
N

C
O

V
A

2  

M
ea

n
 

B
IA

S
3  

(K
ca

l/
d

ay
) 

L
ow

er
 

li
m

it
 o

f 
ag

re
em

en
t 

(K
ca

l/
d

ay
) 

H
ig

h
er

 
li

m
it

 o
f 

ag
re

em
en

t 
(K

ca
l/

d
ay

) 

M
ea

n
 

ab
so

lu
te

 
d

if
fe

re
n

ce
s4

 
(K

ca
l/

d
ay

) 

P
er

ce
n

ta
ge

 
of

 a
cc

u
ra

te
 

p
re

d
ic

ti
on

s 
(1

0%
)5

 

P
er

ce
n

ta
ge

 
of

 u
n

d
er

 
p

re
d

ic
ti

on
s 

(1
0%

)6
 

P
er

ce
n

ta
ge

 
of

 o
ve

r 
p

re
d

ic
ti

on
s 

(1
0%

)7
 

P
er

ce
n

ta
ge

 
of

 a
cc

u
ra

te
 

p
re

d
ic

ti
on

s 
(5

%
)8

 

P
er

ce
n

ta
ge

 
of

 u
n

d
er

 
p

re
d

ic
ti

on
s 

(5
%

)9
 

P
er

ce
n

ta
ge

 
of

 o
ve

r 
p

re
d

ic
ti

on
s 

(5
%

)1
0  

H
ar

ri
s 

&
 

Be
ne

di
ct

 
17

 
17

96
 ±

 2
16

 
0.

05
9 

-6
1 

-7
48

 
17

7 
15

3 
± 

17
7 

76
.5

 
17

.6
 

5.
9 

35
.3

 
35

.3
 

29
.4

 

R
oz

a 
17

 
18

08
 ±

 2
11

 
0.

06
2 

-7
3 

-7
47

 
15

1 
14

9 
± 

17
9 

82
.4

 
17

.6
 

0.
0 

47
.1

 
41

.2
 

11
.8

 

Be
rn

st
ei

n_
a 

17
 

14
22

 ±
 1

75
 

0.
19

6 
31

3 
-3

46
 

59
4 

35
4 

± 
16

6 
11

.8
 

5.
9 

82
.4

 
5.

9 
5.

9 
88

.2
 

Be
rn

st
ei

n_
b 

17
 

13
25

 ±
 1

65
 

0.
57

4 
41

0 
-4

 
69

4 
41

0 
± 

20
2 

5.
9 

0.
0 

94
.1

 
5.

9 
0.

0 
94

.1
 

O
w

en
_a

 
17

 
17

49
 ±

 2
12

 
0.

51
3 

-1
4 

-5
91

 
24

5 
13

2 
± 

13
8 

76
.5

 
11

.8
 

11
.8

 
52

.9
 

23
.5

 
23

.5
 

O
w

en
_b

 
17

 
14

77
 ±

 2
17

 
0.

68
8 

25
8 

-1
11

 
59

8 
28

0 
± 

18
5 

29
.4

 
0.

0 
70

.6
 

17
.6

 
5.

9 
76

.5
 

M
if

fli
n_

a 
17

 
16

95
 ±

 1
98

 
0.

07
6 

40
 

-5
87

 
27

1 
16

4 
± 

13
3 

64
.7

 
5.

9 
29

.4
 

23
.5

 
17

.6
 

58
.8

 

M
if

fli
n_

b 
17

 
14

75
 ±

 1
76

 
0.

61
3 

26
0 

-8
9 

59
3 

27
3 

± 
18

7 
29

.4
 

0.
0 

70
.6

 
5.

9 
5.

9 
88

.2
 

Li
vi

ng
st

on
 

17
 

17
10

 ±
 1

78
 

0.
15

4 
25

 
-5

35
 

24
7 

14
5 

± 
11

9 
70

.6
 

5.
9 

23
.5

 
23

.5
 

23
.5

 
52

.9
 

Sc
ho

fi
el

d 
17

 
14

62
 ±

 2
81

 
0.

98
3 

27
3 

-3
05

 
66

9 
30

9 
± 

20
0 

23
.5

 
5.

9 
70

.6
 

17
.6

 
5.

9 
76

.5
 

Sc
ho

fi
el

d_
ht

 
17

 
15

28
 ±

 1
82

 
0.

17
 

20
6 

-3
04

 
50

4 
24

2 
± 

15
4 

29
.4

 
5.

9 
64

.7
 

17
.6

 
5.

9 
76

.5
 

FA
O

 
17

 
15

41
 ±

 1
86

 
0.

13
7 

19
4 

-3
21

 
50

1 
23

2 
± 

16
2 

29
.4

 
5.

9 
64

.7
 

23
.5

 
5.

9 
70

.6
 

FA
O

_h
t 

17
 

15
26

 ±
 1

71
 

0.
18

 
20

9 
-2

92
 

50
3 

24
3 

± 
15

2 
29

.4
 

5.
9 

64
.7

 
17

.6
 

5.
9 

76
.5

 

H
en

ry
 

17
 

18
66

 ±
 1

86
 

0.
05

 
-1

31
 

-7
43

 
97

 
16

1 
± 

18
1 

64
.7

 
35

.3
 

0.
0 

47
.1

 
47

.1
 

5.
9 

 



Chapter 4 

194 

H
en

ry
_h

t 
17

 
19

53
 ±

 3
39

 
0.

05
3 

-2
18

 
-9

63
 

21
0 

28
3 

± 
23

2 
47

.1
 

47
.1

 
5.

9 
5.

9 
70

.6
 

23
.5

 

M
ul

le
r_

a 
17

 
17

91
 ±

 1
94

 
0.

12
1 

-5
6 

-6
55

 
16

4 
13

7 
± 

14
9 

82
.4

 
17

.6
 

0.
0 

41
.2

 
35

.3
 

23
.5

 

M
ul

le
r_

b 
17

 
17

50
 ±

 1
85

 
0.

14
3 

-1
6 

-5
66

 
21

7 
14

5 
± 

12
3 

82
.4

 
11

.8
 

5.
9 

29
.4

 
29

.4
 

41
.2

 

K
or

th
_a

 
17

 
18

88
 ±

 2
46

 
0.

06
 

-1
53

 
-8

26
 

59
 

17
4 

± 
21

0 
70

.6
 

29
.4

 
0.

0 
52

.9
 

47
.1

 
0.

0 

K
or

th
_b

 
17

 
16

86
 ±

 2
30

 
0.

34
 

49
 

-3
11

 
43

5 
18

7 
± 

13
9 

52
.9

 
11

.8
 

35
.3

 
41

.2
 

23
.5

 
35

.3
 

D
e 

Lo
re

nz
o 

17
 

18
13

 ±
 2

03
 

0.
04

7 
-7

8 
-7

37
 

15
3 

14
9 

± 
17

7 
76

.5
 

23
.5

 
0.

0 
41

.2
 

41
.2

 
17

.6
 

La
zz

er
 

17
 

18
27

 ±
 2

05
 

0.
03

8 
-9

2 
-7

79
 

17
8 

16
8 

± 
18

6 
64

.7
 

29
.4

 
5.

9 
41

.2
 

41
.2

 
17

.6
 

Jo
hn

st
on

e_
b 

17
 

16
87

 ±
 1

86
 

0.
11

2 
48

 
-4

38
 

32
7 

17
9 

± 
12

0 
64

.7
 

11
.8

 
23

.5
 

17
.6

 
29

.4
 

52
.9

 

W
ei

js
 

17
 

19
02

 ±
 2

05
 

0.
05

5 
-1

67
 

-8
26

 
63

 
17

8 
± 

20
6 

64
.7

 
35

.3
 

0.
0 

47
.1

 
52

.9
 

0.
0 

Fr
an

ke
nf

ie
ld

 
17

 
17

38
 ±

 1
92

 
0.

92
1 

-4
 

-5
79

 
21

3 
13

8 
± 

12
9 

76
.5

 
5.

9 
17

.6
 

35
.3

 
23

.5
 

41
.2

 

Fr
an

ke
nf

ie
ld

_h
t 

17
 

18
00

 ±
 2

02
 

0.
82

3 
-6

5 
-6

71
 

15
3 

13
9 

± 
15

7 
82

.4
 

17
.6

 
0.

0 
41

.2
 

35
.3

 
23

.5
 

D
e 

la
 C

ru
z 

17
 

17
21

 ±
 2

22
 

0.
59

9 
14

 
-6

33
 

53
5 

16
2 

± 
17

3 
76

.5
 

5.
9 

17
.6

 
35

.3
 

29
.4

 
35

.3
 

C
un

ni
ng

ha
m

 
17

 
16

30
 ±

 1
90

 
0.

73
1 

10
4 

-2
39

 
46

0 
18

1 
± 

14
8 

52
.9

 
11

.8
 

35
.3

 
35

.3
 

17
.6

 
47

.1
 

H
ua

ng
_a

 
17

 
18

07
 ±

 2
16

 
0.

52
9 

-7
2 

-6
86

 
13

7 
13

5 
± 

16
5 

76
.5

 
23

.5
 

0.
0 

52
.9

 
29

.4
 

17
.6

 

H
ua

ng
_b

 
17

 
17

38
 ±

 1
96

 
0.

46
4 

-3
 

-5
52

 
22

2 
14

3 
± 

12
3 

76
.5

 
11

.8
 

11
.8

 
35

.3
 

23
.5

 
41

.2
 

D
e 

Lu
is

 
17

 
18

20
 ±

 1
95

 
0.

33
3 

-8
5 

-7
05

 
15

0 
15

8 
± 

17
3 

76
.5

 
23

.5
 

0.
0 

41
.2

 
41

.2
 

17
.6

 

1 R
EE

 o
bt

ai
ne

d 
by

 p
re

di
ct

iv
e 

eq
ua

tio
ns

 (M
ea

n±
SD

); 
2 P

 v
al

ue
 o

f t
he

 m
ai

n 
ef

fe
ct

 o
f A

N
C

O
V

A
 c

om
pa

ri
ng

 m
ea

su
re

d 
an

d 
pr

ed
ic

te
d 

R
EE

 a
dj

us
tin

g 
fo

r a
ge

; 3
M

ea
n 

er
ro

r b
et

w
ee

n 
m

ea
su

re
d 

va
lu

e 
an

d 
pr

ed
ic

tiv
e 

eq
ua

tio
n 

(m
ea

su
re

d 
– 

pr
ed

ic
te

d)
; 4

M
ea

n 
of

 a
bs

ol
ut

e 
di

ff
er

en
ce

s 
be

tw
ee

n 
m

ea
su

re
d 

an
d 

pr
ed

ic
tiv

e 
va

lu
e 

(M
ea

n±
SD

); 
5 P

er
ce

nt
ag

e 
of

 s
ub

je
ct

s 
pr

ed
ic

te
d 

by
 t

hi
s 

pr
ed

ic
tiv

e 
eq

ua
tio

n 
w

ith
in

 ±
10

%
 o

f t
he

 m
ea

su
re

d 
va

lu
e;

 6 P
er

ce
nt

ag
e 

of
 s

ub
je

ct
s 

pr
ed

ic
te

d 
by

 th
is

 p
re

di
ct

iv
e 

eq
ua

tio
n 

<1
0%

 o
f t

he
 m

ea
su

re
d 

va
lu

e;
 7 P

er
ce

nt
ag

e 
of

 s
ub

je
ct

s 
pr

ed
ic

te
d 

by
 t

hi
s 

pr
ed

ic
ti

ve
 e

qu
at

io
n 

>1
0%

 o
f 

th
e 

m
ea

su
re

d 
va

lu
e;

 8
Pe

rc
en

ta
ge

 o
f 

su
bj

ec
ts

 p
re

di
ct

ed
 b

y 
th

is
 p

re
di

ct
iv

e 
eq

ua
tio

n 
w

ith
in

 ±
10

%
 o

f 
th

e 
m

ea
su

re
d 

va
lu

e;
 9

Pe
rc

en
ta

ge
 o

f 
su

bj
ec

ts
 

pr
ed

ic
te

d 
by

 t
hi

s 
pr

ed
ic

tiv
e 

eq
ua

ti
on

 <
10

%
 o

f 
th

e 
m

ea
su

re
d 

va
lu

e;
 1

0 P
er

ce
nt

ag
e 

of
 s

ub
je

ct
s 

pr
ed

ic
te

d 
by

 t
hi

s 
pr

ed
ic

tiv
e 

eq
ua

tio
n 

>1
0%

 o
f 

th
e 

m
ea

su
re

d 
va

lu
e.

 *
P<

0.
05

, *
*P

<0
.0

1,
 

**
*P

<0
.0

01
, A

N
C

O
V

A
 te

st
. “

_a
” 

re
fe

rs
 t

o 
pr

ed
ic

tiv
e 

eq
ua

tio
ns

 w
hi

ch
 r

eq
ui

re
d 

on
ly

 a
nt

hr
op

om
et

ri
c 

pa
ra

m
et

er
s 

to
 c

al
cu

la
te

 R
EE

, “
_b

” 
re

fe
rs

 to
 p

re
di

ct
iv

e 
eq

ua
tio

ns
 w

hi
ch

 r
eq

ui
re

d 
bo

dy
 c

om
po

si
tio

n 
pa

ra
m

et
er

s 
to

 c
al

cu
la

te
 R

EE
, a

nd
 “

_h
t”

 r
ef

er
s 

to
 p

re
di

ct
iv

e 
eq

ua
tio

ns
 w

hi
ch

 a
re

 p
ro

po
se

d 
by

 th
e 

sa
m

e 
au

th
or

 a
nd

 in
cl

ud
e 

he
ig

ht
.  

 



MATERIALS & METHODS 
 

195 

Figure 4. Bland-Altman plots for selected resting energy expenditure (REE) predictive equations. The solid lines 
represent the mean difference (BIAS) between predicted and measured REE. The upper and lower dashed lines 
represent the 95% limits of agreement. REE: Resting Energy Expenditure. “_a” refers to predictive equations 
which required only anthropometric parameters to calculate REE and “_ht” refers to predictive equations which 
are proposed by the same author and include height. 
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Figures 2A and 2B show the percentage of 

prediction accuracy in all REE predictive 

equations and mean absolute values 

differences between predicted and measured 

REE in overweight participants, respectively. 

The equations of Livingston 20 and Huang 15 

provided a similar percentage of prediction 

accuracy (75%) when ±10% of accurate 

estimation was applied. However, when a 

severe accurate estimation filter (±5%) was 

applied, the equation of Livingston 20 showed 

the highest percentage of prediction accuracy 

(46.9% vs. 43.8%, respectively). The absolute 

differences were 117 ± 122 and 114 ± 109 

Kcal/day for Livingston´s 20 and Huang´s 

REE predictive equations 15, respectively (see 

Table 4). An interaction effect in ANCOVA 

analysis was observed adjusting by age in the 

equations of Schofield 21 (P=0.003) and Owen 

17,18 (P=0.042), whereas no sex interaction was 

observed in the model (P>0.4). We also noted 

significant differences (all P<0.01) when we 

compared the REE estimation (in absolute 

values) by the equation of Livingston 20 vs. the 

equations of Schofield 21, Mifflin 19 and Owen 

17,18 (see Figure 2B). 

In individuals with obesity, several REE 

predictive equations provided 82.4% of 

prediction accuracy (accurate prediction 

±10%, see Figure 3A) 7,24,37, yet when a severe 

accurate estimation was applied (±5% of 

measured REE), the equation of Owen 17,18 

showed the highest accuracy (52.9% of 

prediction accuracy; absolute differences: 132 

± 138 Kcal/day). An interaction effect was 

observed adjusting by age in De Lorenzo 41 

and Lazzer 42 predictive equations (both 

P<0.05, see Table 5), whereas no interaction 

was observed adding sex in the model 

(P>0.2). Repeated measures ANOVA did not 

show significant differences between all 

predictive equations in terms of absolute 

differences (P=0.078) (see Figure 3B).  

Figure 4 shows Bland-Altman plots for the 3 

selected REE predictive equations and 

measured REE by weight status. The limits of 

agreement were the following: (i) -496 to 373 

Kcal/day in normal-weight participants 

(using the equation of FAO/WHO/UNU 22, 

see Figure 4A and Table 3), (ii) -249 to 562 

Kcal/day in overweight participants (using 

the equation of Livingston 20, see Figure 4B 

and Table 4), and (iii) -591 to 245 Kcal/day in 

individuals with obesity (using the equation 

of Owen 17,18, see Figure 4C and Table 5). 

Figure 5 shows the comparison of the most 

accurate predictive equations for individuals 

with normal-weight, individuals with 

overweight and individuals with obesity, 

respectively, by weight status. We observed 

significant differences in percentage of 

accurate predictions applying both ±10% and 

±5% of measured REE criteria in FAO_ht, 

Livingston and Owen_a predictive 

equations (All P<0.001, see Figure 5A). 
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No significant differences were noted 

comparing mean differences between 

predicted and measured REE in absolute 

values by weight status in Livingston and 

Owen_a predictive  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

equations (All P>0.313, see Figure 5B), while 

significant differences were observed 

considering FAO_ht equation (P=0.023, see 

Figure 5B).  

Figure 5. Percentage of accurate prediction of the most accurate predictive equations and mean differences 
between predicted and measured resting energy expenditure in absolute values by weight status. A: Percentage 
of prediction accuracy at 5% and 10% of resting energy expenditure. B: Mean (SD) differences between 
predicted and measured resting energy expenditure in absolute values. P value of an ANOVA (with Bonferroni 
post-hoc analysis) across weight status. Similar letters (i.e. a-a, b-b) indicate significant differences (P<0.05) 
considering Bonferroni post-hoc analysis.  AP: Accurate prediction. “_a” refers to predictive equations which 
require only anthropometric parameters to calculate REE, and “_ht” refers to predictive equations which are 
proposed by the same author and include height. 
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DISCUSSION 

The present study shows the most accurate 

predictive equations by weight status in 

sedentary middle-aged adults: (i) the 

equation of FAO/WHO/UNU 22  in normal-

weight individuals, (ii) the equation of 

Livingston 20 in overweight individuals, and 

(iii) the equation of Owen 17,18 in individuals 

with obesity. Moreover, there were significant 

differences in percentage of accurate 

prediction when comparing the REE 

estimated values provided by the most 

accurate predictive equations for each weight 

status category. We also provide a flowchart 

decision tree to choose the REE predictive 

equation by weight status (see Figure 6) 

considering (i) the % of prediction accuracy 

applying an accuracy level of ±5%, and (ii) the 

% of prediction accuracy applying an 

accuracy level of ±10%. 

Our results suggest that the best equation to 

estimate REE in normal-weight adults is the 

equation of FAO/WHO/UNU 22. Our results 

differ from another study 37 that showed that 

the equation of Mifflin 19 was the most 

accurate REE predictive equation (68% of 

accuracy prediction) when an accuracy level 

of ±5% was applied. These differences could 

be explained due to the lack of details 

reported by Frankenfield et al. 37 regarding 

the IC analysis criteria to determine the REE 

measurement and the inclusion of a 

heterogeneous individual population. In a 

cohort of Belgian normal-weight women, the 

most accurate REE predictive equation was 

the Huang equation 43, with 71% of prediction 

accuracy. Our results also revealed a good 

prediction accuracy with the equation of 

Huang (62.5% of prediction accuracy) 43. 

However, these differences might be 

explained by three specific facts: (i) Weijs et al. 

43 only considered women, (ii) they selected 

20-minute steady state periods to obtain the 

REE measurement (we selected the most 

stable 5-minute steady state period), and (iii) 

the gas analyzer device was different in both 

studies. 

Our results provide more evidence for the use 

of the Livingston equation 20 in overweight 

individuals (46.9% prediction accuracy, mean 

absolute differences: 116.5 ± 121.9 Kcal/day), 

and concur with another study performed in 

normal-weight, overweight and individuals 

with obesity (55% prediction accuracy) 44. 

However, a systematic review conducted in 

overweight individuals 45 reported higher 

accuracy when the Harris-Benedict predictive 

equation 6 was applied (62.7% of prediction 

accuracy), whereas we obtained 49.9% of 

prediction accuracy when using the same 

equation. These facts could be explained by 

the inclusion of numerous studies with 

different gas collection systems (e.g. direct 

calorimetry vs. IC), different gas analyzers 

used to determine REE (e.g. Vmax Encore 

n29, Viasys Healthcare vs. Oxycon Pro, Erich 

Jaeger GmbH, Hoechberg, Germany, between 

others), and also different population groups 

(e.g. overweight U.S. adults vs. normal-

weight European women). 
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In individuals with obesity, the equation of 

Owen 17,18 showed the highest accuracy 

values (52.9% of prediction accuracy, mean 

absolute differences: 131 ± 137 Kcal), that 

concur with another study conducted in 

Australian individuals with obesity (~47 

years of age, 41.8% of prediction accuracy at 

±10% of accuracy level) 44. However, a recent 

systematic review suggested that the 

equation of Mifflin 19 was the most accurate 

predictive equation for individuals with 

obesity (48% of prediction accuracy, applying 

an accuracy level of ±5%) 37, which differs 

from our results (23.5% of prediction 

accuracy).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This difference might be partially explained 

by the inclusion of only 5 REE predictive 

equations in Frankenfield et al. 37: Mifflin 19, 

Livingston 20, Harris Benedict 6, and 

FAO/WHO/UNU 22 equations. The Mifflin 

equation 19 has also been proposed as the 

most accurate REE predictive equation in 

Belgian women with obesity 43 (68% of 

accuracy at ±10% accuracy level), in 

Taiwanese individuals with obesity (46.3% of 

accuracy at ±10% accuracy level) 46, and in 

1,900 Italian individuals with obesity (39.7% 

of accuracy at ±10% accuracy level). 

 

 

Figure 6. Decision tree to select a resting energy expenditure (REE) predictive equation by on weight status. 
“_a” refers to predictive equations which required only anthropometric parameters to calculate REE, and “_ht” 
refers to predictive equations which are proposed by the same author and include height. Abbreviations: M: 
Men; W: Women; W: Weight; H: Height; A: Age; y: years. 
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We noted that the inclusion of body 

composition parameters (FM, FFM, or LM) 

did not improve the accuracy of the REE 

prediction in our participants. This is 

especially relevant because age, weight, and 

height-derived equations are more feasible in 

the clinical practice. 

Limitations 

The results of this study should be considered 

with caution: (i) our participants were 

middle-aged healthy sedentary adults (45-65 

years of age), hence we cannot extend our 

results to older or younger individuals, (ii) 

although we did not find interaction by sex, 

our results need to be confirmed studying the 

role of sex and weight status together, (iii) 

although it is well known that metabolic carts 

can overestimate or underestimate the REE 

measure, it is important to consider that our 

data collection and the analysis process was 

strictly controlled and standardized, (iv) the 

respiratory exchange was measured using a 

neoprene facemask and not a canopy, as it is 

usually the case, and this issue could 

influence the results on the validity of 

equations used to estimate REE, (v) the low 

sample size in women with obesity and (vi) 

the use of the Weir equation implies 

assumptions that may not be accurate enough 

(e.g. absence of protein oxidation). 

Consequently, this could prevent us from 

extending our results to other populations 

with obesity, which present higher FM values 

compared to overweight populations. 

CONCLUSIONS 

In conclusion, our study shows that the REE 

predictive equation varies depending of the 

weight status in sedentary middle-aged 

adults. Future studies must be conducted in 

order to confirm the results obtained in older 

and younger individuals
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This section includes a total of two chapters 

aiming to examine the association of body 

composition and physical fitness with S-

Klotho in sedentary middle-aged adults. 

Concretely, it has been analized: [i] the 

association of LM and FM as well as BMD 

with S-Klotho (Study 9), and [ii] the 

association of sedentary, physical activity, 

and physical fitness levels (i.e. 

cardiorespiratory fitness and muscular 

strength) with S-Klotho in sedentary middle-

aged adults (Study 10). 
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Chapter 5:  
Body composition and 
S-Klotho in middle-
aged adults: a cross-
sectional study  
(Study 9)
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ABSTRACT 

The α-Klotho gene was identified as a possible 

“ageing-suppressor” agent that extends 

lifespan when overexpressed. However, little 

is known about the association of the body 

composition with the secreted protein form of 

the α-Klotho gene (S-Klotho). Therefore, the 

aim of this study was to analyse the 

association of body composition including 

lean and fat mass as well as BMD with S-

Klotho plasma levels in middle-aged 

sedentary adults.  

A total of 74 (39 women) middle-aged 

sedentary adults (53.7±5.1 years old; 

75.7±14.0 kg; 167.8±9.8 cm) participated in 

the study. We measured weight and height, 

and we used dual-energy X-ray 

absorptiometry to measure fat mass and lean 

mass. We calculated the BMI, FMI, and LMI. 

The S-Klotho plasma levels were measured in 

the EDTA plasma using a solid-phase 

sandwich enzyme-linked immunosorbent 

assay.  

There was a strong positive association 

between LMI and S-Klotho plasma levels 

(β=74.794, R2=0.346, P<0.001), which 

persisted after controlling for age and sex as 

well as after additionally controlling for FMI. 

Significantly positive associations of BMI 

and BMD were also found with S-Klotho 

plasma levels (β=33.981, R2=0.125, 

P=0.002; and β=858.194, R2=0.058, 

P=0.041, respectively), which disappeared 

after controlling for LMI (β=0.183, 

R2=0.611, P=0.984; and β=-379.426, 

R2=0.617, P=0.290, respectively). FMI was 

not significantly associated with S-Klotho 

plasma levels.  

Our study shows that LMI is strongly 

associated with S-Klotho plasma levels and 

explains the associations of BMI and BMD 

with S-Klotho plasma levels in middle-aged 

sedentary adults.



SECTION 1: Chapter 5 

 

214 

BACKGROUND 

The ageing process is defined as the age-

related deterioration of physiological 

functions necessary for the survival and 

fertility of an organism 1. Nowadays, 8.5% of 

people world-wide (617 million) are over the 

age of 60. By 2050, this population will 

triplicate, and simultaneously the global 

lifespan is expected to increase by almost 8 

years 2. Therefore, it is necessary to find 

strategies to keep an optimal health during 

old age to prevent ageing from causing an 

important public health problem 2,3. 

The human body composition changes 

dramatically during the ageing process, with 

decreases of the LM and the BMD, while the 

FM increases 4. These body composition 

changes are also directly involved in several 

diseases related to the ageing process, such as 

sarcopenia 5, energy metabolism disorders 

and obesity 6, and/or osteoporosis 7, and may 

result in a decreased quality of life, an 

increased dependence, and an increased 

mortality risk in elderly population 8. 

The α-Klotho gene was identified as a 

possible “ageing-suppressor” agent that 

accelerates ageing when disrupted and 

extends lifespan when overexpressed 9. A 

defect in the α-Klotho gene causes multiple 

ageing-like phenotypes related to the body 

composition changes such as sarcopenia, 

energy metabolism disorders, obesity, and 

osteoporosis in mice 1,9,10. In humans, it can be 

expressed as three different forms 11,12: (i) the 

intra-cellular form, which binds Na-ATPase, 

(ii) the cell-membrane form, which creates a 

complex with FGF23 and FGFR1, and (iii) S-

Klotho, identified in blood, plasma, urine, 

and cerebrospinal fluid. The S-Klotho reliably 

indicate the α-Klotho gene expression, which 

also progressively decrease in humans after 

40 years of age 13. 

Little is known about the association of the 

body composition with S-Klotho in humans. 

The results of previous studies have shown 

that the skeletal muscle contraction could 

modulate the α-Klotho gene expression 14. 

Furthermore, a positive strong association of 

muscular strength 15 and functioning 16 with 

S-Klotho have been reported, but, to the best 

of our knowledge, the relationship between 

the LM and the S-Klotho has not been studied 

in humans previously. Similarly, whether 

body fatness is associated with S-Klotho is 

unknown. Controversial findings have been 

published regarding the association of the 

BMD and the S-Klotho. Cross-sectional 

studies have reported that a lower BMD is 

associated with α-Klotho gene deficiency 17,18, 

whereas a longitudinal study suggested that 

the BMD was unrelated to the S-Klotho in 

older adults 19. In addition, understanding 

whether body composition parameters are 

associated with S-Klotho in adults is of 

clinical interest. 

Therefore, we analysed the association 

between body composition including lean 

and FM as well as BMD with S-Klotho in 

sedentary middle-aged adults. 
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MATERIAL & METHODS 

Participants 

A total of 74 (39 women) sedentary middle-

aged adults (45-65 years old) participated in 

the present study. The participants were 

enrolled in the FIT-AGEING study 20, an 

exercise-based randomised controlled trial 

(clinicaltrial.gov: ID: NCT03334357). The 

study was approved by the Human Research 

Ethics Committee of the “Junta de Andalucía” 

[0838-N-2017]. All participants received a 

comprehensive preventive medical 

examination, were sedentary (<20 min 

physical activity on <3 days/week), did not 

smoke or take any medication, had a stable 

weight in the last 3 months (<3 kg change), 

and had a normal electrocardiogram. The 

evaluations were performed between 

September and October 2015 and 2016 at the 

Centro de Investigación Deporte y Salud (CIDS) 

and at the "Campus de la Salud" Hospital. The 

study protocols and design were applied in 

accordance with the revised ethical guidelines 

of the Declaration of Helsinki. All participants 

signed an informed consent. 

Body composition assessment 

The weight and height measurements were 

performed without shoes and with light 

clothing, using a pre-validated scale and 

stadiometer (Seca 760, Electronic Column 

Scale, Hamburg, Germany). A dual-energy X-

ray absorptiometry scanner (Discovery Wi, 

Hologic, Inc., Bedford, MA, USA) was used to 

measure the LM (kg), the FM (kg), and the 

BMD (g/cm2). The whole-body scan was 

considered to obtain all body composition 

parameters. We conducted the quality 

controls, the positioning of the participants, 

and the analyses of the results following the 

manufacturer’s recommendations. An 

automatic delineation of the anatomic regions 

was performed by the software APEX 4.0.2. 

We acquired spine phantom quality control 

scans on each study day. 

We calculated the BMI as weight in kg 

divided by height in meters2 and the LMI as 

LM in kg divided by height in meters2. 

Similarly, we calculated the FMI as FM in kg 

divided by height in meters2. FM was also 

expressed as percentages of total body mass. 

The participants were categorised as normal-

weight (BMI ≥18.5 and <25 kg/m2), 

overweight (BMI ≥25 and <30 kg/m2), and 

obese (BMI ≥30 kg/m2). 

S-Klotho assessment 

The blood samples were collected from the 

antecubital vein in the morning after fasting 

for 12 hours. The S-Klotho was measured in 

the EDTA plasma using a solid-phase 

sandwich ELISA (Demeditec, Kiel, Germany). 

The kit used two types of highly specific 

antibodies, and its optical density was 

measured at a wavelength of 450 nm ± 2 nm. 

All participants were requested to abstain 

from drugs and/or caffeine, to eat a 

standardised dinner before sampling, and to 
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avoid any physical activity of moderate (24 

hours before) and/or vigorous intensity (48 

hours before). 

Statistical analysis 

The Shapiro-Wilk test, visual check of 

histograms, Q-Q, and box plots were used to 

verify the distribution of all variables. The 

descriptive parameters are reported as mean 

and SD. We performed the T-Student 

unpaired-samples test to study differences 

between men and women. We conducted 

simple linear regression models (Model 1) to 

examine the association of body composition 

(i.e. BMI, LMI, FMI, and BMD) with levels of 

S-Klotho. We also conducted multiple linear 

regression models to test these associations 

after adjusting by age and sex as well as by 

LMI or FMI where appropriate. We 

performed an ANOVA to compare S-Klotho 

across weight status (normal-weight, over-

weight, and obese) and an ANCOVA to test 

differences of S-Klotho across weight status 

adjusting for LMI followed by the Bonferroni 

post-hoc test. No interaction by sex was 

observed (P>0.05), hence the appropriateness 

of fitting models for men and women was 

combined, with sex entered as a covariable. 

The analyses were conducted using the 

Statistical Package for Social Sciences (IBM 

Corporation, Chicago, IL, USA), and the level 

of significance was set at <0.05. 

 

RESULTS 

The baseline characteristics of the participants 

by sex are shown in Table 1. S-Klotho was 

similar in men and women (P=0.398). Figure 

1 shows the association between body 

composition parameters and S-Klotho. There 

was a significant positive association between 

BMI and S-Klotho (β=33.981, R2=0.125, 

P=0.002; Figure 1A), which persisted after 

including sex and age in the model (β=35.591, 

R2=0.136, P=0.004). However, this association 

disappeared once LMI was included in the 

model (β=0.183, R2=0.611, P=0.984). We 

observed a strong positive association 

between LMI and S-Klotho (β=74.794, 

R2=0.346, P<0.001; Figure 1B), which 

persisted after controlling for age and sex 

(β=147.858, R2=0.611, P<0.001) as well as after 

additionally controlling for FMI (β=147.726, 

R2=0.611, P<0.001). 
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Figure 1. Association between the body composition variables which include the body mass index (BMI, 
Panel A), the lean mass index (LMI, Panel B), the fat mass index (FMI, Panel C), and the bone mineral 
density (BMD, Panel D) with S-Klotho in middle-age sedentary adults. β (unstandardized regression 
coefficient), R2, and P from a simple linear regression analysis. 

 

Figure 2. S-Klotho by the weight status categories in middle-age adults (black lines), S-Klotho (adjusted 
by LMI) by the weight status in middle-age adults (grey lines). Values are presented as means and 95% 
confidence interval. Repeated letters (a-a; b-b, etc.) indicate P<0.05: ANOVA to compare the S-Klotho 
across weight status (normal-weight, over-weight, and obese), and ANCOVA to compare the S-Klotho 
levels across weight status after adjusting by LMI followed by Bonferroni post-hoc test. 
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FMI was not significantly associated with S-

Klotho (β=-15.027, R2=0.017, P=0.276; Figure 

1C). There was a positive association between 

BMD and S-Klotho (β=858.194, R2=0.058, 

P=0.041; Figure 1D) which was attenuated 

once sex and age was included in the model 

(β=908.897, R2=0.065, P=0.081) and 

disappeared after additionally controlling for 

LMI (β=-379.426, R2=0.617, P=0.290). 

Figure 2 shows S-Klotho across weight status 

categories before and after adjusting for LMI. 

Obese people had higher levels of S-Klotho 

compared with their normal-weight 

counterparts (988.08 vs. 668.43 pg/ml, 

P=0.033, Figure 2), yet these differences 

disappeared once the analyses were adjusted 

for LMI (816.44 vs. 809.59, P=1.000, Figure 2). 

The results remained after further adjusting 

for sex or age. We repeated all the analyses in 

men and women separately, and the pattern 

of the association did not change. 

DISCUSSION 

The present study shows that LMI is strongly 

associated with S-Klotho in sedentary 

middle-aged adults. We observed that the 

association between BMI and BMD with S-

Klotho disappeared once LMI was accounted 

for. To the best of our knowledge, this is the 

first study to show the relationship between 

LMI and S-Klotho in adults. 

These novel findings suggest that, in addition 

to the reported positive strong association of 

the muscular strength measured by grip 

strength 15 and muscle function measured by 

daily living activities 16 with S-Klotho, LMI 

could be an excellent predictor of S-Klotho in 

adults. Several mechanisms could explain 

these findings: (i) The alteration of the α-

Klotho gene expression is associated with a 

decreased stem cell frequency 14,21,22, impaired 

angiogenesis 23, and decreased cellular 

resistance to stress 22,24. The physiological 

mechanism that explains this association 

could be based on the inhibition of the Wnt 

signalling activation (which induces a 

subsequent inactivation of fibrogenic 

signalling pathways) derived from high α-

Klotho gene expression 21,25, (ii) The α-Klotho 

gene is capable of inhibiting the TGF-β1 by 

binding the TGF-β1 receptor 26. The TGF-β1 is 

considered as “master switch” for promoting 

mesenchymal transition toward a fibroblastic 

lineage in several tissues 14,26. Given this 

interaction, it is possible that age-related 

declines in S-Klotho may result in a decreased 

opposition of the TGF-β1 signalling, 

ultimately promoting fibrosis formation and 

impairing myofiber regeneration 26. All of 

these facts are related to the sarcopenia 

process which is characterised by a lower 

skeletal muscle quantity, a lower muscular 

strength, and a lower muscular functioning. 

Therefore, the LMI (as an excellent index of 

muscle mass and muscle function) could play 

an important role in the α-Klotho gene 

expression and in S-Klotho independently of 

sex, age, and FMI. 

We observed a lack of association of BMI and 

FMI with S-Klotho after taking LMI into 

account. The α-Klotho gene is involved in 
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glucose control 27, phosphate metabolism 28, 

and diabetes mellitus 29, all of which are 

related to fat metabolism. We observed that 

LMI explained the observed association 

between BMI and S-Klotho. Moreover, we 

observed no differences in S-Klotho by 

weight status categories once we accounted 

for LMI. Our results do not concur with those 

findings reported by Amitami et al. 30. They 

showed that S-Klotho were markedly lower 

in 12 obese women compared with 11 normal-

weight women. However, this study 

considered neither LM nor FM, parameters 

which may play an important role in the 

energy metabolism and obesity (as our results 

show). 

Chalhoub et al. 19 reported no association 

between the BMD and S-Klotho in a 

longitudinal cohort of 2,776 community-

dwelling adults. These results concur with 

our findings when we included sex, age, and 

LMI as covariates. In contrast, some studies 

suggested that the α-Klotho gene expression 

could be involved in the bone metabolism in 

men 18 and women 17. More studies that 

measure the cell-membrane form of the α-

Klotho gene (not measured in our study) are 

needed to elucidate whether BMD is related 

to the α-Klotho gene expression, since the cell-

membrane form is the bone derived hormone 

which is thought to be involved in bone 

regulation because of its coupling with FGF-

23 12. 

 

 

Limitations 

This study´s findings should, however, be 

taken with caution as some limitations arise. 

Firstly, as our study is observational, no 

causal relationship can be established. 

Secondly, the relatively small sample size and 

the fact that our study only included 

sedentary middle-aged adults (45-65 years 

old), and hence we cannot extend the results 

to older, younger, and/or physically active 

individuals.  

CONCLUSIONS 

In summary, our study shows that LMI is 

strongly associated with S-Klotho, and it 

explains the associations observed of the BMI 

and BMD with S-Klotho in sedentary middle-

aged adults. Moreover, our data support the 

notion that the skeletal muscle tissue plays an 

important role in S-Klotho metabolism, or 

vice versa. Nonetheless, further studies are 

needed to confirm the observed association in 

older, younger, physically active individuals, 

and to establish whether the body 

composition plays a role on the intra-cellular 

form and on the cell-membrane form of the α-

Klotho gene. Intervention studies are needed 

to understand whether changes in LMI are 

associated with changes in S-Klotho. 
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Perspectives 

We show, for the first time, that LMI is 

strongly associated with S-Klotho in middle-

aged adults independently of sex, age, and 

FM. Considering S-Klotho as an excellent 

ageing biomarker, our results support the 

idea that maintaining an adequate LM level, 

the ageing process can be attenuated. 

Whether changes overtime in LMI are 

associated with changes in S-Klotho or vice 

versa is now known and further studies are 

needed to confirm the observed association in 

older, younger, and physically active 

individuals, and to establish whether the 

body composition plays a role on the intra-

cellular form and on the cell- membrane form 

of the α-Klotho gene.  Exercise-based 

intervention studies aiming at improving LM 

are needed to better understand the role of 

body composition on S-Klotho.
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Chapter 6:  
Association of 
physical activity and 
fitness with S-Klotho 
in sedentary middle-
aged adults: The FIT-
AGEING study 
(Study 10)
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ABSTRACT 

The aim of the current study was to 

determine the association of sedentary, 

physical activity, and physical fitness levels 

(i.e. cardiorespiratory fitness and muscular 

strength) with the shed form of the α-Klotho 

gene (S-Klotho plasma levels) in middle-aged 

sedentary adults. 

A total of 74 (52.7% women) middle-aged 

sedentary adults (53.7±5.1 years old) were 

enrolled in the FIT-AGEING study. Physical 

activity and sedentary time were assessed 

with a wrist-worn accelerometer. VO2max 

was determined by a maximum treadmill test 

using indirect calorimetry. Lower and upper 

body muscular strength were assessed by an 

isokinetic strength test and by the hand grip 

strength test, respectively. The S-Klotho 

plasma levels were measured in the EDTA 

plasma using a solid-phase sandwich 

enzyme-linked immunosorbent assay. 

Based on the principal-component analysis, 

overall physical activity, moderate-vigorous 

physical activity levels, and sedentary time 

(as outcomes included in the sedentary time 

and physical activity category) explained a 

total of 17.5% of the cumulative variance in 

S-Klotho plasma levels, whereas extension 

peak torque, hand grip strength, and maximal 

oxygen uptake (as outcomes included in the 

physical fitness category) explained a total of 

15.5% of the cumulative variance in S-Klotho 

plasma levels. Based on the loading of 

variables on these 2 categories, the percentage 

of cumulative variance explained was 28.9% 

of the S-Klotho plasma levels being higher 

(33.0% of cumulative variance) when sex 

was included in the model. 

In summary, our results indicate that 

physical activity and physical fitness levels 

are associated with S-Klotho plasma levels in 

middle-aged sedentary adults. 
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BACKGROUND 

Ageing is a complex and multifactorial 

process influenced by both genetic and 

environmental factors, and characterised by a 

progressive decline of physiological 

functions, which leads to an impaired 

physical integrity and an increase of mortality 

risk 1,2. There are a number of age-related 

diseases including metabolic and 

cardiovascular diseases, bone disorders, 

neurodegenerative diseases, or cancer, 

among others 3,4. The ageing of the global 

population has progressively increased over 

the past decades, hence the incidence of age-

related diseases has also increased causing a 

public health and economic burden 3,4. To 

attenuate this problem, several proposals 

have been made, including pharmacological 

5, nutritional 6, and physical activity 7 

interventions. 

The importance of physical activity for health 

and well-being during the ageing process is 

evident 8,9, since it has consistently been 

associated with better quality of life and life 

expectancy, lower incidence of ageing-related 

diseases, and a reduced risk of all-cause 

mortality 10–12. Furthermore, a recent study 

that included over 1 million adults reported 

that high levels of sedentary time increased 

premature cardiovascular and all-cause 

mortality risk, regardless of physical activity 

levels 13. Exercise (understood as 

programmed physical activity) is considered 

a highly effective form of promoting healthy 

ageing through physical fitness 

improvements 14,15, since the main 

components of physical fitness 

(cardiorespiratory fitness and muscular 

strength) are powerful predictors of longevity 

and both cardiovascular and all-cause 

mortality 16–20. Therefore, identifying the 

factors that play a role in the association of 

physical activity and physical fitness with 

health improvements during the ageing 

process is crucial for understanding ageing 

physiology. 

The α-Klotho gene was identified in 1997 21 as 

a mutated gene in transgenic mice. It extends 

lifespan when overexpressed and accelerates 

ageing-like phenotypes when disrupted (e.g. 

sarcopenia, impaired cognition, 

atherosclerosis, endothelial dysfunction, 

impaired mineral metabolism, osteoporosis, 

growth retardation, hypokinesis and gait 

disturbance, skin atrophy, and emphysema) 

21–24. The α-Klotho gene encodes a single-pass 

transmembrane glycoprotein expressed 

predominantly in the distal tubule cells of the 

kidney, parathyroid glands, and choroid 

plexus of the brain. There are three protein 

domains 21,24–28: (i) the intracellular domain, 

the functions of which are not yet fully 

understood 25, (ii) the extracellular domain, 

which acts as an obligate co-receptor of FGF23 

(a bone-derived hormone that regulates 

phosphate excretion) 25 and holds a potential 

site for proteolytic cleavage 27,28, and (iii) S-

Klotho, obtained via alternative splicing and 

identified in plasma, cerebrospinal fluid, and 

urine 25,26. In humans, S-Klotho accurately 

indicate the α-Klotho gene expression, hence 
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the S-Klotho have been established as an 

excellent anti-ageing biomarker 29. It was 

previously suggested that S-Klotho is 

independently associated with a lower 

likelihood of having cardiovascular diseases 

30 and that it is an independent predictor of 

all-cause mortality 31. 

Although some studies have suggested a 

significant increase of S-Klotho in response to 

a single bout of exercise in healthy 

individuals 32,33 and after 3 months of low-to-

moderate intensity aerobic training in 

postmenopausal women 34, little is known 

about the association of physical activity and 

physical fitness with S-Klotho. A study 

showed a positive association between 

muscular strength and S-Klotho in mice 35 and 

in individuals over the age of 70 36,37. 

However, whether physical activity and 

physical fitness are associated with S-Klotho 

in middle-aged adults (aged from 45-65 years 

old) is unknown. Considering that the 

problem with studying ageing in the elderly 

is that many of them already have age-related 

diseases 3,4, it has been previously suggested 

that interventions to reverse or delay age-

related diseases must take place when 

individuals are still healthy and relatively 

young 38,39. 

We determined the association of sedentary, 

physical activity, and physical fitness levels 

(i.e. cardiorespiratory fitness and muscular 

strength) with S-Klotho in sedentary middle-

aged adults. 

 

MATERIAL & METHODS 

A total of 74 (52.7% women) sedentary 

middle-aged adults (aged from 45 to 65 years 

old) were enrolled in the present study. The 

participants were involved in the FIT-

AGEING study 40, an exercise-based 

randomised controlled trial (clinicaltrial.gov: 

ID: NCT03334357). This study was approved 

by the Human Research Ethics Committee of 

the “Junta de Andalucía” [0838-N-2017]. 

Before the evaluations (conducted in 

September-October 2015 and in September-

October 2016 at the Centro de Investigación 

Deporte y Salud (CIDS), Granada, Spain), the 

participants signed an informed consent. The 

study design followed the revised ethical 

guidelines of the Declaration of Helsinki (last 

revision). The inclusion criteria were (i) being 

sedentary, (ii) being a non-smoker, (iii) not 

taking any medication, (iv) not having any 

acute or chronic illness, (v) having had a 

stable weight in the previous 3 months (<3 kg 

change), and (v) not being pregnant. 

Physical activity and sedentary 
time and assessment 

Physical activity and sedentary time were 

assessed with a wrist-worn accelerometer 

(ActiGraph GT3X+, Pensacola, FL, US) during 

7 consecutive days (24 hours/day) 40. The 

accelerometers were provided to the 

participants along with the instructions about 

how to wear it. They were also reminded to 

remove the accelerometer in water-based 

activities. 100 Hz were selected as the 
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sampling frequency to store raw accelerations 

41. The ActiLife v.6.13.3 software (ActiGraph, 

Pensacola, FL, US) was used to export and 

convert raw data to “.csv” format. 

Afterwards, these files were processed with 

the GGIR package (v. 1.5-12, https://cran.r-

project.org/web/packages/GGIR/) in R (v. 

3.1.2, https://www.cran.r-project.org/). In 

short, the processing methods included a 

local gravity data auto-calibration 42, a 

determination of the Euclidean Norm Minus 

One, a calculation of non-wear time based on 

the raw acceleration of the three axes, the 

identification of malfunctioning of the 

accelerometer based on abnormal high 

accelerations, imputation of non-wear time 

and abnormal high accelerations, calculation 

of waking and sleeping time by an 

automatised algorithm guided by the 

participants’ daily reports 43, and the 

determination of sedentary time, LPA, MPA, 

VPA, and MVPA using age-specific cut-

points for Euclidean Norm Minus One 44,45. 

The participants who did not wear the 

accelerometers for at least 16 hours/day 

during 4 days (including 1 weekend day) 

were excluded from the analysis. 

Cardiorespiratory fitness 
assessment 

VO2max was determined using a maximum 

treadmill (H/P/Cosmos Pulsar treadmill, 

H/P/Cosmos Sport & Medical GMBH, 

Germany) exercise test following the 

modified Balke protocol, which has been 

extensively validated 46. In short, the warm-

up consisted in walking at 3 km/h for 1 

minute followed by 2 minutes at 4 km/h. The 

incremental protocol started at a speed of 5.3 

km/h (0% grade), which was kept constant 

with the gradient increasing by 1% every 

minute until the participants reached their 

volitional exhaustion. Thereafter, the 

participants underwent a cooling-down 

period (4 km/h and 0% grade for 5 minutes). 

VO2 and VCO2 were obtained by IC (CPX 

Ultima CardiO2, Medical Graphics Corp, St 

Paul, USA) using an oronasal mask (model 

7400, Hans Rudolph Inc, Kansas City, MO, 

USA) equipped with a prevent™ metabolic 

flow sensor (Medgraphics Corp, Minnesota, 

USA). Flow calibration was performed using 

a 3-L calibration syringe at the beginning of 

every testing day, and the gas analyser was 

calibrated using two standard gas 

concentrations following the manufacturer's 

instructions before each test. The gas 

exchange parameters were averaged every 5 

seconds with the Breeze Suite software 

(version 8.1.0.54 SP7, MGC Diagnostic®). In 

all assessments, the participants were 

strongly motivated to invest their maximum 

effort. Before the test, a familiarisation 

process with the 6–20 Borg scale 47 was 

conducted, which was used to measure the 

RPE during the last 15 seconds of each stage 

and at exhaustion. Heart rate was recorded 

every five seconds (Polar RS300, Kempele, 

Finland). We also registered gas exchange 

parameters, RPE, and heart rate during the 

cooling-down period. The criteria for 

achieving VO2max were (i) RER ≥ 1.1, (ii) a 



RESULTS & DISCUSSION 
 

229 

plateau in VO2 (changes of <100 ml/min in 

the last 60 seconds of the test), (iii) and a heart 

rate within 10 beats/min of the age-predicted 

maximal heart rate (209–0.73 ∗ age) 48. We 

considered the peak oxygen uptake value 

during the maximum treadmill exercise test 

when these criteria were not met 48. 

All participants were requested to abstain 

from caffeine (24 hours before), to fast for 3 

hours eating a complete meal just before, and 

to avoid any physical activity of moderate (24 

hours before) and/or vigorous intensity (48 

hours before). 

Muscular strength assessment 

We determined the lower body muscular 

strength assessment on a different day 

(separated by 3-7 days) applying the same 

preconditions as in the cardiorespiratory 

fitness assessment. An isokinetic strength test 

was performed using a Gymnex Iso-2 

dynamometer (EASYTECH s.r.l., Italy), 

calibrated following the manufacturer’s 

instructions before the data collection. The 

knee flexor and extensor muscles were tested 

concentrically at 60° s-1. The upper members, 

hips, and shoulders were stabilised with 

safety belts. The rotational axis of the 

dynamometer was aligned with the right 

lateral femoral condyle. The force pad was 

placed 3–4 cm above the medial malleolus. 

The knee extension was initiated at a joint 

angle of 90° and ended at 170°. The 

participants were instructed to submaximally 

flex and extend their knee five times, and then 

to complete three maximal repetitions. We 

allowed the participants a 1-minute rest 

between submaximal and maximal trials in 

accordance with a previously validated 

protocol 49. The flexion and extension peak 

torque were determined as the single 

repetition with the highest muscular force 

output (Nm). The participants were strongly 

motivated during the test, and the same 

trained researcher conducted all the isokinetic 

tests. The intraclass correlation coefficient for 

test–retest reliability for this test was > 0.90 50. 

Hand grip strength was measured using a 

digital hand dynamometer (TKK 5101 Grip-

D; Takey, Tokyo, Japan), and the scores were 

recorded in kilograms. The reported precision 

of the dynamometer was 0.1 kg. Two 

measurements were taken for each hand 

(right and left alternatively), with a 1-minute 

rest between trials. The participants were 

instructed to squeeze gradually and 

continuously for at least 2 seconds and were 

encouraged to do their best when performing 

the tests. The grip span of the dynamometer 

was fixed at 5.5 cm for men. For women, an 

adjustment to the individual’s hand size was 

made, following a previous validated 

equation 51. 

Body composition assessment 

Weight (±10 g) and height (±0.1 cm) were 

assessed using a digital integrating scale and 

a stadiometer (Seca 760, Electronic Column 

Scale, Hamburg, Germany). BMI was 

calculated as weight (kg)/height (m)2. We 
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determined FM and LM by Dual Energy X-

ray Absorptiometry (DXA, HOLOGIC, 

Discovery Wi).  

S-Klotho plasma assessment 

Blood samples were collected from the 

antecubital vein in the morning after an 

overnight fasting, 3-7 days before the physical 

fitness tests. A solid-phase sandwich ELISA 

(Demeditec, Kiel, Germany) was used to 

determine the S-Klotho in the EDTA plasma 

29. The kit used two types of highly specific 

antibodies, and its optical density was 

measured at a wavelength of 450 nm ± 2 nm. 

All participants were requested to abstain 

from drugs and/or caffeine, to eat a 

standardised dinner before the blood sample 

collection, and to refrain from any physical 

activity of moderate (24 hours before) and/or 

vigorous intensity (48 hours before). 

Statistical analysis 

Normal distribution of all variables was 

checked with the Shapiro-Wilk test, visual 

inspection of histograms, Q-Q, and box plots. 

The descriptive parameters are expressed as 

mean and SD. We performed the T-Student 

unpaired-samples test to study differences 

between men and women. A PCA was 

performed to quantify the dimensions 

supposed to underlie S-Klotho on a variety of 

outcomes and to reduce the initial set of 

variables, while checking for 

multicollinearity. We found collinearity 

between LM and all muscular strength-

related parameters (Durbin-Watson 

coefficient≥1.706), thus we organized the 

study outcomes in two broad categories: (i) 

sedentary time and physical activity 

(including sedentary time, LPA, MPA, VPA, 

MVPA, overall physical activity), and (ii) 

physical fitness (VO2max, flexion peak 

torque, extension peak torque, and hand grip 

strength).  

A multiple-regression analysis was 

conducted to determine the explained 

variance in S-Klotho using the components 

derived from PCA. We also conducted a 

multiple-regression analysis including sex as 

covariates. The analyses were conducted 

using the Statistical Package for Social 

Sciences (SPSS, v. 22.0, IBM Corporation, 

Chicago, IL, USA), and the level of 

significance was set at <0.05. 

 

RESULTS 

Table 1 shows the baseline characteristics of 

the participants by sex. No statistically 

significant differences were observed in S-

Klotho between men and women (P=0.4). 

From PCA analysis, 3 components for the 

sedentary time and physical activity category, 

and 3 components for the physical fitness 

category, were extracted and labelled in the 

following order: (i) overall physical activity, 

(ii) MVPA, and (iii) sedentary time for the 

sedentary time and physical activity category, 

and (i) extension peak torque, (ii) hand grip 

strength, and (iii) VO2max for the physical 
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fitness category. The outcomes were well 

defined, and their communalities ranged 

from 0.81 to 0.97 in the sedentary time and 

physical activity category, and ranged from 

0.68 to 0.87 in the physical fitness category. 

Moreover, based on the loading of variables 

on the 3 components, the percentage of 

cumulative variance explained was 17.5 % for 

the sedentary time and physical activity 

category, and 15.5% for the physical fitness 

category, of S-Klotho, respectively. 

Figure 1 shows the association between 

outcomes included in both sedentary time 

and physical activity, and the physical fitness 

categories with S-Klotho in sedentary middle-

aged adults. No association was found 

between sedentary time and overall physical 

activity with S-Klotho (P≥0.2, Figures 1A and 

1E), whereas a positive association between 

MVPA and S-Klotho was observed (P=0.011, 

Figure 1C) in our study participants. We 

found a positive association between 

VO2max, extension peak torque, and hand 

grip strength with S-Klotho (all P≤0.003, 

Figure 1B, 1D, and 1 F, respectively). 

A multiple regression analysis was 

performed to determine the variance 

explained in S-Klotho by the categories 

obtained by PCA analysis (i.e. sedentary time 

and physical activity, and the physical fitness 

categories). Correlation coefficients between 

these outcomes and the S-Klotho revealed 

that MVPA, hand grip strength, and VO2max 

were significantly related to performance 

(R=0.50, R=0.36, R=0.34; P<0.001). Based on 

the loading of variables on these 2 

components, the percentage of cumulative 

variance explained was 28.9% of S-Klotho 

(Table 2). The results persisted when sex was 

included in the model as a covariate, being 

33.0% the percentage of cumulative variance 

explained of S-Klotho (Table 2).  

DISCUSSION 

The main finding of this study is that physical 

activity and fitness levels are associated with 

S-Klotho in sedentary middle-aged adults. 

Physical activity represents a cornerstone in 

the preservation of health and well-being 

during the senescence process and in the 

primary prevention of at least 35 ageing-

related chronic diseases 8,9. Indeed, physical 

activity levels are strongly associated with 

higher quality of life and longevity, lower 

prevalence of ageing-related chronic diseases, 

and a decreased risk of all-cause mortality 10–

12. S-Klotho could be a key factor modulating 

the above-mentioned relationship, since 

previous studies conducted in older adults 

suggested that higher S-Klotho is associated 

with activities of daily living ability 52 and 

lower likelihood of having cardiovascular 

disease 30.  

Our results suggest a positive association 

between MVPA and S-Klotho, whereas no 

association was observed between LPA and 

S-Klotho in sedentary middle-aged adults. 

Therefore, increasing physical activity 

intensity (LPA to MVPA) could exert a 

significant effect on S-Klotho in sedentary 

middle-aged adults 53. 
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Table 1. Descriptive characteristic of participants.  
 N All N Men  N Women 

Age (years) 74 53.7 (5.1) 35 54.4 (5.3) 39 53.0 (5.0) 

S-Klotho (pg/ml) 73 775 (364) 34 814 (452) 39 741 (266) 

Body composition  

BMI (kg/m2) 74 26.7 (3.8)* 35 28.3 (3.6) 39 25.3 (3.3) 

FM (%) 74 39.9 (9.1)* 35 34.7 (8.0) 39 44.5 (7.4) 

FM (kg) 74 30.0 (8.4) 35 30.9 (9.8) 39 29.2 (7.1) 

LM (kg) 74 43.5 (11.7)* 35 53.9 (6.5) 39 34.1 (5.8) 

Physical activity  

Sedentary time (min/day) 71 745.9 (84.2)* 34 770.0 (80.3) 37 723.7 (82.6) 

LPA (min/day) 71 173.9 (45.1) 34 169.6 (49.6) 37 177.8 (40.9) 

MPA (min/day) 71 94.4 (34.8) 34 94.3 (34.9) 37 94.4 (35.3) 

VPA (min/day) 71 1.7 (2.2)* 34 2.3 (2.9) 37 1.1 (1.0) 

MVPA (min/day) 71 96.1 (35.4) 34 96.6 (35.5) 37 95.5 (35.8) 

Overall physical activity (min/day) 71 269.9 (74.6) 34 266.3 (78.3) 37 273.3 (72.0) 

Physical fitness  

VO2max (ml/min) 71 2339 (657) 34 2915 (373) 37 1810 (332) 

VO2max (ml/kg/min) 71 30.5 (5.6) 34 33.3 (4.5) 37 27.9 (5.3) 

Extension peak torque (Nm) 71 266.1 (87.3) 33 334.9 (73.7) 38 202.8 (35.4) 

Flexion peak torque (Nm) 71 124.0 (45.6) 33 156.9 (44.3) 38 93.6 (16.6) 

Hand grip strength (kg) 73 71.0 (23.7) 35 93.1 (12.1) 38 50.6 (8.2) 

Data are presented as means (SD). *Significant differences between sexes (P<0.05) 

Table 2. Results of the multiple-regression analysis using the 6 components derived of principal 
component analysis (i.e. sedentary time and physical activity and physical fitness categories) as predictors 
S-Klotho.  

Component Multiple R2 B β P 
Overall physical activity 0.024 2.707 0.556 0.052 
MVPA 0.170 2.764 0.752 0.005 
Sedentary time 0.175 0.195 0.046 0.837 
VO2max 0.251 9.132 0.442 0.048 
Hand grip strength 0.287 779.399 0.454 0.034 
Extension peak torque 0.289 19.440 0.040 0.825 
Sex 0.330 273.396 0.385 0.019 
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Figure 1. Association between sedentary levels (Figure 1A) maximal oxygen uptake (VO2max) (Figure 
1B), moderate-vigorous physical activity (Figure 1C), extension peak torque (Figure 1D), overall physical 
activity (Figure 1E), and hand grip strength (Figure 1F) with the S-Klotho in middle-age sedentary adults. 
β (unstandardized regression coefficient), R2, and P from a simple linear regression analysis. 
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VO2max is considered a powerful predictor of 

longevity and all-cause mortality in healthy 

and non-healthy individuals of different ages, 

regardless of factors such as alcohol, tobacco, 

or metabolic syndrome 14,19. Moreover, a 

positive association between S-Klotho and 

lower mortality risk was previously reported 

31. However, there is a lack of studies 

investigating the association between 

VO2max and S-Klotho and which 

physiological mechanism mediates this 

relationship. Previous studies have described 

that a single bout of exercise generates 

cellular oxidative stress 54, while well-

designed aerobic exercise programmes 

(considered a highly effective form to 

improve VO2max 14,15) produce an adaptive 

response that increases the capacity of cells 

and organism to withstand greater oxidative 

stress 55,56. These studies concluded that there 

is an inverse relationship between VO2max 

and cellular oxidative stress 55,56. In this sense, 

S-Klotho increases resistance to cellular 

oxidative stress through the inhibition of 

FOXO phosphorylation and of insulin/IGF-1 

signalling pathway and upregulating 

antioxidant enzymes 57–59. Taken together 

these findings, it seems plausible that the 

association of VO2max with S-Klotho found 

in our study could be related to cellular 

oxidative stress, which has been described as 

a key factor in the ageing process 60. 

A recent narrative review suggested that 

muscular strength is inversely and 

independently associated with all-cause 

mortality even after adjusting for 

cardiorespiratory fitness, age, FM, smoking, 

or alcohol intake 17. The relationship between 

muscular strength and S-Klotho has been 

previously studied in mice 35 and in older 

adults (aged>70 years old) 36,37. Such studies 

found a positive association, which concurs 

with the results of the present study 

conducted in a healthy and relatively younger 

cohort. These findings could be explained 

because individuals with higher muscular 

strength usually have higher levels of LM. As 

we have recently published in a previous 

study, the LM seems to be associated with S-

Klotho in sedentary middle-aged adults 40. 

Some physiological mechanisms could 

explain this idea. Firstly, previous studies 

have reported that an impaired α-Klotho gene 

expression produces a reduction of stem cell 

frequency 61–63 and an impairment of the 

angiogenesis process 64 through the Wnt 

signalling pathways inhibition 62. Secondly, 

an alteration of the α-Klotho gene expression 

generates an increment of TGF-β levels, 

which promote the mesenchymal transition 

toward a fibroblastic lineage in the skeletal 

muscle tissue, among others 61,65. Considering 

that the above-mentioned factors are closely 

related to the age-related sarcopenia (mainly 

characterised by a loss of skeletal muscle 

mass), it seems logical that exercise-induced 

LM increments accompanied by a physical 

fitness improvement induce positive changes 

in S-Klotho. 

The limitations of the present study include a 

cross-sectional design, and therefore it is not 

possible to establish causality. The results of 



RESULTS & DISCUSSION 
 

235 

the present study cannot be extrapolated to 

other populations because the study 

participants were sedentary middle-aged 

adults. Finally, due to the relatively small 

sample size of the current study, the data 

should be interpreted with caution. 

 

CONCLUSIONS 

In summary, our results indicate that physical 

activity and fitness levels are associated with 

S-Klotho in sedentary middle-aged adults. Of 

note is however that these associations are 

highly dependent on LM. The S-Klotho 

protein could be a key factor in the 

relationship between physical activity and 

physical fitness and health improvements 

during the ageing process. Further 

longitudinal studies are needed to elucidate 

whether changes in physical activity are 

related to changes in S-Klotho after an 

exercise training intervention.
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This section includes two chapters aiming to 

study the relationship of energy metabolism, 

cardiometabolic health and S-Klotho in 

sedentary middle-aged adults. It has been 

analized: [i] the association of BMR and fuel 

oxidation in basal conditions and during 

exercise with S-Klotho (Study 11), and [ii] the 

association of S-Klotho with cardiometabolic 

risk with in sedentary middle-aged adults 

(Study 12).
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Chapter 7:  
Association of basal 
metabolic rate and 
fuel oxidation in basal 
conditions and during 
exercise, with S-
Klotho 
(Study 11)
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ABSTRACT 

S-Klotho, the shed form of α-klotho, is thought 

to be an ageing suppressor with functions 

related to the physiology of energy 

metabolism. However, it remains unknown 

whether BMR and fuel oxidation in basal 

conditions and during exercise are associated 

in any way with ageing biomarkers such as 

S-Klotho and/or chronological ageing. The 

present work investigates the association of 

BMR and fuel oxidation in basal conditions 

and during exercise, with S-Klotho in middle-

aged, sedentary adults.   

BMR was measured by indirect calorimetry 

in 74 such subjects (53% women; age 

53.7±5.1 years) following standard 

procedures, and their fuel oxidation estimated 

via stoichiometric equations. MFO and 

Fatmax were determined using a walking 

graded exercise test.  

No relationship was seen between BMR and 

S-Klotho (P>0.1), although both basal fat 

oxidation and MFO showed positive 

associations with this protein (both 

P<0.001); these relationships persisted after 

controlling for age, sex and FM. However, no 

significant associations were seen between 

BMR, BFox or MFO and chronological age 

(all P>0.1).   

The present findings suggest that BFox and 

MFO are strongly associated with S-Klotho 

in middle-aged sedentary adults. These 

results support the idea that metabolic 

flexibility is a powerful predictor of biological 

ageing. 
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BACKGROUND 

Life expectancy in Europe has generally 

increased in recent decades. In 2012, 17% of 

the European Union population was aged 65 

years or older, a percentage expected to rise to 

25% by 2035, and to 30% in 2060 1.  However, 

a longer life expectancy does not necessarily 

mean healthy ageing; it can mean extra years 

of suffering chronic disease, particularly 

metabolic illnesses such us obesity and 

diabetes mellitus type II 1,2. 

Ageing is characterized by a progressive 

decline in one's metabolic and physiological 

functions 3, the associated dysregulation of 

nutrient sensitivity, mitochondrial 

dysfunction and cellular apoptosis eventually 

becoming harmful 4 Ageing is associated with 

a progressive decline in the BMR, meal-

induced thermogenesis and physical activity 

5, resulting in a reduced total energy 

expenditure.  In part, this is responsible for 

the gradual weight increase and the 

deposition of VAT seen during ageing, which 

places people at greater risk of 

cardiometabolic disease and all-cause 

mortality 6.  

Over the last decade, numerous studies have 

examined the association between basal fuel 

oxidation and ageing-related diseases, and a 

potential role for this oxidation has been 

proposed in the pathogenesis of subclinical 

atherosclerosis, hypertriglyceridaemia, liver 

steatosis and ventricular cardiac remodelling 

7–9.  Ageing is positively associated with 

visceral adiposity, but in a study involving a 

large and heterogeneous adult population, no 

relationship was observed between basal 

substrate oxidation and chronological age 3. 

Recent studies have suggested that 

chronological age is but a crude indicator of 

ageing.  Specific ageing biomarkers provide a 

more accurate picture; indeed, they provide a 

reliable tool for understanding and assessing 

ageing 10. 

The α-klotho gene is thought to suppress 

ageing, extending life expectancy when it is 

overexpressed and inducing premature 

ageing when it is defective 11,12. It is mainly 

expressed in the kidney, the parathyroid 

glands and the brain; its product is a type-1 

single-pass transmembrane glycoprotein, the 

ectodomain of which is shed and released into 

the systemic circulation in soluble form 13. S-

Klotho has several functions related to the 

physiology of energy metabolism 14, 

including the regulation of glucose uptake, 

the enhancement of insulin sensitivity, the 

attenuation of cellular oxidative stress, and 

the suppression of chronic inflammation 15–17, 

which together are thought to invest it with 

anti-ageing properties. A recent study 

showed that S-Klotho is lower in individuals 

with diabetes mellitus type II, and therefore a 

potential biomarker of this disease 18. It thus 

seems plausible that individuals with a 

reduced BMR and an altered fuel oxidation in 

basal conditions and during exercise may 

have lower S-Klotho. The literature contains 

no studies on how BMR and fuel oxidation in 

basal conditions and during exercise may be 

related to chronological ageing, or whether 
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they have any relationship with ageing 

biomarkers such as S-Klotho.  The aim of the 

present work was to investigate the 

relationship of BMR and fuel oxidation in 

basal conditions and during exercise, with S-

Klotho.  

MATERIAL & METHODS 

Study design and participants 

This cross-sectional study was performed as 

part of the FIT-AGEING project 

(clinicaltrial.gov: ID: NCT03334357) 19. 

Eighty-nine middle-aged, sedentary adults 

were initially recruited, of whom 15 were 

excluded from analysis due to problems in 

data collection or usage; the final number of 

study subjects was therefore 74 (~52% 

women). Subjects were recruited through 

advertisements distributed in the form of 

leaflets and via social networks and electronic 

media. The inclusion criteria were: (i) age 45-

65 years old, (ii) practicing <20 min of 

physical activity on <3 days per week (self-

reported), (iii) to be taking no drug or long-

term medication, (iv) to be a non-smoker, (v) 

to have no cardiometabolic illness, (vi) to not 

be pregnant, (vii) and to have experienced no 

significant weight change (<3 kg) in the past 

12 weeks.  

All subjects gave their written, informed 

consent to be included in accordance with the 

latest revision of the Declaration of Helsinki 

(2013). The study was approved by the 

Human Research Ethics Committee of the 

Junta de Andalucía [0838-N-2017]. 

Procedures 

All assessments were made at the Centro de 

Investigación Deporte y Salud (CIDS) during 

September and October of 2016 and 2017.  

Subject weight and height were measured 

using a Seca model 799 scale and stadiometer 

(Seca, Hamburg, Germany), and the BMI 

calculated as (weight [kg]/ height2 [m]). FM, 

VAT mass and LM were determined using a 

Discovery Wi dual-energy X-ray 

absorptiometer (Hologic, Inc., Bedford, MA, 

USA).  The FMI and the LMI were calculated 

as (FM [kg]/ height2 [m]) and ([kg]/ height2 [m]) 

respectively. 
Subjects were told to arrive at the laboratory 

in a motor vehicle, and to avoid any 

moderate/vigorous physical activity in the 

previous 24 h/48 h respectively; all were 

required to confirm that they had met this 

condition.  BMR was determined by IC in a 

peaceful room at 22-24ºC and 35-45% 

humidity, at between 8 and 10 a.m. following 

a 12 h fast, using an Ultima CardiO2 

metabolic cart (Medgraphics Corp, MN, USA) 

and employing a neoprene face-mask with no 

external ventilation 20. The evening meal 

consumed by subjects prior to fasting was 

standardized: an egg omelette with fried 

tomato and boiled rice. The Ultima CardiO2 

metabolic cart device assessed VO2 using a 

galvanic fuel cell, and VCO2 via non-

dispersive infrared analysis using a breath-
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by-breath system 21.  Prior to the start of BMR 

assessment, the subjects reclined on a bed for 

~30 min in a comfortable supine position, 

covered by a sheet 22,23. Meanwhile, a gas 

calibration using two standard gas 

concentrations, and a flow calibration using a 

3 L calibration syringe, were performed 

following the manufacturer's instructions. 

BMR and basal fuel oxidation were measured 

over a 30 min period in which the participants 

were instructed to breath normally, neither 

talking, fidgeting nor sleeping. The first 5 min 

of each dataset were discarded.  CV for VO2, 

VCO2, the RER, and minute ventilation, were 

calculated for 5 min intervals (i.e., from the 1st 

to the 5th min, from 2nd to 6th, from 3rd to 

7th, etc). In accordance with previous studies 

24,25, the 5 min periods that met steady-state 

gas exchange criteria (i.e., CV<10% in VO2, 

CO2, and minute ventilation, and CV<10% in 

RER) were then selected, and the 5 min period 

with the lowest CV for VO2, VCO2, RER, and 

minute ventilation chosen for further analysis 

(excluding those subjects with a RER of <0.7 

or >1.0). Weir's abbreviated equation 26 was 

used to estimate the BMR, and Frayn 

equations 27 were used to estimate BFox and 

BCHox expressed in g/min. The BMR was 

also calculated with respect to the LM 

(BMRLM). The BFox and BCHox were also 

expressed as a percentage of the BMR.  

MFO and Fatmax, were determined via a 

walking graded exercise test on a 

H/P/Cosmos Pulsar treadmill 

(H/P/Cosmos Sports & Medical GmbH, 

Nussdorf-Traunstein, Germany). The 

maximum walking speed was assessed 

following the methodology used in previous 

studies 28–30.  The walking graded exercise test 

started with a warm-up at 3.5 km/h and a 0% 

gradient, and the speed then increased by 1 

km/h every 3 min until the maximum 

walking speed was reached. The gradient was 

then increased by 2% every 3 min until the 

RER was >1.0. The subjects wore a Model 

7400 face mask (Hans Rudolph Inc, Kansas 

City, MO, USA) equipped with a prevent™ 

metabolic flow sensor (Medgraphics Corp, 

Minnesota, USA) connected to the Ultima 

CardiO2 metabolic cart for measuring gas 

exchange. Gas and flow calibrations were 

performed following the manufacturer's 

instructions. VO2 and VCO2 data were 

averaged every 10 s using Breeze Suite 

software v.8.1.0.54. Fat oxidation was 

calculated from the RER during the last 60 s 

of each stage in the graded exercise test, using 

standard IC equations 27. As previously 

described, MFO and Fatmax were estimated 

via a 3rd polynomial curve with fat oxidation 

as a function of VO2max 30. The MFO was also 

determined with respect to LM (MFOLM). 

Following the modified Balke protocol 31, a 

maximal graded exercise test was used to 

determine VO2max on another day (interval 

3-7 days).  Subjects were asked: (i) to fast for 3 

to 5 h, but eating a complete meal just before, 

(ii) to avoid drugs and/or stimulants at least 

24 h before the test, and (iii) to refrain from 

moderate and/or vigorous physical activity 

for 24 h/48 h before the test respectively. 

Briefly, the test began at a speed of 3.5 km/h 
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(gradient 0%), increasing until reaching 5.3 

km/h.  The gradient was then increased by 

1% every minute, keeping the treadmill speed 

constant until subject exhaustion. The heart 

rate was continuously monitored and 

recorded every 5 s using a Polar RS800 heart 

rate monitor (Polar Electro Oy, Kempele, 

Finland). 

Blood samples were obtained from the 

antecubital vein in the morning just before 

BMR assessment.  S-Klotho was determined 

in EDTA plasma using a solid-phase 

sandwich ELISA kit (Demeditec, Kiel, 

Germany).  Optical density was assessed at 

450 nm ± 2 nm. The intra- and inter-assay CV 

(3-10% each) was determined using two 

different doses of pure S-Klotho. 

Statistical analysis 

The normal distribution of all variables was 

confirmed using the Shapiro-Wilk test, visual 

histograms, Q-Q plots and box plots.  The 

Student t test for unpaired samples was used 

to examine differences in the results of male 

and female subjects.  Given the aim of the 

study, and the lack of any significant 

interaction between sex (all P>0.05), the 

appropriateness of fitting models for men and 

women were combined including sex as a 

covariable.  

Simple linear regression models were first 

used to examine the association of BMR, 

BMRLM, BFox, BCHox, MFO, MFOLM, and 

Fatmax with S-Klotho. Multiple linear 

regression analyses were then conducted to 

study these associations while controlling for 

potential confounders: (i) Model 1 was 

adjusted for age; (ii) Model 2 for sex; and (iii) 

Model 3 for FM percentage. These potential 

confounders were selected on the basis of 

theoretical considerations and the results of 

stepwise regression.  Simple linear regression 

was also performed to examine the 

association of BMR, BMRLM, BFox, BCHox, 

MFO, MFOLM and Fatmax with chronological 

age. All calculations were made using the 

Statistical Package for the Social Sciences 

v.22.0 (IBM Corporation, Chicago, IL, USA). 

GraphPad Prism 5 software (GraphPad 

Software, San Diego, CA, USA) was used for 

graphical plots. Significance was set at P≤0.05. 

RESULTS 

Table 1 summarises the descriptive 

characteristics of the study subjects. BMR and 

BMRLM showed no significant association 

with S-Klotho (Figure 1A and 1B; P>0.1), a 

result that persisted after controlling for age, 

sex and FM (Table 2; P>0.05). A significant, 

negative association was detected between 

BCHox (expressed in g/min, and in % BMR) 

and S-Klotho (Figure 1E and 1F; all P≤0.001), 

while a significant positive association was 

seen between BFox (expressed in g/min, and 

in % BMR) and S-Klotho (Figure 1C, and 1D; 

all P<0.001). These associations persisted after 

controlling for age, sex, and FM (Table 2; 

P≤0.01). 

MFO was significantly associated with S-

Klotho (Figure 2A; P=0.034, β=1104.7) even 
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after controlling for age, sex, and FM (Table 2; 

P≤0.04). Neither MFOLM nor Fatmax showed 

any relationship with S-Klotho (Figure 2B and 

2C; all P>0.1), a finding that persisted after 

adjusting for age, sex, and FM (Table 2; 

P>0.08). 

Neither BMR, BMRLM, BFox, BCHox, MFO, 

MFOLM nor Fatmax showed an association 

with chronological age (Figure 3 and Figure 4; 

all P>0.1); these findings persisted after 

adjusting for sex and FM (data not shown). 

All of the above-mentioned analyses were 

also run adjusting for VAT, VO2max, 

objectively measured moderate-vigorous 

physical activity, and total energy intake, and 

all findings persisted (data not shown). 

DISCUSSION 

The main findings of the present study are 

that the capacity to oxidase fat in basal 

conditions and during exercise (i.e., MFO), 

are positively associated with S-Klotho, while 

BCHox is inversely associated with the latter, 

in sedentary middle-aged adults. Neither 

BMR nor fuel oxidation showed any 

association with chronological age, either in 

basal conditions or during exercise.  

BMR accounts for ~70% of total energy 

expenditure, and is largely responsible for 

overall energy homeostasis 32. BMR falls by 1-

2% per decade after 20 years of age, and is 

closely linked to the progressive reduction in 

LM seen with ageing 33. Our group recently 

reported a strong association between LM 

and S-Klotho 34 but, paradoxically, no 

association was seen between BMR and S-

Klotho in the present work. This might be 

explained in that the age of the present 

subjects was quite homogeneous, and 

because factors (in addition to the LM) such 

us energy flux rates, mitochondrial proton 

leakage, protein turnover, and Na+–K+–

ATPase activity can influence the BMR 

during ageing 35. Future studies with larger 

sample sizes and with a wide range of subject 

ages are needed to confirm these findings, 

and to examine whether changes in BMR are 

associated with changes in S-Klotho.  

Metabolic flexibility, defined as the ability to 

increase fat oxidation upon increased fatty 

acid availability, and/or to switch between 

fat and carbohydrate oxidation as the primary 

fuel source 36, undergoes important changes 

during the ageing process 33.  

Ageing is characterized by a progressive 

qualitative and quantitative decline in LM, 

poor mitochondrial volume and efficiency, a 

reduction in type II muscle fibre size, lower 

capillary density, resistance to anabolic 

endocrine signals, and a more pro-

inflammatory environment 4. Together, these 

changes underlie the theoretical framework 

for the appearance of metabolic inflexibility 

with ageing. Conflicting results have been 

reported over time regarding the relationship 

between basal fuel oxidation and ageing. 

Initially, some studies reported a reduced 

BFox in older individuals compared to their 

younger counterparts 37,38.
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Table 1. Study participant characteristics. 
 N All N Men  N Women 
Age (years) 74 53.7 (5.1) 35 54.4 (5.3) 39 53.0 (5.0) 
S-Klotho (pg/ml) 73 775.3 (363.7) 34 814.1 (452.2) 39 741.4 (265.6) 
Anthropometry and body composition 
Weight (kg) 74 75.7 (15.0) 35 87.4 (11.0) 39 65.3 (9.3)* 
Height (cm) 74 167.8 (9.8) 35 175.8 (6.5) 39 160.7 (6.1)* 
BMI (kg/m2) 74 26.7 (3.8) 35 28.3 (3.6) 39 25.3 (3.3)* 
FM (kg) 74 30.0 (8.4) 35 30.9 (9.8) 39 29.2 (7.1) 
FM (%) 74 39.9 (9.1) 35 34.7 (8.0) 39 44.5 (7.4)* 
FMI (kg/m2) 74 10.7 (3.1) 35 10.0 (3.2) 39 11.4 (2.9) 
VAT (g) 74 789.7 (387.1) 35 972.4 (392.0) 39 625.8 (303.4)* 
LM (kg) 74 43.5 (11.7) 35 53.9 (6.5) 39 34.1 (5.8)* 
LMI (kg/m2) 74 15.2 (2.9) 35 17.5 (20.0) 39 13.2 (1.8)* 
BMR and fuel oxidation under post-fast baseline conditions 
BMR (kcal/day)  71 1508.4 (364.5) 34 1805.5 (244.8) 37 1235.5 (208.4)* 
BMRLM (kcal/kgleanmass/day)  71 35.2 (7.2) 34 33.6 (5.3) 37 36.7 (8.4) 
BFox (g/min) 71 0.053 (0.040) 34 0.064 (0.050) 37 0.042 (0.025)* 
BFox (% BMR) 71 45.6 (30.0) 34 45.6 (32.7) 37 45.6 (27.7) 
BCHox (g/min) 71 0.112 (0.096) 34 0.138 (0.115) 37 0.089 (0.069)* 
BCHox (% BMR) 71 41.8 (32.0) 34 44.0 (34.7) 37 39.8 (29.0) 
Fuel oxidation during exercise 
MFO (g/min) 71 0.29 (0.09) 34 0.35 (0.09) 37 0.23 (0.04)* 
MFOLM (g/kgleanmass/min) 71 6.72 (1.61) 34 6.43 (1.49) 37 6.99 (1.70) 
Fatmax (%VO2max) 71 43.0 (10.4) 34 41.6 (10.3) 37 44.3 (10.6) 
Cardiorespiratory fitness 
VO2max (ml/min) 71 2339.2 (657.2) 34 2915.4 (373.2) 37 1809.7 (332.5)* 
VO2max (ml/kg/min) 71 30.5 (5.6) 34 33.3 (4.5) 37 27.9 (5.3)* 
Data are presented as means (SD). *Significant differences between sexes obtained via the T-Student unpaired-
samples test (P<0.05). Abbreviations: BMR; Basal Metabolic Rate, BMRLM; Basal Metabolic Rate relative to Lean 
Mass, BFox; Basal Fat Oxidation, BCHox; Basal Carbohydrate Oxidation, MFO; Maximal Fat Oxidation during 
exercise, MFOLM; MFO relative to Lean Mass, Fatmax; Intensity of exercise that elicits MFO, VO2max; Maximal Oxygen 
Uptake. 

Table 2. Association of basal metabolic rate, basal fat oxidation, basal carbohydrate oxidation, maximal fat oxidation 
(MFO) and the intensity of exercise that elicits maximal fat oxidation (Fatmax) with S-Klotho, adjusted for age (Model 
1), sex (Model 2), and FM (Model 3). 
 S-Klotho  
  Model 1 Model 2 Model 3 
  P value β P value β P value β 
BMR (kcal/day)  0.209 0.184 0.203 0.247 0.670 0.051 
BMRLM (kcal/ kgleanmass/day)  0.150 10.495 0.091 15.868 0.490 9.180 
BFox (g/min)  <0.001 3340.712 <0.001 5380.689 <0.001 4701.526 
BFox (% BMR)  0.001 3.536 <0.001 6.434 <0.001 5.895 
BCHox (g/min)  0.010 -887.501 <0.001 -2038.484 <0.001 -1723.932 
BCHox (% BMR)  0.002 -3.204 <0.001 -6.145 <0.001 -5.580 
MFO (g/min)  <0.001 1312.915 0.036 1429.228 0.009 715.126 
MFOLM (g/kgleanmass/min)  0.956 1.120 0.294 -29.664 0.891 3.964 
Fatmax (% of VO2max)  0.724 1.108 0.133 -6.349 0.078 -6.886 
P value of multiple-regression analysis. β (unstandardized regression coefficient). Abbreviations: BMR; Basal 
Metabolic Rate, BMRLM; Basal Metabolic Rate relative to lean mass, BFox; Basal Fat Oxidation, BCHox; Basal 
Carbohydrate Oxidation, MFOLM; MFO relative to lean mass, Fatmax; Intensity of exercise that elicits MFO, VO2max; 
Maximal Oxygen Uptake. 
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Figure 1. Association between basal metabolic rate (BMR, Figure 1A and 1B), basal fat oxidation 
(BFox, Figure 1C and 1D) and basal carbohydrate oxidation (BCHox, Figure 1E and 1F) with S-
Klotho. β (unstandardized regression coefficient), R2, and P are from simple linear regression 
analysis. Abbreviations: BMRLM; Basal Metabolic Rate relative to lean mass. 
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Figure 2. Association between maximal fat oxidation (MFO, Figure 2A and 2B), and the intensity 
of exercise that elicits MFO (Fatmax, Figure 2C) with S-Klotho. β (unstandardized regression 
coefficient), R2 and P are from simple linear regression analysis. Abbreviations: MFO; Maximal 
Fat Oxidation, MFOLM; Maximal Fat Oxidation relative to lean mass, Fatmax; Intensity of exercise 
that elicits MFO, VO2max; Maximal Oxygen Uptake. 
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Figure 3. Association between basal metabolic rate (BMR, Figure 1A and 1B), basal fat oxidation 
(BFox, Figure 1C and 1D) and carbohydrate oxidation (BCHox, Figure 1E and 1F) with age. β 
(unstandardized regression coefficient), R2 and P are from a simple linear regression analysis. 
Abbreviations: BMRLM; Basal Metabolic Rate relative to lean mass. 
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Figure 4. Association between maximal fat oxidation (MFO, Figure 2A and 2B), and the intensity 
of exercise that elicits MFO (Fatmax, Figure 2C) with S-Klotho. β (unstandardized regression 
coefficient), R2 and P are from a simple linear regression analysis. Abbreviations: MFO; Maximal 
Fat Oxidation, MFOLM; Maximal Fat Oxidation relative to lean mass, Fatmax; Intensity of exercise 
that elicits MFO, VO2max; Maximal Oxygen Uptake. 
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However, methodological issues may have 

influenced these findings (e.g., small sample 

sizes, narrow and limiting inclusion criteria, 

poorly defined age groups [young vs. old], 

different data collection methods, and the 

method of determining fuel oxidation, etc.).  

In response, Siervo et al. 3, recently conducted 

an elegant study to examine the association 

between BFox and chronological age in a 

large cohort (3442 individuals [2465 women] 

aged 18-81 years), using a ventilated-hood IC 

system to determine fuel oxidation. In 

agreement with the present findings, but 

contrary to their own hypothesis, these 

authors found no significant association 

between BFox and chronological ageing 3. 

They suggested this lack of association might 

be explained by age-related changes in 

metabolic flexibility becoming more evident 

when the fuel oxidation capacity becomes 

crucial in the regulation of metabolic 

homeostasis (i.e., in the post-prandial state) 3. 

Although ageing has typically been 

understood in terms of chronological age, 

several studies have suggested that it is a 

crude yardstick given the heterogeneity in 

individuals' physiology and health-related 

outcomes; further, the influence of ageing is 

different between individuals, and even at the 

organ/tissue level of the same individual 10. 

Measuring biological ageing biomarkers 

might therefore provide a more valid and 

reliable tool for assessing and examining the 

ageing process 10. 

S-Klotho is understood to be a powerful anti-

ageing biomarker. It functions as a human 

ageing-suppression molecule and has 

pleiotropic activities that result in the 

protection of tissues and organ 39,40 Indeed, 

previous studies have reported a positive 

relationship between S-Klotho and life span 

41, and an inverse association with coronary 

artery disease , atherosclerosis 42, osteoporosis 

43, calcinosis,  stroke 44, acute and chronic 

kidney diseases 45, different cancers 46, salt-

sensitive hypertension 47 and all-cause 

mortality 47. The transmembrane klotho 

protein is an essential component of 

endocrine FGFR complexes, which have a key 

role in the pathophysiology of ageing-related 

disorders via the mediation of phosphate and 

calcium homeostasis 40. However, S-Klotho 

cannot function as a soluble receptor of FGF, 

and a number of FGF-independent functions 

have been described for it in the homeostasis 

of energy metabolism 14,15,40. The anti-ageing 

properties of S-Klotho have been thought 

partially owed to its specific metabolic 

function: 1) It inhibits insulin and IGF-

1)receptors, preventing their phosphorylation 

by the modification of their glycans 12. Insulin 

induces transmembrane klotho shedding, 

and the consequent increase in S-Klotho 

inhibits insulin signalling in peripheral 

tissues and impedes the prolonged action of 

insulin 15,40. This partial inhibition of insulin 

and IGF-1 is an evolutionarily conserved 

mechanism for suppressing ageing via the 

enhancement of insulin sensitivity 15,40. 2) 

After binding to different Wnt ligands, it 

inhibits Wnt signalling and promotes stem 

cell proliferation and survival 48. 3) It 
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increases resistance to oxidative stress by 

inhibiting FOXO phosphorylation and 

upregulating a number of antioxidant 

enzymes 49,50. 

Recent studies have shown that S-Klotho 

production is downregulated in persons with 

diabetes mellitus type II; such patients 

experience hyperglycaemia, insulin 

resistance and an attenuated resistance to 

oxidative stress 18. The reduced presence of S-

Klotho in these individuals who are 

metabolically inflexible in response to 

different stressors 36 hints at metabolic 

flexibility and S-Klotho levels being closely 

associated - and the present work shows a 

strong association between metabolic 

flexibility (both under post-fast baseline 

conditions and during exercise) with S-

Klotho.   

Limitations 

The present work suffers from a number of 

limitations. Given its cross-sectional design, 

no causal interpretation can be established; 

the sample size in relatively small; and only 

sedentary adults aged 45-65 years were 

included. These findings may not be 

extrapolatable to older, younger, and/or 

trained individuals. 

CONCLUSIONS 

In summary, the present results suggest that 

BFox and MFO are strongly associated with 

the S-Klotho concentration in middle-aged, 

sedentary adults. However, no relationship 

was observed between BFox and MFO with 

chronological age under either set of test 

conditions. These results have clinical 

implications, and support the idea that BFox 

and MFO are powerful predictors of 

biological ageing. Further studies are needed 

to examine whether metabolic flexibility in 

response to other stressors (i.e., the post-

prandial state, or after cold exposure, etc.) are 

associated with S-Klotho. A longitudinal 

intervention aiming to improve fat oxidation 

should be performed to determine whether S-

Klotho increases in parallel.
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ABSTRACT 

This study aimed to investigate the 

relationship of S-Klotho with cardiometabolic 

risk factors in healthy sedentary middle-aged 

adults. 

A total of 74 participants (~50% women) 

were included in the current cross-sectional 

study. A sex-specific cardiometabolic risk 

score was calculated based on clinical 

parameters selected by the International 

Diabetes Federation to define cardiometabolic 

risk including waist circumference, blood 

pressure, plasma glucose, HDL-C and 

triglycerides. S-Klotho was determined 

according to a solid-phase sandwich enzyme-

linked immunosorbent assay kit. 

There was a significant negative association 

between S-Klotho and cardiometabolic risk 

score in both men and women (β=-0.658, 

R2=0.433, P<0.001 and β=-0.442, 

R2=0.195, P=0.007) which persisted after 

adjusting for age, energy intake, and 

VO2max. 

In conclusion, the findings of the present 

study are that higher levels of S-Klotho were  

associated with lower cardiometabolic risk, 

and with higher insulin sensitivity in healthy 

sedentary middle-aged adults. Therefore, S-

Klotho would be considered a biomarker of 

cardiometabolic health in sedentary middle-

aged individuals free of diseases.
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BACKGROUND 

The shed form of the α-Klotho protein is 

thought to prevent some of the deleterious 

consequences of the ageing process, 

increasing life expectancy when is 

overexpressed and inducing premature 

ageing phenotypes when is downregulated 1–

3. Several studies have investigated the 

physiological mechanisms that explain the 

anti-ageing properties of S-Klotho 

discovering that it regulates the mineral 

homeostasis,  reduces cellular oxidative 

stress, and attenuates chronic inflammation 

processes 1,4,5. Therefore, it seems clear that 

the longevity effects attributed to S-Klotho 

could be explained for its metabolic functions.  

The ageing process is characterized for an 

increased incidence of cardiometabolic 

diseases, which are mainly derived from the 

progressive decline of several physiological 

functions in humans 6. These display the 

major cause of morbi-mortality in developed 

countries 7. Indeed, the World Health 

Organization reported that a total of 17.9 

million of people die each year as a 

consequence of cardiometabolic diseases 8, 

and over a billion people in the world suffer 

from cardiometabolic diseases 9. Evidence 

from clinical and experimental studies have 

reported that oxidative stress and chronic 

inflammation are closely associated with 

cardiometabolic disorders (i.e. obesity, type II 

diabetes mellitus or hypertension) 10,11. 

Preserving physiological functions that 

control cellular oxidative stress and chronic 

inflammation could be determinant to reduce 

cardiometabolic risk during the ageing 

process 12.  

Taking into consideration the S-Klotho 

physiological functions and the physio-

pathological mechanisms involved in the 

development of cardiometabolic diseases, it 

biologically plausible that S-Klotho exerts a 

protective role against cardiometabolic risk 

factors. Little is known, however, about the 

relationship of the S-Klotho and 

cardiometabolic risk in humans. It has been 

reported that S-Klotho was inversely 

associated with the prevalence of 

cardiometabolic diseases in older adults 13. 

Furthermore, low S-Klotho was related to the 

development of type II diabetes mellitus in 

human adults of both sexes 14, an unhealthy 

body composition status 15, poor physical 

fitness levels 16, and a higher risk of all-cause 

mortality 17.  

Considering that the problem with studying 

the ageing process in elderly populations 

involves that the majority of people display 

ageing-related diseases 18, it is of clinical 

interest to investigate these physiological 

mechanisms in healthy and relatively young 

individuals aiming to reverse or delay ageing-

related diseases 19. Therefore, this study 

aimed to investigate the relationship of S-

Klotho and cardiometabolic risk factors in 

healthy sedentary middle-aged adults. 
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MATERIAL & METHODS 

Study design and participants 

A total of 74 participants (~50% women) were 

included in the current cross-sectional study 

under the framework of a randomized 

controlled trial (FIT-AGEING project; 

clinicaltrial.gov: ID: NCT03334357) 20. They 

were recruited via social networks, electronic 

media, and leaflets. Details about inclusion 

and exclusion criteria have been described 

previously 21. Briefly, the participants were 

healthy individuals aged 45 to 65 years, and 

reported not to be physically active (<20 

minutes of moderate-vigorous physical 

activity <3 days/week) and to have a stable 

weight (<3 kg changes during the last 12 

weeks before the assessment). The study 

protocol and methodology were designed 

according to the last revised Declaration of 

Helsinki (2013). The Human Research Ethics 

Committee of the “Junta de Andalucía” 

approved the study [0838-N-2017] and all 

participants signed a written informed 

consent.  

Procedures 

Anthropometry 
The BMI was calculated from the weight and 

height measurements (Seca 760, Electronic 

Column Scale, Hamburg, Germany) as the 

weight (kg) divided by the square of the 

height (m2). The WC was assessed at the mid-

point between the bottom of the rib cage and 

the iliac crest at the end of a normal expiration 

following standard procedures provided by 

the International Society for the 

Advancement of Kinanthropometry 22. Three 

WC measurements were taken and the mean 

of these values was considered for statistical 

analysis. 

Blood pressure 

It was determined after resting for 30 minutes 

on the right arm and in a supine position. An 

automatic monitor (Omrom® HEM 705 CP, 

Health-care Co, Kyoto, Japan) was used 

strictly following the guidelines of the 

European Heart Society 23. We measured 

blood pressure three times 1 minute apart, 

and the mean of these values was considered 

for the statistical analysis. 

Blood samples  

They were obtained from the antecubital vein 

after overnight fasting and resting (at least 10 

minutes before) in a supine position. Blood 

samples were collected in prechilled EDTA-

containing tubes (Vacutainer SST, Becton 

Dickinson, Plymouth, UK), and were 

immediately stored at −80°C until further use. 

Laboratory data included S-Klotho, glucose, 

insulin, total cholesterol, triglycerides, HDL-

C, LDL-C, ALT, and γ-GT. S-Klotho was 

determined according to a solid-phase 

sandwich ELISA kit (Demeditec, Kiel, 

Germany), strictly following the 

manufacturer´s instruction. To determine 

intra- and inter-assay coefficients of variation, 

two different doses of purified S-Klotho were 

measured. We obtained that both CVs ranged 
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from 3% to 10%. Glucose and insulin were 

assessed by spectrophotometrical techniques 

(AU5800, Beckman Coulter, Brea, California, 

USA) and by chemiluminescence 

immunoassay with paramagnetic particles 

(UniCel DxI 800, Beckman Coulter, Brea, 

California, USA), respectively. Total 

cholesterol, HDL-C, and triglycerides were 

measured by spectrophotometrical 

techniques automatically (AU5800, Beckman 

Coulter, Brea, California, USA), and LDL-C 

was calculated as: (Total cholesterol) – (HDL-

C) – 0.45 * (Triglycerides). ALT and γ-GT were 

determined by 

absorptionspectrophotometrical techniques 

(Beckman Coulter, Brea, California, USA). We 

also calculated the insulin glucose ratio 

(insulin divided by glucose), the LDL-

C/HDL-C ratio (LDL-C divided by HDL-C), 

and the triglycerides/HDL-C ratio 

(triglycerides divided by HDL-C). 

Cardiometabolic risk indexes 

A sex-specific cardiometabolic risk score was 

calculated based on clinical parameters 

selected by the International Diabetes 

Federation to define cardiometabolic risk 

including WC, blood pressure, plasma 

glucose, HDL-C and triglycerides 24. These 

parameters were standardized as: value = 

(value-mean) / SD. In order to confer greater 

risk with increasing values, the standardized 

HDL-C values were multiplied by -1. 

Cardiometabolic risk score was calculated as 

the sum of these 5 standardized values 

divided by 5, obtaining a mean of 0 and a SD 

of 1 by definition, understanding lower 

values as a better cardiometabolic risk profile. 

Insulin sensitivity and resistant were 

calculated through the QUICKI 25 and the 

HOMA 26, respectively: 

 

𝑄𝑈𝐼𝐶𝐾𝐼 =
1

𝐿𝑜𝑔𝑒 (𝐼𝑛𝑠𝑢𝑙𝑖𝑛) +  𝐿𝑜𝑔𝑒 (𝐺𝑙𝑢𝑐𝑜𝑠𝑒)
 

 

𝐻𝑂𝑀𝐴 =
𝐼𝑛𝑠𝑢𝑙𝑖𝑛 ∗  𝐺𝑙𝑢𝑐𝑜𝑠𝑒

22.5
 

 

We calculated the fatty liver index, which is a 

surrogate marker of fatty liver function in 

non-alcoholic individuals, using data of BMI, 

WC, triglycerides, and γ-GT, and applying a 

previously validated equation 27:  
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Dietary intake 

We assessed dietary intake through three 

non-consecutive 24-hours recalls determining 

energy, fat, carbohydrate and protein intakes 

28. The EvalFINUT® software was used to 

obtain these data.  

Sedentary behaviour and physical 
activity levels 
We objectively assessed sedentary behaviour 

and physical activity levels by triaxial 

accelerometry (ActiGraph GT3X+, Pensacola, 

FL, US) using an accelerometer in the 

participant´s non-dominant wrist 24-
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hours/day during 7 consecutive days. Data 

were exported using a specific software 

(ActiLife v. 6.13.3, ActiGraph, Pensacola, FL, 

US), and processed with the GGIR package (v. 

1.6-0, https://cran.r-

project.org/web/packages/GGIR/index.ht

ml) in R software (v. 3.1.2, 

https://www.cran.r-project.org/) 29. 

Sedentary time and MVPA levels were 

computed.  

Cardiorespiratory fitness 

We determined VO2max by IC (Medgraphics 

Corp, Minnesota, USA) using a maximum 

treadmill graded exercise test extensively 

described elsewhere 21,30. In brief, the 

participants walked at 5.3 km/h increasing 

the slope 1% each minute until the volitional 

extenuation was reached. The participants 

were instructed to fast for 3 hours, not to 

consume any drugs during the previous 48 

hours, and not to perform any moderate 

and/or vigorous physical activity before the 

test (24 hours and 48 hours, respectively). The 

VO2max criteria were: (i) to attain a RER ≥ 1.1, 

(ii) to observe a plateau in VO2 (change of less 

than 100 ml/min in the last 30 s), to reach a 

heart rate between 10 beats/min of the age-

predicted maximal heart rate. We considered 

the peak oxygen uptake value during the 

exercise test if these criteria were not met 31. 

Statistical analysis 

The distribution of all variables was verified 

using the Shapiro-Wilk test, visual check of 

histograms, and Q-Q plots. The descriptive 

parameters are reported as mean (SD). 

Unpaired T-Student tests were conducted to 

examine differences between men and 

women.  

Simple linear regression models (Model 0) 

were built to study the association of S-Klotho 

with cardiometabolic risk score, QUICKI and 

HOMA. Multiple linear regression models 

were also performed to test these associations 

after adjusting by age (Model 1), by energy 

intake (Model 2) and by VO2max (Model 3). 

Similar analyses were conducted to study the 

association between S-Klotho with 

cardiometabolic risk factors. The Statistical 

Package for Social Sciences (SPSS, v. 22.0, IBM 

Corporation, Chicago, IL, USA) and the 

GraphPad Prism 5 (GraphPad Software, San 

Diego, CA, USA) were used to perform the 

analyses and to build graphical plots, 

respectively.  We fixed the level of 

significance at <0.05. 

RESULTS 

Table 1 shows the descriptive characteristics 

of our study participants.  

There was a significant negative association 

between S-Klotho and cardiometabolic risk 

score in both men and women (β=-0.658, 

R2=0.433, P<0.001 and β=-0.442, R2=0.195, 

P=0.007; Figure 1B and Figure 1C, 

respectively) which persisted after adjusting 

for age, energy intake, and VO2max (all 

P<0.05; Figure 1B and Figure 1C). 
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S-Klotho was positively related to QUICKI in 

men (β=0.376, R2=0.141, P=0.029; Figure 1E) 

as well as in women (β=0.382, R2=0.146, 

P=0.016 Figure 1F), which remained 

significant when energy intake was included 

in the model as a covariate (all P<0.05; Figure 

1E and Figure 1F). These associations 

persisted in women after adjusting for age 

and VO2max (all P<0.05; Figure 1F), whereas 

disappeared in men (all P>0.09; Figure 1F).  

We observed a significant negative 

association between S-Klotho and HOMA in 

both men and women (β=-0.377, R2=0.142, 

P=0.031 and β=-0.465, R2=0.216, P=0.003; 

Figure 1H and Figure 1I, respectively), which 

remained after adjusting for energy intake (all 

P<0.04; Figure 1H and Figure 1I). These 

results persisted in women after controlling 

for age and VO2max (all P<0.03; Figure 1I), 

while became non-significant in men (all 

P>0.08; Figure 1H). 

There was a significant negative association 

of S-Klotho with systolic and diastolic blood 

pressure, insulin, insulin-glucose ratio, total 

cholesterol, triglycerides, LDL-C, LDL-C, 

LDL-C/HDL-C ratio, and 

Triglycerides/HDL-C ratio (all P<0.05; Table 

2) which remained significant after adjusting 

for age, energy intake, and VO2max in both 

men and women (Table 2). We also observed 

that S-Klotho was positively related to HDL-

C in both sexes (all P<0.02; Table 2), which 

persisted when VO2max was included as a 

covariate (all P≥0.001; Table 2). These results 

remained significant in men after controlling 

for age and energy intake (all P<0.001; Table 

2), whereas were attenuated in women (all 

P<0.1; Table 2). There was no association 

between S-Klotho with ALT, γ-GT and fatty 

liver index neither in men (all P>0.2; Table 2) 

nor in women (all P>0.1; Table 2).   

These findings did not change after 

controlling for macronutrient intake (fat, 

carbohydrate, and protein intake), sedentary 

time and/or moderate-vigorous physical 

activity levels (data not shown).
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Table 1. Descriptive characteristic of participants. 

 N All N Men  N Women 
Age (years) 74 53.7 (5.1) 35 54.4 (5.3) 39 53.0 (5.0) 
S-Klotho (pg/ml) 73 775.3 (363.7) 34 814.1 (452.2) 39 741.4 (265.6) 
Anthropometry  
Weight (kg) 74 75.7 (15.0) 35 87.4 (11.0) 39 65.3 (9.3)* 
Height (cm) 74 167.8 (9.8) 35 175.8 (6.5) 39 160.7 (6.1)* 
BMI (kg/m2) 74 26.7 (3.8) 35 28.3 (3.6) 39 25.3 (3.3)* 
WC (cm) 74 95.1 (11.7) 35 102.7 (8.8) 39 88.2 (9.7)* 
Blood pressure 
Systolic blood pressure (mm Hg) 70 127.1 (15.8) 32 134.3 (13.8) 38 120.9 (14.8)* 
Diastolic blood pressure (mm Hg) 70 81.1 (11.7) 32 85.2 (10.9) 38 77.6 (11.4)* 
Mean blood pressure (mm Hg) 70 104.1 (13.1) 32 109.7 (11.7) 38 99.3 (12.5)* 
Glycaemic metabolism 
Glucose (mg/dL) 73 93.5 (11.2) 34 94.8 (13.4) 38 92.4 (8.8) 
Insulin (UI/mL) 73 8.2 (5.6) 34 8.8 (6.7) 38 7.6 (4.6) 
Insulin glucose ratio 73 12.7 (7.5) 34 13.2 (8.1) 38 12.3 (7.1) 
QUICKI 73 0.362 (0.036) 34 0.357 (0.039) 38 0.365 (0.033) 
HOMA 73 1.95 (1.65) 34 2.17 (2.09) 38 1.76 (1.14) 
Lipid metabolism 
Total cholesterol (mg/dL) 73 207.5 (33.5) 34 203.8 (36.7) 39 210.6 (30.5) 
Triglycerides (mg/dL)  73 136 (67.8) 34 147.4 (83.8) 39 126.1 (49.1) 
HDL-C (mg/dL) 73 59.1 (12.8) 34 55.5 (12.7) 39 62.3 (12.2)* 
LDL-C (mg/dL) 73 126.6 (29.3) 34 127.8 (31.9) 39 125.5 (27.2) 
LDL-C/HDL-C 73 2.30 (0.91) 34 2.48 (0.96) 39 2.10 (0.80) 
Triglycerides/HDL-C 73 2.58 (1.89) 34 3.05 (2.36) 39 2.17 (1.25)* 
Cardiometabolic risk score 70 0.002 (0.34) 32 0.026 (0.384) 38 -0.017 (0.302)* 
Liver function 
ALT (IU/L) 73 23.3 (12.5) 34 29.0 (13.6) 39 18.3 (9.0)* 
γ-GT (IU/L) 73 34.4 (23.2) 34 41.0 (23.3) 39 28.7 (21.9)* 
Fatty liver index 73 50.0 (26.0) 34 66.7 (20.2) 39 35.5 (21.6) 
Dietary intake          
Energy (kcal/day) 73 2134 (688) 34 2374 (838) 39 1913 (414)* 
Fat (g/day) 73 38.8 (10.1) 34 38.0 (5.9) 39 39.5 (12.8) 
Carbohydrate (g/day) 73 52.4 (29.3) 34 49.0 (15.6) 39 55.6 (37.8) 
Protein (g/day) 73 22.5 (21.0) 34 19.1 (8.8) 39 25.7 (27.7) 
Ethanol (g/day) 73 11.2 (13.1) 34 16.2 (16.0) 39 6.6 (7.2)* 
Sedentary behaviour and physical activity levels 
Sedentary time (min/day) 71 745.9 (84.2) 34 770.0 (80.3) 37 723.7 (82.6)* 
MVPA (min/day) 71 96.1 (35.4) 34 96.6 (35.5) 37 95.5 (35.8) 
Cardiorespiratory fitness 
VO2max (ml/min) 71 2339 (657.2) 34 2915 (373.2) 37 1809 (332.5)* 
VO2max (ml/kg/min) 71 30.5 (5.6) 34 33.3 (4.5) 37 27.9 (5.3)* 
Data are shown as means (SD). *Significant differences between sexes obtained from a T-Student 
unpaired-samples test (P<0.05). Abbreviations: S-Klotho; shed form of the Klotho protein, QUICKI; 
Quantitative insulin sensitivity check index, HOMA; Homeostasis model assessment index, HDL-C; 
High-density lipoprotein cholesterol, LDL-C; Low-density lipoprotein cholesterol, ALT; Alanine 
transaminase, γ-GT; γ-glutamyl transferase, MVPA; Moderate-vigorous intensity physical activity 
levels, VO2max; Maximal oxygen uptake.   
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Figure 1. Association between S-Klotho with cardiometabolic risk index, fatty liver index, 
quantitative insulin sensitivity check index (QUICKI), and homeostatic model assessment of insulin 
resistance index (HOMA) in middle-age sedentary adults. β (standardized regression coefficient), 
R2, and P from simple and multiple linear regression analyses. Model 0; unadjusted, Model 1; 
adjusted by age, Model 2; adjusted by energy intake, Model 3; adjusted by cardiorespiratory fitness 
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Table 2. Association between S-Klotho with cardiometabolic risk parameters (Model 0, 
unadjusted), adjusted by age (Model 1), adjusted by energy intake (Model 2) and adjusted by 
cardiorespiratory fitness (Model 3). 
              All              Men           Women 
   β  R2   P   β  R2   P   β  R2   P 
Weight (kg)          

Model 0 0.249 0.062 0.034 0.294 0.087 0.091 0.210 0.044 0.200 
Model 1 0.363 0.076 0.026 0.116 0.105 0.684 0.043 0.081 0.838 
Model 2 0.250 0.114 0.031 0.300 0.090 0.091 0.208 0.044 0.262 
Model 3 0.197 0.049 0.125 0.491 0.439 0.002 0.402 0.273 0.015 

WC (cm)          
Model 0 0.230 0.053 0.050 0.334 0.112 0.054 0.079 0.006 0.634 
Model 1 0.325 0.063 0.046 0.197 0.112 0.487 -0.047 0.028 0.828 
Model 2 0.229 0.115 0.047 0.344 0.122 0.051 0.218 0.102 0.225 
Model 3 0.238 0.054 0.055 0.558 0.512 <0.001 0.306 0.257 0.063 

Systolic blood pressure (mm Hg)       
Model 0 -0.536 0.287 <0.001 -0.767 0.588 <0.001 -0.487 0.237 0.003 
Model 1 -0.222 0.388 0.116 -0.868 0.594 <0.001 -0.108 0.388 0.541 
Model 2 -0.539 0.303 <0.001 -0.775 0.591 <0.001 -0.634 0.336 <0.001 
Model 3 -0.609 0.325 <0.001 -0.708 0.603 <0.001 -0.505 0.240 0.004 

Diastolic blood pressure (mm Hg)       
Model 0 -0.443 0.196 <0.001 -0.618 0.381 <0.001 -0.359 0.129 0.031 
Model 1 -0.126 0.298 0.003 -0.565 0.383 <0.001 -0.005 0.268 0.982 
Model 2 -0.449 0.202 <0.001 -0.613 0.382 <0.001 -0.529 0.247 0.004 
Model 3 -0.492 0.213 <0.001 -0.511 0.431 0.004 -0.390 0.137 0.030 

Mean blood pressure (mm Hg)         
Model 0 -0.519 0.269 <0.001 -0.740 0.547 <0.001 -0.453 0.205 0.006 
Model 1 -0.189 0.380 0.180 -0.775 0.548 0.001 -0.062 0.365 0.752 
Model 2 -0.523 0.280 <0.001 -0.742 0.547 <0.001 -0.616 0.232 0.001 
Model 3 -0.585 0.299 <0.001 -0.655 0.578 <0.001 -0.478 0.210 0.006 

Glucose (mg/dL)          
Model 0 -0.024 0.001 0.839 -0.056 0.003 0.755 0.011 0.000 0.948 
Model 1 -0.039 0.001 0.826 -0.043 0.003 0.886 -0.084 0.012 0.701 
Model 2 -0.017 0.038 0.886 -0.025 0.094 0.883 0.007 0.004 0.971 
Model 3 -0.030 0.001 0.819 -0.024 0.020 0.902 0.042 0.002 0.822 

Insulin (UI/mL)          
Model 0 -0.432 0.187 0.001 -0.423 0.179 0.013 -0.504 0.254 0.001 
Model 1 -0.378 0.189 0.012 -0.330 0.184 0.229 -0.585 0.263 0.004 
Model 2 -0.430 0.197 <0.001 -0.396 0.251 0.016 -0.480 0.250 0.005 
Model 3 -0.470 0.199 <0.001 -0.391 0.231 0.031 -0.546 0.257 0.002 

Insulin glucose ratio          
Model 0 -0.488 0.238 <0.001 -0.492 0.242 0.003 -0.534 0.285 <0.001 
Model 1 -0.437 0.241 0.003 -0.374 0.250 0.157 -0.593 0.290 0.003 
Model 2 -0.487 0.240 <0.001 -0.472 0.236 0.004 -0.508 0.242 0.003 
Model 3 -0.512 0.244 <0.001 -0.444 0.319 0.010 -0.565 0.276 0.001 

Total colesterol (mg/dL)          
Model 0 -0.631 0.339 <0.001 -0.704 0.496 <0.001 -0.516 0.266 0.001 
Model 1 -0.647 0.399 <0.001 -0.497 0.520 0.022 -0.641 0.287 0.001 
Model 2 -0.637 0.406 <0.001 -0.701 0.496 <0.001 -0.515 0.282 0.002 
Model 3 -0.614 0.440 <0.001 -0.726 0.523 <0.001 -0.550 0.355 0.001 

Triglycerides (mg/dL)           
Model 0 -0.549 0.301 <0.001 -0.634 0.401 <0.001 -0.428 0.183 0.007 
Model 1 -0.505 0.304 <0.001 -0.748 0.409 <0.001 -0.355 0.190 0.081 
Model 2 -0.548 0.302 <0.001 -0.613 0.445 <0.001 -0.302 0.244 0.071 
Model 3 -0.556 0.297 <0.001 -0.598 0.390 0.001 -0.374 0.194 0.031 

HDL-C (mg/dL)          
Model 0 0.592 0.350 <0.001 0.852 0.726 <0.001 0.378 0.372 0.020 
Model 1 0.486 0.362 <0.001 0.997 0.738 <0.001 0.266 0.153 0.196 
Model 2 0.595 0.390 <0.001 0.862 0.737 <0.001 0.285 0.160 0.104 
Model 3 0.784 0.540 <0.001 0.917 0.790 <0.001 0.589 0.307 0.001 
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Table 2. Continued.    
              All              Men           Women 
   β  R2   P   β  R2   P   β  R2   P 
LDL-C (mg/dL)          

Model 0 -0.559 0.312 <0.001 -0.718 0.516 <0.001 -0.329 0.108 0.041 
Model 1 -0.380 0.347 0.006 -0.396 0.575 0.050 -0.215 0.125 0.302 
Model 2 -0.562 0.315 <0.001 -0.713 0.519 <0.001 -0.267 0.122 0.098 
Model 3 -0.603 0.386 <0.001 -0.757 0.551 <0.001 -0.415 0.239 0.015 

LDL-C/HDL-C           
Model 0 -0.657 0.432 <0.001 -0.858 0.736 <0.001 -0.444 0.197 0.005 
Model 1 -0.512 0.455 <0.001 -0.736 0.744 <0.001 -0.366 0.205 0.070 
Model 2 -0.657 0.439 <0.001 -0.854 0.737 <0.001 -0.379 0.212 0.028 
Model 3 -0.743 0.508 <0.001 -0.814 0.730 <0.001 -0.536 0.131 0.001 

Triglycerides/HDL-C          
Model 0 -0.564 0.318 <0.001 -0.654 0.428 <0.001 -0.480 0.230 0.002 
Model 1 -0.485 0.325 0.001 -0.760 0.434 0.002 -0.374 0.245 0.058 
Model 2 -0.564 0.318 <0.001 -0.637 0.456 <0.001 -0.357 0.287 0.029 
Model 3 -0.620 0.347 <0.001 -0.650 0.430 <0.001 -0.481 0.268 0.005 

ALT (IU/L)          
Model 0 0.100 0.010 0.399 0.186 0.035 0.292 -0.209 0.044 0.201 
Model 1 0.148 0.013 0.371 0.237 0.036 0.424 -0.473 0.138 0.226 
Model 2 0.102 0.059 0.385 0.182 0.036 0.313 -0.161 0.049 0.383 
Model 3 0.035 0.065 0.781 0.137 0.027 0.485 -0.094 0.009 0.614 

γ-GT (IU/L)          
Model 0 0.110 0.012 0.354 0.194 0.038 0.272 -0.075 0.006 0.648 
Model 1 0.059 0.015 0.720 0.238 0.039 0.422 -0.347 0.106 0.103 
Model 2 0.112 0.023 0.349 0.199 0.041 0.268 -0.030 0.012 0.871 
Model 3 0.074 0.054 0.562 0.225 0.044 0.250 -0.082 0.039 0.653 

Fatty liver index          
Model 0 0.106 0.011 0.373 0.138 0.019 0.437 -0.048 0.002 0.771 
Model 1 0.157 0.014 0.342 -0.076 0.045 0.797 -0.223 0.044 0.305 
Model 2 0.108 0.045 0.364 0.159 0.063 0.371 0.063 0.057 0.732 
Model 3 0.133 0.016 0.307 -0.358 0.442 0.148 0.180 0.195 0.285 

P value of multiple-regression analysis. β (standardized regression coefficient). Abbreviations: S-
Klotho; shed form of the Klotho protein, HDL-C; High-density lipoprotein cholesterol, LDL-C; Low-
density lipoprotein cholesterol, ALT; Alanine transaminase, γ-GT; γ-glutamyl transferase 
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DISCUSSION 

The main findings of the present study are 

that S-Klotho was inversely associated with 

cardiometabolic risk and insulin resistance in 

both sedentary men and women 

independently of age, cardiorespiratory 

fitness, physical activity levels, and dietary 

intake. These findings support the idea that S-

Klotho could be a good indicator of 

cardiometabolic status in healthy sedentary 

middle-aged individuals. 

The discovery of the α-Klotho gene is 

relatively new 2 and numerous studies have 

investigated its genetic regulation and 

physiological functions. However, whether S-

Klotho is related to cardiometabolic risk has 

not extensively studied. Semba et al. 13,17 

reported a strong association between higher 

S-Klotho with lower likelihood of 

cardiovascular disease and mortality risk in a 

large cohort of elderly adults greater than 65 

years. Similarly, the results of a recent study 

showed that patients with coronary artery 

disease present lower S-Klotho, as well as a 

reduced α-Klotho gene expression in the 

vascular wall 32. Kitagawa et al. 33 observed 

that decreases in S-Klotho were 

independently associated with signs of 

vascular dysfunction such as arterial stiffness 

in patients with chronic kidney disease. 

Indeed, it has been suggested S-Klotho as a 

promising diagnostic biomarker or as a 

therapeutic factor for the treatment of 

cardiovascular diseases 34. In contrast, 

Branderburg et al. 35 suggested that S-Klotho 

was not related to cardiovascular and all-

cause mortality in a cohort with normal and 

mildly impaired renal function but at high 

risk for future cardiovascular events 35. These 

discrepancies could be explained by the 

different health status and age of the 

participants involved in each study, which 

could involve a wide range of physiological 

impairments. However, to the best of our 

knowledge, there are no studies investigating 

the association of S-Klotho with 

cardiometabolic risk in healthy sedentary 

middle-aged adults of both sexes. Our results 

suggest a positive association of S-Klotho and 

decreased cardiometabolic risk in this 

population cohort, supporting the idea that S-

Klotho could be a good indicator of 

cardiometabolic health in individuals free of 

disease. 

The cardiometabolic protective role of S-

Klotho could be explained for its metabolic 

functions. S-Klotho attenuates vascular 

calcification and exerts vasoprotective effects 

increasing the nitric oxide production via 

upregulating the endothelial nitric oxide 

synthase activity 1, maintaining endothelial 

homeostasis 36. S-Klotho is also a 

phosphaturic hormone, which functions as a 

β-glucuronidase able to modify the NaPi-2A 

gene expression and inducing phosphaturia 

37. In this way, a reduction of phosphate levels 

prevents vascular calcification and 

cardiovascular impairments 1. Furthermore, 

S-Klotho downregulates the production of 

pro-inflammatory cytokines 36. Given that it 

has previously shown that a chronic 
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inflammatory status is closely linked with the 

development of cardiometabolic diseases (i.e. 

metabolic syndrome and/or type II diabetes 

mellitus among others) 38, the reduction of 

pro-inflammatory cytokines induced by S-

Klotho may decrease cardiometabolic risk.  

There is considerable evidence that low S-

Klotho is strongly associated with the 

development of type 2 diabetes mellitus in 

prediabetic patients 14, greater insulin 

resistance in type 2 diabetes mellitus patients 

39, and increased type 2 diabetes mellitus 

complications (i.e. diabetic nephropathy or 

diabetic coronary heart disease among others) 

40,41. However, there is a lack of evidence 

investigating whether S-Klotho is linked with 

insulin sensitivity/resistance in healthy 

populations with the absence of chronic 

cardiometabolic diseases. Our results showed 

that S-Klotho was associated with insulin 

sensitivity in both healthy men and women 

independently of several confounder factors, 

thus it seems plausible to think that S-Klotho 

plays an important role in glycaemic and lipid 

metabolism. Previous studies have reported 

that the S-Klotho protein (i) inhibits the PI3K 

activation, and the insulin/IGF-I receptors 

1,36, (ii) downregulates the production of pro-

inflammatory cytokines 36, and (iii) attenuates 

oxidative stress via increasing the FOXO 

transcription factors that elevates catalase and 

mitochondrial manganese-superoxide 

dismutase activity 42. Considering that these 

physiological mechanisms contribute with 

the improvement of insulin sensitivity 43,44, S-

Klotho would be considered as a protective 

hormone against the development of insulin 

resistance in healthy individuals. 

Limitations 

Some potentials limitations of our study need 

to be acknowledged. Given that our study 

presents a cross-sectional design, no causal 

interpretation can be established. S-Klotho 

might not sufficiently reflect tissue levels of 

Klotho protein which cannot be obtained and 

analyzed in the absence of a clinical indication 

for biopsy. Our participants were sedentary 

middle-aged adults (45-65 years old), and we 

do not know whether these results can be 

extended to younger, older or physically 

active individuals. Additionally, based on the 

inclusion criteria of the present study, we 

cannot assess the impact of S-Klotho upon 

mortality in a diseased population, since our 

data only allow conclusions about their 

cardioprotective effects on healthy people. 

CONCLUSIONS  

In conclusion, the findings of the present 

study are that S-Klotho was negatively 

associated with cardiometabolic risk, and 

positively related to insulin 

sensitivity/resistance in healthy sedentary 

middle-aged adults independently of 

potential confounders such us age, 

cardiorespiratory fitness, physical activity 

levels and dietary intake. Therefore, S-Klotho 

would be considered a biomarker of 

cardiometabolic health in sedentary middle-



RESULTS & DISCUSSION 
 

277 

aged individuals free of diseases. Further 

studies are needed to examine whether 

changes in cardiovascular risk in response to 

different public health interventions (i.e. 

physical exercise or nutritional strategies) are 

mediated by changes in S-Klotho.  

Clinical implications 

We show, for the first time, that high S-Klotho 

is associated with better cardiometabolic 

status in healthy sedentary middle-aged 

adults. These results have important clinical 

implications and support the idea that S-

Klotho would play an important role in 

cardiometabolic processes exerting a 

protective role. S-Klotho has been previously 

postulated as a longevity biomarker 3, a 

cancer biomarker 45, a chronic kidney disease 

biomarker 46, and an acute kidney injury 

biomarker 47,48. Our findings suggest that S-

Klotho could also be a good biomarker of the 

cardiometabolic status in healthy population. 

Therefore, it would be of clinical interest to 

establish references values of S-Klotho in both 

healthy individuals and patients of different 

ages as an indicator of cardiometabolic health.
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This section includes a total of five chapters 

aiming to study the effects of different 

exercise training modalities on S-Klotho, 

physical fitness, energy metabolism, and 

cardiometabolic health in sedentary middle-

aged adults. Concretely, it has been study the 

effects of PAR, HIIT and HIIT+EMS 

interventions on: [i] S-Klotho (Study 13), [ii] 

on body composition (Study 14), [iii] on 

physical fitness (Study 15), [iv] on BMR and 

fat oxidation, in basal conditions and during 

exercise (Study 16), and [v] on 

cardiometabolic risk (Study 17) in sedentary 

middle-aged adults.
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Chapter 9:  
Exercise training 
increases the S-Klotho 
in sedentary middle-
aged adults: a 
randomised 
controlled trial  
(Study 13)
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ABSTRACT 

This study aimed to investigate the effects of 

different training modalities on the soluble 

Klotho (S-Klotho) plasma levels in sedentary 

middle-aged adults. 

 A total of 74 middle-aged adults (53.4±5.0 

years old; 52.7% women) were enrolled in the 

FIT-AGEING study. We conducted a 12-

week randomised controlled trial. The 

participants were randomly assigned to 4 

different groups: (i) a control group (no 

exercise), (ii) a PAR group, (iii) a HIIT 

group, and (iv) a HIIT-EMS group. S-

Klotho, anthropometric measurements, and 

body composition variables were measured 

before and after the intervention programme. 

All exercise training modalities induced an 

increase in S-Klotho (all P≤0.019) without 

statistical differences between them (all 

P≥0.696). We found a positive association 

between changes in LMI and changes in the 

S-Klotho, whereas a negative association was 

reported between changes in FM outcomes 

and changes in the S-Klotho after our 

intervention study.  

In conclusion, our results suggest that the 

link between exercise training and the 

increase in S-Klotho could be mediated by a 

decrease of FM and an increase of LM.
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BACKGROUND 

Increasing the amount of exercise improves 

physical and mental health of healthy people 

effectively, and prevents the development of 

many chronic diseases 1. Exercise is an 

excellent therapeutic intervention for obesity, 

cardiovascular disease, type 2 diabetes, 

certain types of cancer, and many other 

chronic diseases 2. It also has an impact on life 

expectancy 3, yet the physiological 

mechanisms that may mediate these effects 

are not fully understood. 

The Klotho gene was identified 20 years ago 

as a gene mutated in a mouse strain. It 

displayed an extremely shortened life span 

with multiple disorders resembling human 

premature-ageing syndromes that included 

infertility, atherosclerosis, skin atrophy, 

osteoporosis, emphysema, muscle atrophy, 

sarcopenia, and cardiovascular disease 4,5. 

Other studies observed that Klotho 

overexpression was associated with a 

significantly longer lifespan 6, an increase of 

stem cell numbers concerned in the 

regenerative response 7, and an inhibition of 

cancer development and progression 8. 

Three Klotho gene products have been 

identified: α-Klotho (which is expressed in 

distal convoluted tubules in the kidney, 

parathyroid and choroid plexus in the brain), 

β-Klotho (which control the bile acids, lipid 

and energy metabolism together with 

FGF15/19, and FGF21) and γ-Klotho (which 

is involved in brown adipose tissue 

metabolism) 9,10. They share a substantial 

degree of homology, but they also seem to 

have different physiological actions 9,10. The 

α-Klotho gene encodes a type 1 single-pass 

transmembrane glycoprotein 4. The 

intracellular domain is short and non-

functional 10. The extracellular domain, 

however, forms a complex with FGF23 and 

FGFR1 10 and has a potential site for 

proteolytic cleavage 11,12. The cleaved Klotho 

is commonly known as S-Klotho, and it is 

detected in blood, urine, and cerebrospinal 

fluid 6,13. S-Klotho can act as a soluble 

paracrine or endocrine mediator through the 

modulation of the action of growth factors 

and cytokines such as insulin, IGF-I (acting as 

a suppressor of tyrosine phosphorylation of 

insulin and IGF-I receptors, which results in 

reduced activity of insulin receptor substrate 

proteins and their association with PI3K, 

thereby inhibiting insulin and IGF-1), TGF-β, 

Wnt signalling, and IFNγ, which are 

associated with cell senescence and the ageing 

process in mice 10,13,14. Indeed, higher S-

Klotho has been associated with improved 

survival in chronic kidney disease patients 15, 

and lower levels have been related to 

increased cardiovascular disease incidence in 

adults 16 and all-cause mortality in chronic 

haemodialysis patients 17. 

Although the role of exercise in the ageing 

process is well established 2,3, few studies 

have analysed the acute and chronic effects of 

exercise on S-Klotho 18. Some studies reported 

significant increases in S-Klotho after a single 

bout of exercise, concluding that healthy 

young well-trained individuals registered a 
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greater improvement than the elderly 

untrained counterparts 19–22. We only found 

one manuscript that described the chronic 

effect on S-Klotho after 12 weeks of low-to-

moderate intensity aerobic training in 

postmenopausal women 23. However, the 

effects of different training modalities on S-

Klotho in sedentary middle-aged adults of 

both sexes remain unclear. 

Therefore, this study aimed to investigate the 

effects of different training modalities on the 

S-Klotho in sedentary middle-aged adults. 

MATERIAL & METHODS 

Participants 

A total of 74 middle-aged adults (45-65 years 

old; 52.7% women) were enrolled in the FIT-

AGEING study, an exercise-based 

randomised controlled trial (clinicaltrial.gov: 

ID: NCT03334357) 24. The participants were 

required to be sedentary (less than 20 minutes 

of moderate-intensity physical activity on 3 

days/week over the last three months) and to 

have had a stable weight over the previous 6 

months. The participants were recruited in 

the province of Granada (Spain) using social 

networks, local media, and posters. The 

interested individuals were screened via 

telephone or e-mail. The exclusion criteria 

included having history of cardiovascular 

disease, diabetes mellitus, pregnant or 

lactating women, beta-blockers, and/or major 

illness (acute or chronic) including any that 

would limit the ability to perform the 

necessary exercises. The study procedures 

were approved by the Human Research 

Ethics Committee of the “Junta de Andalucía” 

[0838-N-2017], and the participants provided 

written informed consent. The study 

protocols were applied in accordance with the 

revised ethical guidelines of the Declaration 

of Helsinki. All of the baseline and follow-up 

examinations were performed at the same 

setting [Centro de Investigación Deporte y Salud 

(CIDS) at the University of Granada]. 

Study design 

We conducted a 12-week randomised 

controlled trial with a parallel group design 

following the CONSORT (Consolidated 

Standards of Reporting Trials) guidelines 25. 

After completing the baseline measurements, 

the participants were randomised into 4 

different groups using a computer-generated 

simple randomisation software 26: (i) control 

group (no exercise), (ii) a PAR group, (iii) a 

HIIT group, and (iv) a HIIT+EMS group. The 

staff in charge of the assessment were blinded 

to the participants’ randomisation. All 

participants were requested not to alter their 

eating and physical activity habits during the 

study, except for those in the exercise groups, 

who were instructed to do additional exercise 

as per their intervention programmes. 

Training modalities 

A detailed description of each training 

modality can be found elsewhere 24. 
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PAR underwent a concurrent training 

(combining aerobic and resistance training) 

based on the minimum physical activity 

recommended by the World Health 

Organization 27. The participants exercised 3 

days/week for 12 weeks. The training volume 

was 150 min/week at 60-65% of the HRres for 

the aerobic training. The resistance training 

volume was ~60 min/week, and the 

resistance training intensity was set at 40-50% 

of 1RM. The exercises programmed for the 

aerobic training section were treadmill, cycle-

ergometer, and elliptical ergometer. For the 

resistance training section, weight bearing 

and guided pneumatic machines were used 

(i.e. squat, bench press, dead lift, or lateral 

pull down). In addition, compensatory 

exercises were performed (core stability, 

flexibility, and stabilizer muscles) to 

minimize risk of injuries and to promote 

training. 

HIIT did an intervention programme 

characterised by short and intermittent efforts 

of vigorous activity, interspersed with resting 

periods at passive or low-intensity exercises. 

The participants exercised 2 days/week for 12 

weeks following 2 different complementary 

protocols alternatively 28: (i) HIIT with long 

intervals (type A session), and (ii) HIIT with 

short intervals (type B session). The training 

volume was 40-65 min/week at >95% of the 

VO2max in type A session and >120% of the 

VO2max in type B session. The exercise 

programmed for type A session was treadmill 

with a personalised slope, and type B session 

included a circuit workout with 8 weight-

bearing exercises (i.e. squat, dead lift, high 

knees up, high heels up, push up, horizontal 

row, lateral plank, and frontal plank). 

The WB-EMS technology enables the 

simultaneous exogenous muscle activation of 

up to 18 regions with a total area of 2800 cm2 

covered by electrodes, emerging as an 

innovative training modality. The HIIT+EMS 

group completed a training programme that 

followed the same structure as HIIT (volume, 

intensity, training frequency, type of exercise, 

and training sessions). However, we included 

electrical impulses to assess whether this 

training modality produced an extra effect in 

addition to the HIIT protocol. A bipolar, 

symmetrical, and rectangular electric pulse 

was applied with: (i) a frequency of 15-20 

hertz in type A sessions, and 35-75 hertz in 

type B sessions, (ii) an intensity of 100 

milliamps in type A sessions, and 80 

milliamps in type B sessions, (iii) an impulse 

breadth of 200-400 µsec, and (iv) a duty cycle 

(ratio of on-time to the total cycle time: % duty 

cycle = 100/ [total time/on-time]) of 99% in 

type A sessions and 50-63% in type B sessions. 

A WB-EMS device manufactured by 

Wiemspro® (Malaga, Spain) was used. 

All sessions started with a dynamic 

standardised warm-up, which included 

general mobility exercises, and they ended 

with a cooling-down protocol (active global 

stretching), alternating 5 posterior chain 

exercises with 5 anterior chain exercises. We 

also proposed a gradual progression to 

control the exercise dose in each exercise 

modality 24. 



RESULTS & DISCUSSION 
 

291 

Measurement of S-Klotho  

We collected the blood samples from the 

antecubital vein applying standard 

techniques at the baseline and after the 

intervention study. 

The S-Klotho was measured in EDTA plasma 

using a solid-phase sandwich ELISA 

(Demeditec, Kiel, Germany) according to the 

manufacturer´s protocol. The intra- and inter-

assay coefficients of variation were calculated 

by measuring two different doses with 

purified S-Klotho protein. Both coefficients of 

variation ranged from ~3% to ~10%. All 

participants were asked to abstain from 

drugs, alcohol, and/or caffeine, to eat a 

standardised dinner, and to avoid any 

physical activity of moderate intensity (24 

hours before) and/or vigorous intensity (48 

hours before). 

Anthropometric and body 
composition measures 

Anthropometric measurements were taken 

before and after the intervention programme, 

and we then calculated the BMI 

(weight/height2). The weight and height 

were measured using an electronic scale 

(model 799, Electronic Column Scale, 

Hamburg, Germany). LM and FM were 

evaluated by dual-energy X-ray 

absorptiometry (Discovery Wi, Hologic, Inc., 

Bedford, MA, USA) following the 

manufacturer’s recommendations. We also 

calculated 2 indices of height-normalised 

body composition: LMI, calculated as 

LM/height2, and FMI, calculated as 

FM/height2. BMI, LMI, and FMI were 

expressed in kg/m2. 

Dietary parameters 

Dietary intake was registered before and after 

the intervention program by the average of 

three 24-hours recalls collected on non-

consecutive days (one weekend day 

included). To quantity the amount of food 

consumed, we used a coloured photographs 

of different portion sizes of foods. The 

EvalFINUT ® software, which is based on 

USDA (U.S. Department of Agriculture) and 

BEDCA (“Base de Datos Española de 

Composición de Alimentos”) databases, was 

used to determine energy intake and 

macronutrient content derived from the three 

24-hours recalls.  

Statistical analysis 

We based the sample size calculations on a 

minimum predicted change in S-Klotho of 150 

pg/ml between the intervention groups and 

the control group, and an SD for this change 

of 150 pg/ml, based on a pilot study. A 

sample size of 17 participants was predicted 

to provide a statistical power of 80% 

considering a type I error of 0.05 29. Assuming 

a maximum loss of 25% at follow-up, we 

decided to recruit at least 20 participants for 

each group. 

We used the Shapiro-Wilk test, visual check 

of histograms, and Q-Q plots to verify the 
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distribution of all variables. The descriptive 

parameters are reported as mean and SD. 

We used repeated-measures ANOVA to 

determine changes in S-Klotho, BMI, LMI, FM 

percentage, and FMI across time, between 

groups, and the interaction (time*group). 

Student’s t tests for paired values were 

performed to evaluate differences in 

dependent variables before and after the 

intervention programme. 

We examined with the ANCOVA the effect of 

the groups (fixed factor) on the S-Klotho 

changes, i.e. post-S-Klotho minus pre-S-

Klotho (dependent variable), adjusting for the 

baseline values. The same analyses were 

conducted for changes in BMI, LMI, FM 

percentage, FMI, energy intake, and 

macronutrient content. 

All group-related changes were adjusted by 

age and sex. We performed Bonferroni post 

hoc tests with adjustment for multiple 

comparisons to determine differences 

between all exercise modality groups. 

To examine the relationship between changes 

in body composition variables (BMI, LMI, FM 

percentage, and FMI) and changes in S-

Klotho, we conducted a multiple linear 

regression adjusting by sex and age. P values 

of less than 0.05 were accepted to indicate 

statistical significance. All analyses were 

performed using the Statistical Package for 

Social Sciences (SPSS, v. 22.0, IBM 

Corporation, Chicago, IL, USA). The 

graphical presentations were prepared using 

GraphPad Prism 5 (GraphPad Software, San 

Diego, CA, USA). 

RESULTS 

Between April 2015 and December 2016, 141 

people were screened. Figure 1 shows the 

flow of participants from the recruitment to 

the follow-up. We recruited 102 (41%) of 247 

individuals that expressed interest to 

participate in our study. The most common 

reasons for refusal were lacking interest 

(~64%) and being too busy (~27%).  

The principal causes to medical exclusion 

were age or BMI out of range (~28%), having 

a history of cardiovascular disease (~11%), 

diabetes mellitus type 2 (~4%), hyper-

hypothyroidism (~9%), and abnormal 

exercise electrocardiogram (~7%). Table 1 

shows the participants’ baseline 

characteristics. The groups were similar in 

age, sex, BMI, LMI, FM percentage, and FMI. 

From the baseline to week 12, PAR, HIIT, and 

HIIT-EMS participants attended 98.9% (605 of 

612 sessions), 97.8% (399 of 408 sessions), and 

99.3% (453 of 456 sessions) of their supervised 

exercise sessions, respectively. A total of 21 

people withdrew (23.6%) between the 

randomisation and the follow-up: 7 (31.8%) 

control group participants, 4 (19.4%) PAR 

participants, 6 (26.1%) HIIT participants, and 

4 (17.4%) HIIT-EMS participants. Three 

people from the control group withdrew for 

medical reasons, two from the same group 

withdrew because they were dissatisfied with 

the randomisation, and the remaining 

individuals who withdrew from the control 

and exercise groups due to not having time. 
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Figure 1. Enrolment and analysis flow-chart. Abbreviations: BMI; body mass index, CDV; 
cardiovascular, ECG; electrocardiogram, PAR; Physical Activity Recommendations for adults 
proposed by the World Health Organization group, HIIT; High Intensity Interval Training group, 
HIIT+EMS; HIIT plus Whole-Body Electromyostimulation group. 
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Figure 2A shows S-Klotho (Figure 2A) before 

and after the intervention study. The 

time*group interaction in S-Klotho was noted 

(P<0.001). When comparing within-group 

changes, all training modalities showed 

significantly higher S-Klotho after the 

intervention programme compared to the 

baseline (714.3 ± 294.5 vs. 1055.4 ± 435.9 

pg/ml for PAR, 788.5 ± 276.8 vs. 1057.1 ± 273.3 

pg/ml for HIIT, and 808.5 ± 499.0 vs. 1259.7 ± 

613.1 pg/ml for HIIT-EMS; all P<0.001). 

However, we found no differences in the 

control group (922.5 ± 290.3 vs. 862.9 ± 364.7 

pg/ml; P=0.142). Figure 2B shows changes in 

S-Klotho after the intervention study among 

the 4 groups. Compared with the control 

group, S-Klotho increased in PAR, HIIT, and 

HIIT-EMS (P=0.003, P=0.019, P<0.001, 

respectively) without statistical differences 

between them (all P≥0.696; Figure 2B). The 

results persisted after including sex and age 

in the model (all P≥0.170). 

Figure 3 shows the association between 

changes in body composition variables and 

changes in S-Klotho after the intervention 

programmes. Changes in BMI were not 

significantly associated with those in S-

Klotho (β=-41.351, R2=0.007, P=0.502; Figure 

3A). A significantly positive association was 

found between the changes in LMI and in S-

Klotho (β=50.119, R2=0.113, P=0.008; Figure 

3B), which persisted after including sex and 

age in the model (β=45.104, R2=0.136, 

P=0.035). We observed a strong and negative 

association between the changes in FM 

outcomes (FM percentage and FMI) and in S-

Klotho (β=-16.111, R2=0.136, P=0.003, and β=-

51.616, R2=0.138, P=0.013, respectively), 

which remained unchanged after including 

sex and age as covariates (β=-14.998, 

R2=0.162, P=0.016, and β=-47.420, R2=0.164, 

P=0.015, respectively). 

We did not find significant differences in 

energy intake and macronutrient content 

after the intervention program in any group 

(P≥0.3). 
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Table 1. Descriptive baseline parameters. 

 All 
(n=68) 

Control  
(n=15) 

PAR 
(n=17) 

HIIT 
(n=17) 

HIIT+EMS 
(n=19) 

Age (years) 53.4 ± 5.0 51.7 ± 4.1 54.9 ± 4.5 53.5 ± 5.6 53.5 ± 5.2 

Sex (%)      

Men 32 (47.1) 6 (40.0) 8 (47.1) 8 (47.1) 10 (52.6) 
Women 36 (52.9) 9 (60.0) 9 (52.9) 9 (52.9) 9 (47.4) 

BMI (kg/m2) 26.8 ± 3.9 26.7 ± 3.9 25.4 ± 2.9 26.4 ± 3.2 28.6 ± 4.6 
LMI (kg/m2) 15.4 ± 2.8 15.9 ± 3.1 15.2 ± 2.5 14.6 ± 2.7 15.8 ± 2.9 
FM (%) 39.6 ± 8.5 37.7 ± 8.2 37.4 ± 8.8 41.6 ± 8.1 41.3 ± 8.8 
FMI (kg/m2) 10.7 ± 3.1 10.1 ± 2.7 9.6 ± 2.7 11.0 ± 2.6 12.0 ± 3.8 

S-Klotho (pg/ml) 805.1 ± 358.8 922.5 ± 290.3 714.3 ± 294.5 788.5 ± 276.8 808.5 ± 499.0 

Data are shown as means ± SD. Abbreviations: PAR; Physical Activity Recommendations for adults 
proposed by the World Health Organization group, HIIT; High Intensity Interval Training group, 
WB+EMS; HIIT plus Whole-Body Electromyostimulation group. 

Figure 2. S-Klotho before and after the intervention study. P value (time, group, and interaction 
[time*group]) of repeated measures ANOVA (Panels A, C, and E). *P<0.05, Student's paired t-test 
(Panels A, C, and E). Changes in S-Klotho after the intervention study in the 4 groups. ¥ P<0.05, ¥ ¥ 
P<0.01, ¥ ¥ ¥ P<0.001, ANCOVA adjusting for baseline values, with post hoc Bonferroni-corrected t-
test (Panels B, D, and F). The data are shown as means ± standard deviation. Abbreviations: PAR; 
Physical Activity Recommendations for adults proposed by the World Health Organization group, 
HIIT; High Intensity Interval Training group, WB+EMS; HIIT plus Whole-Body 
Electromyostimulation group. 
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Figure 3. Association between changes in body composition variables which include body mass 
index (BMI, Panel A), lean mass index (LMI, Panel B), fat mass percentage (Panel C), and fat mass 
index (FMI, Panel D) with S-Klotho changes in sedentary middle-aged adults. β (unstandardized 
regression coefficient), R2, and P from a simple linear regression analysis. 
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DISCUSSION 

The primary finding of this randomised 

controlled trial is that exercise training 

induced an increase on S-Klotho in sedentary 

middle-aged adults. We found a positive 

association between the changes in LMI and 

in S-Klotho, whereas a negative association 

was reported between the changes in FM 

outcomes (FM percentage and FMI) and in S-

Klotho after our intervention study. 

S-Klotho mediates the cellular apoptosis and 

senescence through the alteration of 

metabolic pathways, which can also be 

involved in the development of metabolic 

diseases 30. It has been shown that 

inflammation and the oxidative stress induce 

metabolic impairments 31; however, S-Klotho 

suppress the activity of inflammation factors 

32 and oxidative stress 33,34, acting as a 

humoral agent that modulates numerous 

growth factors and cytokines, which have a 

close relationship with cell senescence, 

metabolic disorders, and the ageing process 

10,34. 

It is well-known that exercise training exerts a 

powerful anti-ageing effect through two 

principal mechanisms. On the one hand, 

although acute intense exercise increases 

reactive oxygen species and inflammation 

onset 35, chronic exercise promotes an anti-

inflammatory environment (by the reduction 

of VAT, increasing the production and release 

of anti-inflammatory cytokines from 

contracting the skeletal muscle, and by 

reducing the expression of toll-like receptors 

on monocytes and macrophages) 36. On the 

other hand, exercise training increases the 

antioxidant cellular capacity (increasing the 

expressions and activities of key antioxidant 

enzymes, and inducing the mobilization of 

non-enzymatic antioxidants to mitochondrial 

membranes to prevent their oxidative 

damage) 37,38. Therefore, an exercise 

programme that elevates S-Klotho may 

modulate the production of insulin and IGF-I 

(which reduce the reactive oxygen species 

production) 14,34, and the production of TGF-

β, Wnt signalling, and IFNγ (which attenuate 

the inflammatory cell response) 7,10,14. Hence, 

it is plausible that an increase in S-Klotho 

could partially explain the anti-ageing effects 

produced by exercise training. 

However, the relationship between S-Klotho 

and exercise remains unclear. Avin et al. 

suggested that S-Klotho is upregulated after a 

single acute exercise in young and older 

sedentary women, but that the response may 

depend on physical fitness levels and age 5. 

These findings concur with those of other 

studies such as Sagiv et al., who studied the 

effects of an acute exercise consisting in 60 

min of treadmill running at 75% of VO2max 

on S-Klotho changes in aerobic trained 

sportsmen compared with anaerobic 

sprinters 20. Santos-Diaz et al. showed similar 

results, revealing that running during only 20 

minutes at high intensity increased S-Klotho 

in healthy young adults 21.  

Little is known about the chronic effects of 

exercise on S-Klotho. Matsubara et al. 

reported that 12 weeks of moderate aerobic 
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exercise training showed an increase in S-

Klotho in 19 healthy postmenopausal women 

compared with a control group 23. However, 

it is unknown whether S-Klotho is influenced 

by different exercise modalities in sedentary 

middle-aged adults of both sexes. In the 

present study, all training modalities induced 

an increase on S-Klotho in sedentary middle-

aged adults compared with a control group. 

Although no statistical differences in S-Klotho 

were found between different training 

modalities, we must consider that S-Klotho 

changes in HIIT-EMS were higher (55.8%) 

than in PAR (47.7%) and HIIT (34.1%), which 

might be of clinical relevance. However, since 

we did not find significant differences across 

all exercise group, these differences could be 

product of a simple variation. Consequently, 

a larger study is needed to clarify these 

findings. 

Furthermore, certain physiological 

mechanisms have been proposed as an 

explanation of how exercise training can 

modulate S-Klotho. It has been shown that the 

PPAR-γ, which is related to the cellular 

inflammation process, the adipogenesis 

process, and glucose homeostasis, increases 

the α-Klotho gene expression in the kidney 39. 

On the contrary, angiotensin II 

downregulates the α-Klotho gene expression 

in the kidney 40, and blockade of the 

angiotensin II type I receptor results in an 

over-expression of the α-Klotho gene 41. The 

reactive oxygen species also decrease the α-

Klotho gene expression in mice kidney cells 42, 

and it is suggested that a free radical 

scavenger can upregulate the α-Klotho gene 

expression 43. Interestingly, several studies 

have found that exercise training increased 

the activity of PPAR-γ 44 and decreased the 

angiotensin II type I receptors 45 and oxidative 

stress 37,38. Thus, exercise training could 

increase the α-Klotho gene expression (and 

consequently, S-Klotho) through an 

upregulation in the PPAR-γ activity, and a 

downregulation of the angiotensin II type I 

receptors and oxidative stress in the kidney. 

It is well-known that LM tends to decline with 

age, accompanied by a relative increase of FM 

even when the weight remains stable 46. Our 

results showed a positive association between 

the changes in LMI in S-Klotho, and a 

negative association between the changes in 

FM outcomes (FM percentage and FMI) and 

in S-Klotho after an exercise intervention. 

These findings suggest that changes in S-

Klotho could be strongly influenced by 

changes in body composition during an 

exercise intervention. Several physiological 

mechanisms could be involved in these 

relationships. On the one hand, age-related 

muscular atrophy, characterised by a 

decreased stem cell quantity, an alteration of 

the angiogenesis process, and a lower cellular 

resistance to stress, could produce a defect in 

the α-Klotho gene expression 5,34,47. However, 

an increase in S-Klotho induced by exercise 

training inhibits the TGF-β and the Wnt 

signalling (which are considered the “master 

switch” for promoting mesenchymal 

transition toward a fibroblastic lineage in 

several tissues), producing a LM 
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development 5,7,14,48, which left the 

association’s direction indeterminate. On the 

other hand, age-related adiposity, 

characterised by a 5-25% decrease in resting 

metabolic rate, high amount of time spent in 

sedentary behaviours, or glucose metabolism 

disorders, could induce a downregulation of 

the α-Klotho gene expression 49. The 

upregulation of the α-Klotho gene induced by 

exercise training could be associated with a 

glucose metabolism 50 and phosphate 9 

metabolism regulation, and, consequently 

with reduced type 2 diabetes mellitus risk 51. 

Limitations 

The present study had a number of 

limitations. Due to the limited sample size, 

our study may have been underpowered to 

detect statistical differences in S-Klotho 

between the different training modalities, 

although we did find an increment of S-

Klotho in PAR, HIIT, and HIIT-EMS 

compared with the control group. Our study 

only included sedentary middle-aged adults 

(45-65 years old), and hence we cannot extend 

the results to older, younger, and/or 

physically active individuals. We did not 

measure the intra-cellular form and the cell-

membrane form of the α-Klotho gene, which 

would have allowed to better understand the 

role of exercise on the α-Klotho gene 

regulation. Finally, we did not measure the 

insulin, IGF-I, TGF-β, Wnt signalling, and 

IFNγ, so we cannot know whether S-Klotho 

changes induced by chronic exercise could be 

mediated by these parameters. 

CONCLUSION 

In conclusion, our results show that exercise 

training induced an increase in S-Klotho in 

sedentary middle-aged adults and an 

association between changes in body 

composition and in S-Klotho after an exercise 

training programme. Therefore, we suggest 

that the link between exercise training and the 

increase in S-Klotho could be mediated by a 

body re-composition, through a decrease of 

FM and an increase of LM. Future studies are 

needed to clarify the long-term effects (>12 

weeks) of different training volumes and 

intensities on S-Klotho as well as on the 

intracellular form and the cell-membrane 

form of the α-Klotho gene in sedentary 

middle-aged adults. Subsequently, further 

studies are required to determine the effects 

of the same training interventions in older, 

younger, physically active individuals, 

and/or patients to identify effective public 

health strategies that promote a healthy 

ageing lifestyle and to reduce the prevalence 

of chronic diseases associated with the ageing 

process.
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ABSTRACT 

This study aimed to investigate the effects of 

different exercise training programs on body 

composition parameters in sedentary middle-

aged adults.  

A total of 89 middle-aged adults (53.5±4.9 

years old; ~53% women) participated in the 

FIT-AGEING study. A 12-week randomised 

controlled trial was performed with a parallel 

group design. The participants were 

randomly assigned to: [i] a PAR group, [ii] a 

HIIT group, and [iii] a HIIT+EMS group.  

A significant decrease of FM, FMI and VAT 

were observed in all training modalities 

compared to the control group (all P≤0.001). 

There was a significant increase in LM in the 

HIIT group as well as in the HIIT+EMS 

group compared to the control group and the 

PAR group (all P≤0.044), whereas an 

increment of LMI was only observed in the 

HIIT+EMS group compared to the control 

group and the PAR group (all P≤0.042). A 

significant increase of bone mineral content 

was observed in the HIIT+EMS group 

compared to the control group (P=0.015), 

while no changes were found in the PAR 

group and in the HIIT group compared to the 

control group (all P≥0.2).  

Our findings suggest that PAR, HIIT and 

HIIT+EMS can be used as a strategy to 

improve body composition parameters, 

obtaining slightly better results with the 

application of HIIT+EMS.
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BACKGROUND 

It is well-known that exercise training 

provides important benefits on body 

composition 1. Concurrent training (which 

combines resistance and endurance training) 

induced a decrease of FM and an increment of 

LM in both sedentary men 2 and women 3. 

Moreover, it has been previously reported 

that a resistance training program improved 

BMD in sedentary men 4 and women 5. 

However, considering that time constraints 

have been usually reported as the main 

limitation to follow an exercise program 6, 

HIIT seems to be a feasible time-efficient 

strategy to improve body composition 7. A 

recent systematic review observed that 

moderate intensity continuous exercise 

programs and HIIT programs result in similar 

improvements in FM in overweight and obese 

sedentary individuals, thus, considering that 

HIIT programs imply 40% less time 

commitment each week, the authors 

concluded that HIIT can be considered a time-

efficient alternative for managing overweight 

and obese individuals 7. In addition, Nybo et 

al. showed that LM and BMC remained 

unchanged after a HIIT program, whereas 

significant improvements in LM and BMC 

were obtained after the application of a 12-

weeks resistance training program 8. Taken 

together, the above findings suggested that 

positive but inconclusive results have been 

previously reported about the influence of 

HIIT on body composition parameters for 

individuals with different ages and biological 

characteristics. 

Despite HIIT is currently the trendiest time-

efficient exercise method, alternative exercise 

training programs are arising. WB-EMS is 

able to stimulate all the main muscle groups 

with dedicated intensity simultaneously 9, 

and has become increasingly popular during 

the last decade. A total of 20 studies have 

investigated its influence on physical fitness 

and health in trained and untrained 

individuals, and in patients who cannot 

perform conventional modalities of exercise 

because of physical or mental illness 10–29.  

Most of these studies (n=10) have examined 

the role of WB-EMS on body composition 

parameters 10,11,14,17,19,21,23,26,28,29, showing that 

this training modality induced a generally 

decrease of FM and a generally increase of LM 

in (i) sedentary older men 10,11  and women 

with sarcopenic obesity 17,29 (all of them aged 

>70 years old), (ii) in sedentary older women 

with obesity (aged >70 years old) 19, (iii) in 

moderately trained male runners 23, (iv) in 

sedentary healthy men (aged 30 to 50 years 

old) 28, and (v) in moderately trained healthy 

women (aged >55 years old) 21. In addition, a 

study conducted in sedentary older women 

with osteopenia (aged >70 years old) 

suggested that a 54-weeks WB-EMS program 

could be an option for maintaining BMD 14.  

To our knowledge, there is only one study 

comparing the effects of a HIIT-resistance 

program vs. a WB-EMS program 28. The main 

findings were that both of them were equally 

effective, attractive, feasible and time-efficient 



RESULTS & DISCUSSION 
 

307 

methods for combatting cardio-metabolic risk 

factors (which included FM, but not LM) in 

untrained middle-aged men 28. However, this 

study does not allow to know if there is an 

added effect on body composition parameters 

when WB-EMS is applied together with a 

HIIT program, since different exercises and 

training load approaches were performed in 

each experimental group (HIIT-resistance vs. 

low-intensity resistance program with WB-

EMS). Moreover, there is a lack of studies 

comparing the influence of different exercise 

training programs (i.e. concurrent training vs. 

HIIT vs. HIIT+EMS) on body composition 

parameters in sedentary middle-aged adults. 

Therefore, this study aimed to investigate the 

effects of different exercise training programs 

([i] a PAR group, [ii] a HIIT group, and [iii] a 

HIIT+EMS group) on body composition 

parameters in sedentary middle-aged adults.  

MATERIAL & METHODS 

Participants 

A total of 89 middle-aged adults (52.7 % 

women), aged between 45-65 years were 

enrolled in the FIT-AGEING study, an 

exercise-based randomized controlled trial 

(clinicaltrial.gov: ID: NCT03334357) 30. The 

study was approved by the Ethics Committee 

on Human Research at the University of 

Granada and “Servicio Andaluz de Salud” 

(CEI-Granada) [0838-N-2017] and all 

participants signed an informed consent. The 

study protocols and experimental design 

were applied in accordance with the last 

revised ethical guidelines of the Declaration 

of Helsinki. The participants were recruited 

from the province of Granada (Spain) using 

social networks, local media, and posters. 

Interested individuals were screened via 

telephone, and/or e-mail. Inclusion criteria 

were: (i) to be sedentary (<20 minutes of 

moderate-intensity physical activity on 3 

days/week over the last three months); (ii) to 

have a stable weight over the last 6 months; 

(iii) to be free of disease, pregnant or lactating 

women; (iv) not taking any medication 

and/or (v) to suffer major illness that would 

limit the capacity to perform all exercise 

training program. Baseline and follow-up 

assessment were performed at the same 

setting [Centro de Investigación Deporte y Salud 

(CIDS) at the University of Granada]. 

Study design  

A 12-week randomized control trial with a 

parallel group design was conducted 

following the CONSORT (Consolidated 

Standards of Reporting Trials) guidelines 31. 

After the baseline examination, the 

participants were randomly assigned into 4 

different groups using a computer-generated 

simple randomization: (i) the control group 

(no exercise), (ii) the PAR group, (iii) the HIIT 

group, and (iv) the HIIT+EMS group. The 

participant's randomization allocation was 

blinded to the assessment staff.  All 

participants were requested not to modify 

their dietary and physical activity habits the 
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same as before the study, except for those in 

the exercise group, who were instructed not 

to do additional exercise as per their 

intervention programs.  

Exercise training programs 

A specific description of each exercise 

training program can be found elsewhere 30. 

Briefly, the PAR group performed a 

concurrent training based on the minimum 

physical activity recommended by the World 

Health Organization 32. Training frequency 

was 3 sessions/week for 12 weeks. Training 

volume was 150 min/week at 60-65% of the 

HRres for the endurance training. Treadmill, 

cycle-ergometer, and elliptical ergometer 

were used to perform the endurance training. 

Resistance training volume was ~60 

min/week, and the intensity was set at 40-

50% of 1RM. Weight bearing, and guided 

pneumatic machines were used to perform 

the resistance training (i.e. squat, bench press, 

dead lift, or lateral pull down). The 

participants did compensatory exercises (core 

stability, flexibility, and stabilizers muscles) 

to minimize risk of injuries as well as to 

encourage training adherence.  

The HIIT group performed a high intensity 

interval program characterized by short and 

intermittent efforts of vigorous activity, 

interspersed with resting periods at passive 

or low-intensity exercises. The participants 

exercised 2 days/week for 12 weeks 

following 2 different complementary 

protocols alternatively 33: (i) HIIT with long 

intervals (type A session), and (ii) HIIT with 

short intervals (type B session). The training 

volume was 40-65 min/week, and the 

training intensity was >95% of VO2max in 

type A session, and 6-9 of the ratings of 

perceived exertion scale 34 in type B session. 

The exercise chosen for type A session was 

treadmill with a personalized slope, and the 

exercises programmed for the type B session 

were 8 weight-bearing exercises in circuit 

form (i.e. squat, dead lift, high knees up, high 

heels up, push up, horizontal row, lateral 

plank, and frontal plank). 

The HIIT+EMS group performed a training 

program that followed the same structure that 

HIIT in terms of training frequency, training 

volume, training intensity and type of 

exercise. However, we included WB-EMS to 

check whether this training program induces 

an additional effect on body composition 

parameters. Bipolar, symmetrical, and 

rectangular electric pulse was applied with: 

(i) a frequency of 15-20 hertz in type A 

sessions, and 35-75 hertz in type B sessions, 

(ii) an intensity of 100 milliamps in type A 

sessions, and 80 milliamps in type B sessions, 

(iii) an impulse breadth of 200-400 µsec (thigh 

zone=400 μsec, glute zone=350 μsec, 

abdominal zone=300 μsec, dorsal 

zone=250 μsec, cervical zone=200 μsec, chest 

zone=200 μsec, and arm zone=200 μsec), and 

(iv) a duty cycle (ratio of on-time to the total 

cycle time: % duty cycle = 100/ [total 

time/on-time]) of 99% in type A sessions, and 

50-63% in type B sessions. A WB-EMS device 
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manufactured by Wiemspro® (Malaga, 

Spain) was used. 

All training sessions started with a dynamic 

standardized warm-up, that included general 

mobility exercises, and ended with a cooling-

down protocol (active global stretching), 

which alternated 5 posterior chain exercises 

with 5 anterior chain exercises. A gradual 

progression was also proposed to control the 

exercise dose in each training group 30. No 

adverse events were registered in any group.  

Body composition assessment 

Body composition assessment was performed 

before and after the intervention program. 

Weight and height were measured without 

shoes and with light clothing, using a pre-

validated scale and stadiometer (model 799, 

Electronic Column Scale, Hamburg, 

Germany) and the BMI was calculated 

(weight/height2). WC was assessed at the 

mid-point between the bottom of the rib cage 

and the iliac crest at the end of a normal 

expiration, and HC was measured at the 

widest point of the hip. WHr was calculated 

by dividing waist measurement by hip 

measurement. 

A dual-energy X-ray absorptiometry scanner 

(Discovery Wi, Hologic, Inc., Bedford, MA, 

USA) was used to measure FM (kg), VAT (g), 

LM (kg), and BMC (g) following the 

manufacturer’s recommendations. The 

whole-body scan was used to obtain all body 

composition parameters. LMI was calculated 

as LM in kg divided by height in meters2, FMI 

as FM in kg divided by height in meters2, and 

BMD as BMC in g divided by the total bone 

surface in centimeters2. FM was also 

expressed as percentage of weight.  

Physical activity and sedentary 
time assessment 

We measured physical activity levels with a 

wrist-worn accelerometer (ActiGraph 

GT3X+, Pensacola, FL, US) during 7 

consecutive days (24 hours/day) before and 

after the intervention program 30. The 

participants were cited in the research center, 

and we gave specific instruction about how to 

wear the accelerometer, including to remove 

it only during water activities (bathing or 

swimming) between others. A sampling 

frequency of 100 Hz were selected to store 

raw accelerations 35. We used the ActiLife 

v.6.13.3 software (ActiGraph, Pensacola, FL, 

US) to export and convert raw data to “.csv” 

format. Then, these files were processed with 

the GGIR package (v. 1.5-12, https://cran.r-

project.org/web/packages/GGIR/) in R (v. 

3.1.2, https://www.cran.r-project.org/). 

Briefly, the processing methods included a 

local gravity data auto-calibration 36, a  

Calculation of the Euclidean Norm Minus 

One, determination of non-wear time based 

on the raw acceleration of the three axes, 

identification of abnormal high accelerations 

that indicate a malfunctioning of the 

accelerometers, imputation of non-wear time 

and abnormal high accelerations, 

determination of waking and sleeping time 

by an automatized algorithm guided by the 
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participants’ diary reports 37 and the 

calculation of sedentary time, LPA, MPA, 

VPA and MVPA using age-specific cut-points 

for Euclidean Norm Minus One 38. We 

included in the analysis only participants 

which wearing the accelerometers for at least 

16 hours/day during 4 days (including 1 

weekend day). 

Dietary intake assessment 

Dietary intake was registered before and after 

the intervention program by the average of 

three 24-hours recalls collected on non-

consecutive days (one weekend day 

included), which is a valid method to 

determine energy intake to within 8–10% of 

the real energy intake 39. We conducted an 

interview, in which a detailed description of 

the food consumed by the participants were 

recorded. To help estimate the quantity of 

food consumed, we used a coloured 

photographs of different portion sizes of 

foods. The EvalFINUT ® software, which is 

based on USDA (U.S. Department of 

Agriculture) and BEDCA (“Base de Datos 

Española de Composición de Alimentos”) 

databases, was used to determine energy 

intake and macronutrient content derived 

from the three 24-hours recalls. 

Statistical analysis 

Sample size calculations were based on a 

minimum predicted 15% change in FMI, LMI 

and BMD between the intervention groups 

and the control group, with an expected SD of 

15%. A sample size of 14 participants was 

predicted to provide a statistical power of 

85% considering a type I error of 0.05, based 

on a pilot study. However, we recruited a 

minimum of 20 participants per group (a total 

of 80) to accommodate for a maximum loss of 

25% at follow-up. 

Data was assessed for normality to ensure 

that the assumptions of the analysis were met, 

using Shapiro-Wilk test, visual check of 

histograms, and Q-Q plots). The descriptive 

parameters are reported as mean and SD. 

We conducted repeated-measures ANOVA to 

determine changes in BMI, WC, HC, WHr, 

FM, FM percentage, FMI, VAT, LM, LMI, 

BMC, and BMD across time, between groups, 

and the interaction (time*group). We 

conducted a Student’s t tests for paired values 

to determine differences in dependent 

variables before and after the intervention 

programme. The same analysis was used to 

determine changes in dietary intake, 

macronutrient content, sedentary time and 

physical activity levels. 

We conducted ANCOVA to analyse the effect 

of the groups (fixed factor) on body 

composition parameters, i.e. post-BMI minus 

pre-BMI (dependent variable), adjusting for 

the baseline values. The same analyses were 

conducted for changes in WC, HC, WHr, FM, 

FM percentage, FMI, VAT, LM, LMI, BMC 

and BMD. All group-related changes were 

adjusted by age, sex, changes in dietary 

intake, changes in macronutrient content, 

changes in sedentary time and/or changes in 
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physical activity levels when it was required. 

To determine changes between all exercise 

modalities, we applied Bonferroni post hoc 

tests with adjustment for multiple 

comparisons. 

The level of significance was assumed at 

P≤0.05. We used the Statistical Package for 

Social Sciences (SPSS, v. 22.0, IBM 

Corporation, Chicago, IL, USA) to perform 

the statistical analysis. Graphical plots were 

generated using GraphPad Prism 5 

(GraphPad Software, San Diego, CA, USA). 

RESULTS 

Participant flow-chart is presented in Figure 

1. Loss to follow-up was 27% (control group: 

36%; PAR: 24%; HIIT: 30%; HIIT+EMS: 17%). 

The main reasons were that participants 

reported not having time (control group: n=1; 

PAR: n=2; HIIT: n=3; HIIT+EMS: n=1), 

medical reasons (control group: n=3; HIIT: 

n=1), job related relocation (control group: 

n=1; PAR: n=1; HIIT: n=1; HIIT+EMS: n=2), or 

disagreement with the randomization 

(control group: n=2), while a total of 6 

participants (control group: n=1; PAR: n=2; 

HIIT: n=2; HIIT+EMS: n=1) did not report any 

reason to leave the study. A total of 65 

participants were included in the analysis. 

Participants attended to 98.9% (605 of 612 

sessions), 97.8% (399 of 408 sessions), and 

99.3% (453 of 456 sessions) of their supervised 

exercise sessions in PAR, HIIT and 

HIIT+EMS, respectively, from baseline to 

week 12.  

Table 1 describes the baseline and post-

intervention characteristics of the total groups 

and of each separate group. There were no 

significant differences between groups on any 

baseline characteristic. There were a nearly 

equal number of men and women in each 

group. 

Figure 2 shows BMI, WC, HC and WHr before 

and after the intervention study. A significant 

time*group interaction was found in WC and 

WHr (P<0.001 and P=0.006, respectively). 

BMI decreased in the PAR group as well as in 

the HIIT+EMS group (P=0.006 and P=0.050, 

respectively.  

WC decreased in the PAR group as well as in 

the HIIT group and in the HIIT+EMS group 

(P=0.027, P<0.001, and P<0.001, respectively). 

HC decreased in the HIIT group as well as in 

the HIIT+EMS group (P=0.008, and P=0.005, 

respectively). WHr decreased in the HIIT 

group as well as in the HIIT+EMS group 

(P<0.001, and P<0.001, respectively). 

However, no significant differences were 

observed in the control group in any case (all 

P>0.077). 

A significant time*group interaction was 

found for FM, FM percentage, FMI and VAT 

(P=0.002, P=0.004, P=0.008 and P=0.005, 

respectively, Figure 3). FM, FM percentage, 

FMI and VAT decreased in the PAR group as 

well as in the HIIT group and in the 

HIIT+EMS group (all P≤0.003). However, we 

found no significant differences in the control 

group in any case (all P>0.8). 

A significant time*group interaction was 

found in LM, LMI, BMC and BMD (P=0.003,
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Figure 1. Flow-chart diagram. Abbreviations: BMI; body mass index, CDV; cardiovascular, ECG; 
electrocardiogram, PAR; Physical Activity Recommendations for adults proposed by the World 
Health Organization group, HIIT; High Intensity Interval Training group, HIIT+EMS; HIIT plus 
Whole-Body Electromyostimulation group. 
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P=0.002, P=0.021 and P=0.002, respectively, 

Figure 4). LM and LMI increased in the PAR 

group as well as in the HIIT group and in the 

HIIT+EMS group (all P≤0.022). BMC 

increased in the HIIT+EMS group (P=0.043). 

However, we found no significant differences 

in the control group in any case (all P>0.1). 

Figure 5 shows changes in BMI, WC, HC and 

WHr after the intervention study among the 4 

groups. ANCOVA revealed significant 

differences between groups in BMI, WC and 

WHr (P=0.002, P<0.001 and P=0.005, 

respectively), whereas no significant 

differences were noted in HC (P=0.621). The 

results persisted in all cases when sex, age, 

total physical activity changes and total 

energy intake changes were included in the 

model as a covariate (BMI: all P≤0.005, WC: all 

P≤0.001, HC: all P≥0.6, and WHr: all P≤0.005, 

see Table 2). Compared with HIIT and 

HIIT+EMS, BMI decreased in PAR (P=0.011 

and P=0.029, respectively). Moreover, a 

significantly lower WC were noted in HIIT 

and HIIT+EMS groups compared with the 

control group (P<0.001 and P=0.002, 

respectively). 

Figure 6 shows changes in FM, FM 

percentage, FMI and VAT after the 

intervention study in the 4 groups. ANCOVA 

revealed significant differences between 

groups in FM, FM percentage, FMI and VAT 

(all P<0.001). The results persisted in all cases 

when sex, age, total physical activity changes 

and total energy intake changes were 

included in the model as a covariate (FM: all 

P<0.001, FM percentage: all P<0.001, FMI: all 

P<0.001, and VAT: all P<0.001, see Table 2). 

DISCUSSION 

Here we studied the effects of different 

exercise training programs on body 

composition parameters in sedentary middle-

aged adults. The primary findings of this 

randomized control trial were that: (i) A 

significant decrease of FM, FM percentage, 

FMI and VAT were observed in the PAR 

group as well as in the HIIT+EMS group 

compared to the control group. (ii) There was 

significant increase in LM in the HIIT group 

as well as in the HIIT+EMS group compared 

to the control group, whereas an increment of 

LMI was only observed in the HIIT+EMS 

group compared to the control group and the 

PAR group. (iii) A significant increase of BMC 

was observed in the HIIT+EMS group 

compared to the control group, while no 

changes were found in the PAR group and in 

the HIIT group compared to the control 

group. 
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Figure 2. Changes in body mass index (A), waist circumference (B), hip circumference (C) and waist-
hip ratio (D) before and after the intervention study. P value (time, group, and interaction 
[time*group]) of repeated measures ANOVA. * P <0.05; ** P < 0.01; *** P < 0.001 obtained by Student's 
paired t-test. Abbreviations: PAR; Physical Activity Recommendations for adults proposed by the 
World Health Organization group, HIIT; High Intensity Interval Training group, HIIT+EMS; HITT 
plus Whole-Body Electromyostimulation group, BMI; Body Mass Index, WC; Waist Circumference, 
HC; Hip Circumference, Whir; Waist-Hip Ratio. 
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Figure 3. Changes in fat body mass (A), fat body mass percentage (B), fat body mass index (C) and 
visceral adipose tissue (D) values before and after the intervention study. P value (time, group, and 
interaction [time*group]) of repeated measures ANOVA. * P <0.05; ** P < 0.01; *** P < 0.001 obtained 
by Student's paired t-test. Abbreviations: PAR; Physical Activity Recommendations for adults 
proposed by the World Health Organization group, HIIT; High Intensity Interval Training group, 
HIIT+EMS; HIIT plus Whole-Body Electromyostimulation group, FM; Fat Body Mass; FMI; Fat 
Body Mass Index, VAT; Visceral Adipose Tissue. 
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Figure 4. Changes in lean body mass (A), lean body mass index (B), bone mineral content (C) and 
bone mineral density (D) values before and after the intervention study. P value (time, group, and 
interaction [time*group]) of repeated measures ANOVA. * P <0.05; ** P < 0.01; *** P < 0.001 obtained 
by Student's paired t-test. Abbreviations: PAR; Physical Activity Recommendations for adults 
proposed by the World Health Organization group, HIIT; High Intensity Interval Training group, 
HIIT+EMS; HIIT plus Whole-Body Electromyostimulation group, LM; Lean Body Mass, LMI; Lean 
Body Mass Index, BMC; Bone Mineral Content, BMD; Bone Mineral Density. 
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Table 2. Changes in body composition outcomes adjusted by baseline values (Model 1) adjusted by 
baseline values and sex (Model 2), by baseline values and age (Model 3), by baseline values and total 
physical activity changes (Model 4), and by baseline values and total energy intake changes (Model 5). 
 ANCOVA P value 
 Model 1 Model 2 Model 3 Model 4 Model 5 
BMI (kg/m2) 0.002 0.005 0.002 0.002 0.003 
WC (cm) <0.001 <0.001 <0.001 0.001 <0.001 
HC (cm) 0.621 0.679 0.758 0.630 0.879 
WHr 0.005 0.003 0.012 0.013 0.007 
FM (kg)  <0.001 <0.001 <0.001 <0.001 <0.001 
FM (%) <0.001 <0.001 <0.001 <0.001 <0.001 
FMI (kg/m2) <0.001 <0.001 <0.001 <0.001 <0.001 
VAT (g) <0.001 <0.001 <0.001 <0.001 <0.001 
LM (kg) 0.001 <0.001 <0.001 0.047 0.010 
LMI (kg/m2) <0.001 <0.001 <0.001 0.012 0.003 
BMC (g) 0.020 0.030 0.041 0.094 0.049 
BMD (g/cm2) 0.179 0.250 0.273 0.200 0.290 

Figure 5. Changes in body mass index (A), waist circumference (B), hip circumference (C) and waist-
hip ratio (D) after the intervention study among the four groups. Data are shown as means ± standard 
deviation. ¥ P<0.05 Control vs. HIIT; ϕ P<0.05 Control vs. HIIT+EMS; § P<0.05 PAR vs. HIIT; ‡ P<0.05 
PAR vs. HIIT+EMS, ANCOVA adjusting by baseline values, with post hoc Bonferroni-corrected t-test. 
Abbreviations: PAR; Physical Activity Recommendations for adults proposed by the World Health 
Organization group, HIIT; High Intensity Interval Training group, HIIT+EMS; HIIT plus Whole-Body 
Electromyostimulation group, BMI; Body Mass Index, WC; Waist Circumference, HC; Hip 
Circumference; Whir; Waist-Hip Ratio. 
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Figure 6. Changes in fat body mass (A) fat body mass percentage (B), fat body mass index (C) and 
visceral adipose tissue (D) after the intervention study among the four groups. Data are shown as 
means ± standard deviation, unless panel A, shown as changes from baseline (%) ± standard 
deviation.  * P<0.05, Control vs. PAR; ϕ P<0.05 Control vs. HIIT+EMS, ANCOVA adjusting by 
baseline values, with post hoc Bonferroni-corrected t-test. Abbreviations: PAR; Physical Activity 
Recommendations for adults proposed by the World Health Organization group, HIIT; High 
Intensity Interval Training group, HIIT+EMS; HIIT plus Whole-Body Electromyostimulation 
group, FM; Fat Body Mass, FMI; Fat Body Mass Index, VAT; Visceral Adipose Tissue. 
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Figure 7. Changes in lean body mass (A), lean body mass index (B), bone mineral content (C), bone 
mineral density (D) after the intervention study among the four groups. Data are shown as means 
± standard deviation. ¥ P<0.05 Control vs. HIIT; ϕ P<0.05 Control vs. HIIT+EMS; ‡ P<0.05 PAR vs. 
HIIT+EMS, ANCOVA adjusting by baseline values, with post hoc Bonferroni-corrected t-test. 
Abbreviations: PAR; Physical Activity Recommendations for adults proposed by the World Health 
Organization group, HIIT; High Intensity Interval Training group, HIIT+EMS; HIIT plus Whole-
Body Electromyostimulation group, LM; Lean Body Mass, LMI; Lean Body Mass Index, BMC; Bone 
Mineral Content, BMD; Bone Mineral Density. 
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It has been previously reported that 

concurrent training induces a decrease of FM 

and an increase of LM in sedentary men after 

3 sessions/week (55-70% of VO2max intensity 

for endurance training, and 65-85 % of 1RM 

intensity for resistance training) during a 24-

weeks intervention (-4% in FM and +2% in 

LM) 2, and in sedentary women after 3 

sessions/week (that included endurance 

training at moderate intensity, and 2 rounds 

of 9 resistance exercises with 1 set of  8–12 

repetition maximum) during 10 weeks (-5% in 

FM and +8% in LM) 3. These results agree 

with our findings, since a significant decrease 

of FM and a significant increase of LM (-4% in 

FM and +4% in LM) were obtained in PAR. 

A recent meta-analysis (which included a 

total of 39 studies) concluded that HIIT 

significantly reduces FM (-6%), especially 

VAT (-8%) in sedentary individuals with a 

BMI ranged from 18.5 to 35 kg/m2. These 

results are quite similar than those obtained 

by Wewege et al. 7 in a systematic review and 

meta-analysis that studied the effects of 

moderate intensity continuous exercise 

programs vs. HIIT programs on FM in 

sedentary individuals, concluding that both 

exercise training programs appear to be 

similarly effective on FM reduction (-7% in 

both cases) after a ~10-weeks training 

program. However, no changes in LM were 

observed neither after moderate intensity 

continuous exercise programs nor after HIIT 

programs 7. Moreover, Nybo et al. 8 also 

compared a 12-weeks moderate intensity 

continuous exercise program vs. 12-weeks 

HIIT program in untrained men, showing no 

significant changes in LM and in BMC in both 

cases. However, they included an additional 

resistance training exercise program which 

performed 3-4 sets of strength exercises with 

an intensity of 12 to 16 repetition maximum (2 

sessions/week): this group showed a 

significant increase of both LM (+3%) and 

BMC (+2%) 7. These results agree with those 

obtained by Kukuljan et al. 4 and Sañudo et al. 

5 that showed a significant increase of BMD 

after a resistance training program in 

sedentary men and women (+1-2% in both 

cases). Despite the significant decrease of FM 

and increase of LM found in the HIIT group (-

5%   and +5%, respectively), partly consistent 

with previous findings 2,4,7,8,40, no significant 

changes were noted in BMC. The lack of 

improvements in BMC can be attributed to 

the short duration of our intervention 

program, since longer exercise training 

program are usually required to improve 

BMC 4,5.  

A number of studies have previously 

examined the role of WB-EMS on body 

composition parameters, showing that this 

training modality induced a decrease of FM 

and an increase of LM in individuals with 

different ages and biological characteristics 

10,11,14,17,19,21,23,26,28,29. Curiously, the exercise 

training methodology proposed in all of these 

studies was similar: (i) 10–14 dynamic 

exercises (without any additional weights) 

structured in 1-2 sets of 8 repetitions, (ii) 

impulse frequency of 85 Hz, (iii) impulse 

width of 350 µs, (iv) duty cycle of 50%. 
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Despite the different exercise training 

program durations (ranged from 14 to 55 

weeks) and the fact that these WB-EMS 

programs were performed in individuals 

with different ages and biological 

characteristics, they showed a decrease of FM 

(ranged from -8.5 to -0.5% of FM), an increase 

of LM (ranged from +0.5 to +2.5% of LM), and 

an slight increase of BMD (+0.5%) 

10,11,14,17,19,21,23,26,28,29. These results concur with 

our findings that revealed a significant 

decrease of -7% in FM, a significant increase 

of +7% in LM and a significant increase of 

+1.5% in BMC. The reasons why we obtained 

similar improvements in body composition 

after the application of short-term WB-EMS 

programs than the above-mentioned studies 

(12 weeks vs. 14 to 55 weeks) could be that: (i) 

Our study participants were sedentary 

middle-aged adults, whereas the majority of 

the previous studies included sedentary older 

adults with obesity, sarcopenic obesity 

and/or osteopenia. (ii) We designed a 

periodized and functional exercise program 

based on HIIT adding WB-EMS, while the 

previous studies applied a low-intensity 

resistance program with WB-EMS (6-9 vs. 1-7 

of the ratings of perceived exertion scale 34). 

(iii) We applied different electrical 

parameters compared with those selected by 

the above-mentioned studies, taking into 

account the biological characteristics of our 

study participant’s and based on the scientific 

evidence 41, aiming to maximize the positive 

effects induced by this training modality. 

The additional body composition 

improvements obtained by the HIIT+EMS 

group (specially in LM) could be consequence 

of a greater number of muscle contractions 

promoting a higher muscle mechanical 

tension, muscle damage, and muscle 

metabolic stress which are the main 

mechanism of muscle hypertrophy 42.  

Limitations 

This study had a number of limitations. Due 

to the limited sample size, our study might 

have been underpowered to detect statistical 

differences in specific body composition 

parameters between the different training 

modalities, although we found a decrease of 

FM, FM percentage, FMI and VAT, and an 

increase of LM and LMI in the PAR group as 

well as in the HIIT group and in the 

HIIT+EMS group compared with the control 

group. Our study only included sedentary 

middle-aged adults, and hence we cannot 

extend these findings to older, younger, 

and/or physically active individuals. 

CONCLUSION 

In conclusion, our results show that the PAR 

group, the HIIT group and the HIIT+EMS 

group induced a decrease of FM related 

parameters compared to the control group, 

while only the HIIT group and the HIIT+EMS 

group showed an increase of LM related 

parameters compared to the control group in 

sedentary middle-aged adults. Moreover, a 

significantly increase of BMC were observed 
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in the HIIT+EMS group compared to the 

control group in sedentary middle-aged 

adults. 

Perspectives 

Our findings suggest that a HIIT program 

adding or not WB-EMS, as well as a 

concurrent training programs based on 

physical activity recommendation from the 

World Health Organization can be used as a 

strategy to improve body composition 

parameters related to high-incidence 

pathologies such us obesity, sarcopenia and 

osteoporosis, obtaining slightly better results 

with the application of a HIIT+EMS program 

(specially in term of LM and BMC). Moreover, 

when designing a WB-EMS program, we 

encourage to consider the biological 

characteristics of the study participant’s (age, 

sex, or training status among others), since its 

optimization in terms of electrical parameters 

(i.e. impulse frequency, impulse intensity, 

impulse breadth and duty cycle) may increase 

its effects on body composition and health-

related parameters.
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Chapter 11:  
Changes in physical 
fitness after 12 weeks 
of structured 
concurrent exercise 
training, high 
intensity interval 
training, or whole-
body 
electromyostimulation 
training in sedentary 
middle-aged adults: a 
randomised 
controlled trial  
(Study 15)
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ABSTRACT 

This study aimed to investigate the influence 

of different exercise training modalities ([i] 

PAR group, [ii] a HIIT group, and [iii] a 

HIIT+EMS group) on physical fitness in 

sedentary middle-aged adults.  

A total of 89 (52.7% women) middle-aged 

sedentary adults (53.7±5.1 years old) were 

enrolled in the FIT-AGEING study. 

Cardiorespiratory fitness was determined by 

a maximum treadmill test using indirect 

calorimetry. Lower, upper, and core body 

muscular strength were assessed by an 

isokinetic strength test, by the handgrip 

strength test, and by several core strength 

endurance tests, respectively.  

All the exercise types induced similar 

increases on cardiorespiratory fitness (Δ 

VO2max≥11%, Δ maximal heart rate≥8%, 

and Δ total test duration ≥14%; all P≤0.034), 

as well as on muscular strength (Δ extension 

and flexion peak torque≥10%, Δ total hand 

grip ≥3%, Δ core strength endurance 

tests≥20%; all P≤0.050) compared with a 

control group.  

In conclusion, our results suggest that a 12-

week structured exercise intervention 

improves physical fitness regardless of the 

training programme in sedentary middle-

aged adults. Despite slightly greater 

improvements in some physical fitness 

variables, the changes observed in the 

HIIT+EMS group were not superior to the 

other exercise programmes.
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BACKGROUND 

Cardiorespiratory fitness and muscular 

strength have been positioned as two 

independent powerful health markers 1. 

Epidemiological studies have indicated an 

inverse association of VO2max with coronary 

heart disease, cardiovascular disease events, 

different types of cancer, and all-cause 

mortality in both men and women of different 

ages, which is unaffected by different factors, 

such as alcohol or tobacco consumption 2,3. 

Furthermore, a recent review article proposed 

that muscular strength is negatively 

associated with all-cause mortality even after 

controlling for physical activity levels and 

VO2max 4–6. 

Several studies have shown that physical 

exercise is an effective strategy to fight against 

the high prevalence of chronic diseases 7, 

improving physical fitness, and, 

consequently, increasing quality of life 5,8–13. It 

is well-known that the application of different 

training modalities produce important, but 

not similar health-related physiological 

adaptations 14,15. The World Health 

Organization recommended performing 

concurrent training combining endurance 

(>150 min/week) and resistance training (>2 

sessions/week) 16. Unfortunately, the lack of 

free time is the principal barrier to do exercise 

in developed countries 17. In this context, 

alternative and less time-consuming training 

methodologies that allow us to maximize the 

potential benefits induced by exercise have 

recently emerged. 

HIIT has been positioned as an efficient 

alternative 18 to induce improvements on 

VO2max 19–21 and muscular strength 22,23 

simultaneously 23, offering potentially better 

results in older and less fit individuals 23. 

Although HIIT has been considered the most 

popular time-efficient exercise methodology, 

new training tendencies are emerging. 

Several studies have recently investigated the 

effects of WB-EMS on health-related 

parameters 24–33. WB-EMS is a novel training 

technology that simultaneously innervates up 

to 12 main muscle groups with a specific 

electrical intensity. Previous studies have 

investigated its effects on physical fitness in 

trained and untrained individuals showing 

that this training methodology induced a 

general increase in maximum dynamic and 

isometric leg-press strength, vertical jump 

performance, and maximum hand grip 

strength 24–33. Furthermore, an increment in 

VO2max has recently been reported after a 6-

week WB-EMS programme in recreational 

runners 24,25. 

Little is known about whether different 

exercise training methodologies could induce 

different effects on health-related parameters. 

In this sense, Kemmler et al. compared the 

influence of a HIIT programme versus a WB-

EMS programme. The authors concluded that 

both training methodologies were equally 

effective to improve the cardio-metabolic risk 

profile in sedentary middle-aged men 32. 

However, there are no studies that compare 

the effects of different exercise training 

methodologies on physical fitness in 
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sedentary middle-aged adults. Thus, the 

purpose of this study was to compare the 

influence of traditional concurrent training 

vs. HIIT adding or not WB-EMS on physical 

fitness in sedentary middle-aged adults.  

MATERIAL & METHODS 

Participants 

A total of 89 participants (52.7% women) were 

assessed for eligibility following recruitment 

via social networks, local media, and posters. 

Prior to the enrolment, all potential 

individuals completed a medical examination 

to identify any pathological condition and 

current medication that could affect the 

ability to complete the required exercise 

training and testing. The inclusion criteria 

were as follows: (i) adults aged between 45 

and 65 years old, (ii) not to be physically 

active (<20 minutes of moderate-intensity 

physical activity on 3 days/week over the 

previous three months), (iii) to have a stable 

weight during the previous 6 months (weight 

changes <3 kg), and (iv) not to have a history 

of cardiovascular disease, diabetes mellitus, 

cancer, and/or major illness (acute or chronic) 

including any that can limit the ability to 

complete the necessary exercises. A total of 15 

participants dropped out between the 

randomisation and the follow-up due to (i) 

not having time (n=6), (ii) medical reasons 

(n=2), (iii) job related relocation (n=3), and 

(iv) other reasons (n=4). A total of 74 

participants were included in the final 

analysis. All participants provided a written 

informed consent to participate in the current 

study (http://www.clinicaltrials.gov, ID: 

NCT03334357) which complied with the 

requirements of the last revised Declaration 

of Helsinki and was approved by the Human 

Research Ethics Committee of the “Junta de 

Andalucía” [0838-N-2017]. Figure 1 shows the 

flow of participants throughout the study. 

Study design 

A 12-week randomised controlled trial with a 

parallel group design following the 

CONSORT (Consolidated Standards of 

Reporting Trials) guidelines 34 was 

conducted. For practical and feasibility 

reasons, the study was conducted in 2 waves 

with 45 participants maximum. Following the 

baseline testing (September 2016 and 

September 2017, respectively), the 

participants were allocated into 4 different 

groups using a computer-generated simple 

randomisation software 35: [i] a PAR group, 

[ii] a HIIT group, and [iii] a HIIT+EMS group. 

The randomisation process was blinded to the 

assessment staff. All participants were 

instructed to maintain their usual physical 

activity levels and not to engage in other 

additional structured exercise outside of the 

intervention programme. 

Exercise training programmes 

A detailed description of each exercise 

training programme can be found elsewhere 
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36. An attendance of at least 90% of sessions 

was required to be included in the final 

analysis. All training sessions were 

performed in groups of 2 to 6 participants and 

a gradual progression was also scheduled in 

order to ensure a good adherence to each 

intervention group. 

The participants allocated in the PAR group 

completed 3 concurrent training sessions per 

week for 12 weeks with at least 48 hours of 

recovery between each session. A total of 150 

min/week at 60-65% of the HRres was 

established for the endurance training and 

~60 min/week at 40-50% of 1RM for the 

resistant training. Different ergometers (i.e. 

treadmill, cycle-ergometer, and elliptical 

ergometer) were selected to conduct the 

endurance training, and weight bearing and 

guided pneumatic machines were selected to 

conduct the resistance training (i.e. squat, 

bench press, dead lift, or lateral pull down). 

The participants allocated in the HIIT group 

completed 2 sessions/week for 12 weeks with 

at least 72 h of recovery between each session. 

The participants followed 2 different and 

alternative HIIT protocols 37,38, which 

included a HIIT with long intervals protocol  

and a HIIT with short intervals protocol. A 

volume of 40-65 min/week was established at 

>95% of VO2max in HIIT with long intervals, 

and 6-9 of the ratings of perceived exertion 

scale 39 in HIIT with short intervals. Treadmill 

with a personalised slope was the exercise 

modality applied in HIIT with long intervals, 

and 8 weight-bearing exercises (i.e. squat, 

dead lift, high knees up, high heels up, push 

up, horizontal row, lateral plank, and frontal 

plank) in circuit form was the exercise 

methodology applied in HIIT with short 

intervals. 

The participants allocated in the HIIT+EMS 

group completed a training programme with 

similar characteristics to those used for the 

HIIT group adding WB-EMS with a wireless 

device (Wiemspro®, Malaga, Spain).  

The electric pulse was bipolar, symmetrical, 

and rectangular with a frequency of 15-20 

hertz in HIIT with long intervals and 35-75 

hertz in HIIT with short intervals, an intensity 

of 100 milliamps in HIIT with long intervals, 

and 80 milliamps in HIIT with short intervals, 

an impulse breadth of 200-400 µsec in both in 

HIIT with long intervals and in HIIT with 

short intervals (thighs=400 μsec, 

glutes=350 μsec, abdominals=300 μsec, low 

back=250 μsec, mid back=250 μsec, high 

back=200 μsec, chest=200 μsec, and 

arms=200 μsec), and a duty cycle (ratio of on-

time to the total cycle time: % duty cycle = 

100/ [total time/on-time])  of 99% in HIIT 

with long intervals and 50-63% in HIIT with 

short intervals, considering previous 

methodological issues 40. 

A dynamic standardised warm-up and an 

active global stretching cooling-down 

protocol 36 were, respectively, completed at 

the beginning and at the end of each training 

session in all intervention groups 36. An extra 

effort was made to promote maximal 

attendance.  
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Figure 1: Flow-chart diagram. Abbreviations: BMI; body mass index, CDV; 
cardiovascular, ECG; electrocardiogram, PAR; Physical Activity Recommendations for 
adults proposed by the World Health Organization group, HIIT; High Intensity Interval 
Training group, HIIT+EMS; HIIT plus Whole-Body Electromyostimulation group. 
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For instance, the sessions were rescheduled 

when a participant was unable to attend due 

to work, family, or illness. The participants 

were constantly motivated throughout each 

training session and were instructed to reach 

the specific target intensity. Heart rate was 

continuously monitored during exercise at 5-

second intervals using a pulsometer (Polar 

RS300, Kempele, Finland). 

Anthropometric and body 
composition assessment 

We measured weight and height through a 

pre-validated scale and stadiometer (model 

799, Electronic Column Scale, Hamburg, 

Germany) with light clothes and barefoot. 

The BMI was also determined 

(weight/height2). 

Body composition was measured using a 

dual-energy X-ray absorptiometry scanner 

(Discovery Wi, Hologic, Inc., Bedford, MA, 

USA). A whole-body scan was used to obtain 

all parameters. FMI and LMI were calculated 

as FM divided by height2 (kg/m2) and LM 

divided by height2 (kg/m2), respectively. 

Dietary intake assessment 

We performed a total of three 24-hour recalls 

collected on non-consecutive days (one 

weekend day included) to determine the 

dietary intake before and after the 

intervention programme 41. Detailed 

information of the food consumed by the 

participants was obtained through an 

interview conducted by qualified nutrition 

expert. Coloured photographs of different 

food portions sizes were used to help estimate 

the quantity of food consumed 42. We used a 

specific software (EVALFINUT®, Ibero-

American Foundation of Nutrition, Spain) to 

calculate energy intake and macronutrient 

content averaging the three 24-hour recalls. 

 

Sedentary time and physical 
activity assessment 

Sedentary time and physical activity levels 

were assessed with a wrist-worn 

accelerometer (ActiGraph GT3X+, Pensacola, 

FL, US) during 7 consecutive days (24 

hours/day) before and after the intervention 

36. The ActiLife v.6.13.3 software (ActiGraph, 

Pensacola, FL, US) and the GGIR package (v. 

1.5-12, https://cran.r-

project.org/web/packages/GGIR/) in R (v. 

3.1.2, https://www.cran.r-project.org/) was 

used to process these files 43,44. The 

participants that did not wear the 

accelerometers for at least 16 hours/day 

during 4 days were discarded. 

Physical fitness assessment 

A maximum treadmill (H/P/Cosmos Pulsar 

treadmill, H/P/Cosmos Sport & Medical 

GMBH, Germany) exercise test following the 

modified Balke protocol 45 was used to 

determine the VO2max. We conducted a 

warm-up (walking at 3.5 km/h for 1 minute 

and at 4 km/h for 2 minutes) followed by an 

incremental protocol which started at a speed 
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of 5.3 km/h at 0% grade for 1 minute. The 

grade was then increased 1% every minute 

until the volitional extenuation of the 

participants was reached. An indirect 

calorimeter was used to continuously record 

the gas exchange (VO2 and VCO2) using an 

oronasal mask (model 7400, Hans Rudolph 

Inc, Kansas City, MO, USA) equipped with a 

prevent™ metabolic flow sensor 

(Medgraphics Corp, Minnesota, USA). We 

performed a flow calibration with a 3-L 

calibration syringe before the test every day. 

We calibrated the gas analyser before each 

test using two standard gas concentrations. 

The Breeze Suite software (version 8.1.0.54 

SP7, MGC Diagnostic®) was used to average 

VO2 and VCO2 every 5 seconds. The 6–20 

Borg scale 39 was applied to measure the RPE 

at each stage and at exhaustion (during the 

last 15 seconds). A familiarisation process 

with the RPE scale was conducted before the 

exercise test. We continuously recorded heart 

rate values (Polar RS800, Kempele, Finland) 

every 5 seconds. To reach a RER ≥ 1.1, a 

plateau in VO2 (change of <100 ml/min in the 

last 3 consecutive 10-second stages), and a 

heart rate between 10 beats/min of the age-

predicted maximal heart rate (209–0.73 ∗ age) 

46 were established as the criteria for 

achieving VO2max. If these criteria were not 

met, the peak oxygen uptake value during the 

exercise test was considered 47. The 

participants were asked to refrain from 

stimulant substances 24 hours before the 

exercise test, to fast for 3 hours, and not to 

perform any physical activity of moderate (24 

hours before) and/or vigorous intensity (48 

hours before). 

We used a validated isokinetic strength test 48 

on a separate day using a Gymnex Iso-2 

dynamometer (EASYTECH s.r.l., Italy) and 

following the same preconditions established 

in the maximum treadmill test protocol. We 

performed a concentric test of both knee 

flexor and extensor muscles at 60° s-1, 

stabilizing upper members, hips, and 

shoulders with safety belts. The rotational 

axis of the dynamometer was aligned with the 

lateral femoral condyle. We placed the force 

pad 3–4 cm above the medial malleolus. For 

safety reasons, we set the knee joint angle 

between 90° and 170°. We instructed the 

participants to submaximally flex and extend 

their knee five times and then to complete 

three maximal repetitions. A 1-minute rest 

was established between submaximal and 

maximal trials 48. We determined the flexion 

and extension peak torque as the single 

repetition with the highest muscular force 

output (Nm). We counterbalanced the limb 

order in the test. The participants were 

strongly motivated during the test. 

A digital hand dynamometer (T.K.K. 5401 

Grip-D; Takey, Tokyo, Japan) was used to 

assess hand grip strength (kg). Two attempts 

were made for each hand, with a 1-minute 

rest between each trial. We instructed the 

participants to continuously squeeze for 2-3 

seconds and asked them to exert their 

maximal force in every attempt. Following 

previous studies, we fixed the grip spam of 

the dynamometer at 5.5 cm for men and a 
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validated equation was used for women 49. 

We considered total hand grip strength as the 

sum of best attempt on the left and right hand, 

respectively. 

To assess the core strength performance, we 

conducted the following four endurance tests: 

(i) the trunk extensor isometric test, (ii) the 

trunk flexor isometric test, (iii) the side bridge 

test (which included both left and right sides), 

and (iv) the front plank test. The participants 

were given a minimum of 2 minutes between 

efforts to facilitate recovery. In short, the 

trunk extensor isometric test was modified 

from the Biering-Sorensen test 50, which has 

been previously validated as a reliable 

measure of back extensor performance 51. The 

participants lay prone with the lower body 

fixed to the test stretcher and keeping their 

upper bodies on the floor before the exertion. 

They were instructed to maintain the 

horizontal position as long as possible, 

manually recording the endurance time until 

the upper body came in contact with the floor. 

The trunk flexor endurance test required the 

participants to maintain a hip flexion of 60° 

from the floor, with their knees and hips 

flexed at 90° 51. The test ended when the 

participants were not able to hold the upper 

body below the 60° angle. The side bridge test 

consisted of participants lying on an exercise 

mat on their sides with their legs extended 51. 

The participants were instructed to lift their 

hips off the mat and support themselves on 

one elbow and their feet. The test ended when 

the hips touched the exercise mat. The front 

plank test required the participants to assume 

a prone position with their shoulders and 

elbows flexed at 90° 51. They had to maintain 

a straight, strong line from head to toes 

without lowering their hips and keeping their 

neck in a neutral position with 4 points of 

support (both forearms and both tiptoes). The 

test finished when the participants were not 

able to maintain the correct position. 

Statistical analysis 

Sample size calculations were based on a 

minimum predicted 15% change in VO2max 

and extension peak torque (with an estimated 

SD of 15%) between the control group and the 

exercise groups. Considering the results of a 

pilot study, 14 individuals per group were 

necessary to get a statistical power of 85% 

(type 1 error = 0.05) 52. Nevertheless, a 

minimum of 20 participants per group were 

recruited, since a maximum loss of 25% at 

follow-up was predicted. Data normality was 

checked using visual check of histograms, Q-

Q plots, and the Shapiro-Wilk test. 

A repeated-measures ANOVA was 

performed to study changes in 

cardiorespiratory fitness and muscular 

strength parameters (i.e. VO2max in absolute 

and relative terms, maximal heart rate, total 

test duration, extension peak torque, flexion 

peak torque, total hand grip, trunk extensor 

isometric test, side bridge test, and front 

plank test) across time, between groups, and 

the interaction (time*group). Student’s t tests 

for paired values were applied to determine 

intragroup differences in cardiorespiratory 
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fitness and muscular strength parameters 

before and after the intervention study. 

An ANCOVA was performed to study the 

effect of the groups (fixed factor) on 

cardiorespiratory fitness and muscular 

strength parameters, i.e. post-VO2max minus 

pre-VO2max (dependent variable), 

controlling for the baseline values. 

We conducted ANCOVA to analyse the effect 

of the intervention (group entered as fixed 

factor) on body composition parameters, i.e. 

post-VO2max minus pre-VO2max (dependent 

variable), adjusting for the baseline values. 

The same analyses were conducted for 

changes in maximal heart rate, total test 

duration, extension peak torque, flexion peak 

torque, total hand grip, trunk extensor 

isometric test, side bridge test, and front 

plank test. Bonferroni post hoc tests with 

adjustment for multiple comparisons were 

used to study changes between all exercise 

groups. 

We fixed the level of significance at P<0.05. 

The Statistical Package for Social Sciences 

(SPSS, v. 22.0, IBM Corporation, Chicago, IL, 

USA) was used to conduct the statistical 

analysis and the GraphPad Prism 5 

(GraphPad Software, San Diego, CA, USA) to 

make the graphical plots. 

RESULTS 

A total of 74 participants (39 women) were 

included in the analyses after a loss to follow 

up of 17% (see Figure 1). We registered an 

attendance of ~99%, ~98%, and ~99% of the 

supervised exercised sessions in the PAR 

group, the HIIT group, and the HIIT+EMS 

group, respectively from week 1 to week 12. 

The baseline characteristics of all participants 

and of each separate group are described in 

Table 1. No differences were observed in the 

baseline values between groups. 

Figure 2 shows cardiorespiratory fitness-

related variables before and after the 

intervention study. A significant time*group 

interaction was found in VO2max in absolute 

and relative values, and total test duration 

(P=0.007, P=0.006, and P=0.003, respectively), 

whereas a near-significant trend toward 

significance was observed in the time*group 

interaction in maximal heart rate (P=0.075). 

VO2max in absolute terms increased in the 

HIIT group as well as in the HIIT+EMS group 

(Δ VO2max=10%; P=0.033, and Δ 

VO2max=10%; P<0.001, respectively). 

VO2max in relative terms increased in the 

PAR group as well as in the HIIT group and 

in the HIIT+EMS group (Δ VO2max=11%; 

P=0.026, Δ VO2max=11%; P=0.024, and Δ 

VO2max=14%; P<0.001, respectively). Total 

test duration increased in the PAR group as 

well as in the HIIT group and in the 

HIIT+EMS group (Δ Total test duration=21%; 

P=0.040, Δ Total test duration=23%; P=0.003, 

and Δ Total test duration=14%; P=0.006). No 

statistical differences were noted in the 

control group in any case (all P>0.073). 

A significant time*group interaction was 

found in extension peak torque, flexion peak 

torque, and total hand grip (P<0.001, P=0.002, 

and P=0.028, respectively; Figure 3). 
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Extension and flexion peak torque increased 

in the PAR group as well as in the HIIT group 

and in the HIIT+EMS group (Δ Extension and 

flexion peak torque=11% and 16% for PAR 

group, Δ Extension and flexion peak 

torque=10% and 14% for HIIT group, and Δ 

Extension and flexion peak torque=23% and 

20% for HIIT+EMS group, respectively; all 

P≤0.003). Total hand grip increased in the 

HIIT+EMS group (Δ Total hand grip=7% 

P<0.001). No statistical differences were 

noted in the control group in any case (all 

P>0.270). A significant time*group interaction 

was found in the trunk extensor isometric 

test, trunk flexor isometric test, side bridge 

test, and front plank test (P=0.001, P<0.001, 

P=0.002, and P=0.002, respectively; Figure 4). 

The trunk extensor isometric test 

performance increased in the PAR group as 

well as in the HIIT group and in the 

HIIT+EMS group (Δ Trunk extensor isometric 

test performance=68%; P<0.001, Δ Trunk 

extensor isometric test performance=37%; 

P=0.003, and Δ Trunk extensor isometric test 

performance=24%; P=0.050, respectively). 

The trunk flexor isometric test performance 

increased in the HIIT+EMS group (Δ Trunk 

flexor isometric test performance=20%; 

P<0.001). The side bridge test performance 

increased in the PAR group as well as in the 

HIIT group and in the HIIT+EMS group (Δ 

Side bridge test performance=46%; P=0.003, Δ 

Side bridge test performance=111%; P<0.001, 

and Δ Side bridge test performance=50%; 

P<0.001, respectively). The front plank test 

performance increased in the PAR group as 

well as in the HIIT group and in the 

HIIT+EMS group (Δ Front plank test 

performance=64% for PAR group, Δ Front 

plank test performance=79% for HIIT group, 

and Δ Front plank test performance=64% for 

HIIT+EMS group; all P≤0.001). 

Figure 5 shows changes in the 

cardiorespiratory fitness-related variables 

after the intervention study among the 4 

groups. The PAR, HIIT, and HIIT+EMS 

interventions similarly increased VO2max in 

absolute and relative terms, maximal heart 

rate, and total test duration compared with 

the control group (all P≤0.034), with no 

differences between them (all P≥0.2). The 

results persisted in all cases including sex, 

age, changes in LMI, changes in FMI, changes 

in energy intake, changes in sedentary time, 

and changes in overall physical activity levels 

in the model (see Table 2). 

Figure 6 shows changes in muscular strength-

related variables after the intervention study 

among the 4 groups. The PAR, HIIT, and 

HIIT+EMS interventions similarly improved 

extension and flexion peak torque and total 

hand grip compared with the control group 

(all P≤0.031), with no differences between 

them (all P≥0.1) except when comparing the 

HIIT vs. the HIIT+EMS group (P=0.042). 

The results persisted in all cases when sex, 

age, changes in LMI, changes in FMI, changes 

in energy intake, changes in sedentary time, 

and changes in overall physical activity levels 

were included as a covariate.
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Figure 2. Changes in maximal oxygen uptake (VO2max) in absolute (Figure 2A) and relative terms 
(Figure 2B), maximal heart rate (Figure 2C) and total test duration (Figure 2D) values before and 
after the intervention study. P value (time, group, and interaction [time*group]) of repeated 
measures ANOVA. * P <0.05; ** P < 0.01; *** P < 0.001 obtained by Student's paired t-test. 
Abbreviations: PAR; Physical Activity Recommendations for adults proposed by the World Health 
Organization group, HIIT; High Intensity Interval Training group, HIIT+EMS; HIIT plus Whole-
Body Electromyostimulation group 
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Figure 3. Changes in extension peak torque (Figure 3A), flexion peak torque (Figure 3B), and total 
hand grip (Figure 3C) values before and after the intervention study. P value (time, group, and 
interaction [time*group]) of repeated measures ANOVA. * P <0.05; ** P < 0.01; *** P < 0.001 obtained 
by Student's paired t-test. Abbreviations: PAR; Physical Activity Recommendations for adults 
proposed by the World Health Organization group, HIIT; High Intensity Interval Training group, 
HIIT+EMS; HIIT plus Whole-Body Electromyostimulation group. 
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Figure 4. Changes in the trunk extensor isometric test (Figure 4A), trunk flexor isometric test (Figure 
4B), side bridge test (Figure 4C), and front plank test (Figure 4D) values before and after the 
intervention study. P value (time, group, and interaction [time*group]) of repeated measures 
ANOVA. * P <0.05; ** P < 0.01; *** P < 0.001 obtained by Student's paired t-test. Abbreviations: PAR; 
Physical Activity Recommendations for adults proposed by the World Health Organization group, 
HIIT; High Intensity Interval Training group, HIIT+EMS; HIIT plus Whole-Body 
Electromyostimulation group. 
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This was an exception for total hand grip, in 

which we observed a partially attenuated 

effect including changes in LMI, changes in 

FMI, changes in energy intake, changes in 

sedentary time, and changes in overall 

physical activity levels as a covariate (see 

Table 2). 

Figure 7 shows changes in the core muscular 

strength-related variables after the 

intervention study among the 4 groups. The 

PAR, HIIT, and HIIT+EMS interventions 

similarly increased the trunk extensor and 

flexor isometric tests, side bridge test, and 

front plank test performance compared with 

the control group (all P≤0.002). The results 

persisted when the analyses were 

additionally adjusted by sex, age, changes in 

LMI, changes in FMI, changes in energy 

intake, changes in sedentary time, and 

changes in overall physical activity (see Table 

2). 

DISCUSSION 

This study shows that a 12-week structured 

exercise intervention improves physical 

fitness regardless of the training programme 

in sedentary middle-aged adults. Despite 

slightly greater improvements in some fitness 

variables, the changes observed in the 

HIIT+EMS group were not superior to the 

other exercise programmes. 

Numerous studies have reported a robust 

relationship between greater VO2max and 

reduced morbidity and mortality risk, which 

could indicate that the increment of VO2max 

observed in our study is a significant and 

clinically relevant finding 2,3. Kodama et al. 

reported that a 1-unit of metabolic 

equivalents higher level of cardiorespiratory 

fitness was associated with a decrement of 

13% and 15% in risk of all-cause mortality and 

cardiovascular disease events, respectively, in 

healthy men and women 2.  

In this context, we showed that a 12-week 

structured exercise intervention increased ~1 

metabolic equivalent irrespective of the 

training programme applied, which is of 

clinical relevance to quickly and significantly 

reduce the prevalence of cardiovascular 

disease events and all-cause mortality. 

The absolute increase of VO2max in the HIIT 

group concurred with previous studies (~8 to 

14%) conducted in similar cohorts 19–21,23. 

However, one of these studies compared a 12-

week HIIT intervention vs. a 12-week 

moderate intensity continuous training 

intervention showing a greater improvement 

of VO2max in response to the first one 23. 

These results differ from those obtained in 

our study, since we observed a similar 

improvement of VO2max in both the PAR and 

HIIT groups. This fact could be explained 

because we combined endurance with 

resistance training in the PAR group 

intervention and a recent metanalysis 

revealed that a well-designed concurrent 

training programme appears to be beneficial 

for higher VO2max physiological adaptations 

53. 
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Figure 5. Changes in maximal oxygen uptake (VO2max) in absolute (Figure 5A) and relative terms 
(Figure 5B), maximal heart rate (Figure 5C), and total test duration (Figure 5D) after the intervention 
study among the four groups. Data are shown as means ± standard deviation. Parallel bars indicate 
significant differences between groups applying an ANCOVA adjusting by baseline values, with post 
hoc Bonferroni-corrected t-test (*P<0.05; **P<0.01; ***P<0.001). Abbreviations: PAR; Physical Activity 
Recommendations for adults proposed by the World Health Organization group, HIIT; High 
Intensity Interval Training group, HIIT+EMS; HIIT plus Whole-Body Electromyostimulation group. 
 



RESULTS & DISCUSSION 
 

347 

T
ab

le
 2

. C
ha

ng
es

 in
 p

hy
si

ca
l f

itn
es

s 
ou

tc
om

es
 a

dj
us

te
d 

by
 b

as
el

in
e 

va
lu

es
 (M

od
el

 0
), 

by
 b

as
el

in
e 

va
lu

es
 a

nd
 s

ex
 (M

od
el

 1
), 

by
 b

as
el

in
e 

va
lu

es
 a

nd
 a

ge
 (M

od
el

 2
), 

by
 

ba
se

lin
e 

va
lu

es
 a

nd
 c

ha
ng

es
 in

 le
an

 m
as

s 
in

de
x 

(M
od

el
 3

), 
by

 b
as

el
in

e 
va

lu
es

 a
nd

 c
ha

ng
es

 in
 f

at
 m

as
s 

in
de

x 
(M

od
el

 4
), 

by
 b

as
el

in
e 

va
lu

es
 a

nd
 c

ha
ng

es
 in

 e
ne

rg
y 

in
ta

ke
 (M

od
el

 5
), 

by
 b

as
el

in
e 

va
lu

es
 a

nd
 c

ha
ng

es
 in

 s
ed

en
ta

ry
 ti

m
e 

(M
od

el
 6

), 
an

d 
ba

se
lin

e 
va

lu
es

 a
nd

 b
y 

ch
an

ge
s 

in
 o

ve
ra

ll 
ph

ys
ic

al
 a

ct
iv

ity
 le

ve
ls

 (M
od

el
 7

). 
 

 
A

N
C

O
V

A
 P

 v
al

u
e 

 
M

od
el

 0
 

M
od

el
 1

 
M

od
el

 2
 

M
od

el
 3

 
M

od
el

 4
 

M
od

el
 5

 
M

od
el

 6
 

M
od

el
 7

 
V

O
2m

ax
 (m

l/
m

in
) 

0.
00

6 
<

0.
00

1 
0.

00
5 

0.
00

7 
0.

00
7 

0.
01

4 
0.

04
6 

0.
04

9 
V

O
2m

ax
 (m

l/
kg

/m
in

) 
0.

00
2 

0.
00

4 
0.

00
5 

0.
00

5 
0.

00
5 

0.
00

4 
0.

01
4 

0.
01

5 
M

ax
im

al
 h

ea
rt

 r
at

e 
(b

/m
in

) 
0.

02
7 

0.
03

9 
0.

05
3 

0.
04

1 
0.

04
1 

0.
04

3 
0.

06
9 

0.
08

5 
To

ta
l t

es
t d

ur
at

io
n 

(s
) 

<
0.

00
1 

<
0.

00
1 

<
0.

00
1 

<
0.

00
1 

<
0.

00
1 

0.
00

1 
0.

00
1 

0.
00

2 
Ex

te
ns

io
n 

pe
ak

 to
rq

ue
 (N

m
) 

0.
00

1 
<

0.
00

1 
0.

00
1 

0.
00

2 
0.

00
2 

0.
00

4 
0.

00
2 

0.
00

2 
Fl

ex
io

n 
pe

ak
 to

rq
ue

 (N
m

) 
0.

00
1 

<
0.

00
1 

0.
00

1 
0.

00
1 

0.
00

1 
0.

00
2 

0.
00

1 
0.

00
1 

To
ta

l h
an

d 
gr

ip
 (k

g)
 

0.
03

1 
0.

00
3 

0.
02

7 
0.

12
7 

0.
13

0 
0.

16
9 

0.
09

8 
0.

08
2 

Tr
un

k 
ex

te
ns

or
 is

om
et

ri
c 

te
st

 (s
) 

0.
00

4 
0.

01
0 

0.
01

0 
0.

01
6 

0.
01

8 
0.

02
2 

0.
00

9 
0.

00
7 

Tr
un

k 
fle

xo
r 

is
om

et
ri

c 
te

st
 (s

) 
<

0.
00

1 
<

0.
00

1 
<

0.
00

1 
<

0.
00

1 
<

0.
00

1 
<

0.
00

1 
<

0.
00

1 
<

0.
00

1 
Si

de
 b

ri
dg

e 
te

st
 (s

) 
<

0.
00

1 
<

0.
00

1 
<

0.
00

1 
<

0.
00

1 
<

0.
00

1 
<

0.
00

1 
<

0.
00

1 
<

0.
00

1 
Fr

on
t p

la
nk

 te
st

 (s
) 

0.
00

3 
0.

00
4 

0.
00

7 
0.

00
1 

0.
00

2 
0.

01
6 

0.
00

4 
0.

00
5 

 



SECTION 3: Chapter 11 

 

348 

Figure 6. Changes in extension peak torque (Figure 6A), flexion peak torque (Figure 6B), and total hand 
grip (Figure 6C) after the intervention study among the four groups. Data are shown as means ± standard 
deviation. Parallel bars indicate significant differences between groups applying an ANCOVA adjusting 
by baseline values, with post hoc Bonferroni-corrected t-test (*P<0.05; **P<0.01; ***P<0.001). 
Abbreviations: PAR; Physical Activity Recommendations for adults proposed by the World Health 
Organization group, HIIT; High Intensity Interval Training group, HIIT+EMS; HIIT plus Whole-Body 
Electromyostimulation group. 
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Figure 7. Changes in the trunk extensor isometric test (Figure 7A), trunk flexor isometric test (Figure 
7B), side bridge test (Figure 7C), and front plank test (Figure 7D) after the intervention study among 
the four groups. Data are shown as means ± standard deviation. Parallel bars indicate significant 
differences between groups applying an ANCOVA adjusting by baseline values, with post hoc 
Bonferroni-corrected t-test (*P<0.05; **P<0.01; ***P<0.001). Abbreviations: PAR; Physical Activity 
Recommendations for adults proposed by the World Health Organization group, HIIT; High Intensity 
Interval Training group, HIIT+EMS; HIIT plus Whole-Body Electromyostimulation group. 
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Little is known about the effects of WB-EMS 

on cardiorespiratory fitness. A previous study 

reported an improvement of VO2max in 

healthy adults after a 10-week local 

electromyostimulation training programme 

in quadriceps and hamstring muscles 54. To 

the best of our knowledge, there is only two 

study that investigated the influence of WB-

EMS on cardiorespiratory fitness suggesting 

that a 6-week functional and periodised WB-

EMS intervention produces an increment of 

VO2max (~6%) in trained runners despite a 

considerable reduction of training volume 

24,25. These findings concur with those 

obtained in the current study, but it should be 

noted that we obtained a larger improvement 

(~13%) as a result of having the longest 

training programme duration (6 weeks vs. 12 

weeks) and having different training status 

between these two cohorts (trained runners 

vs. sedentary middle-aged adults). Although 

some physiological adaptations that could 

explain an extra VO2max increment after the 

application of a WB-EMS programme have 

been previously described (i.e. [i] a better 

lower limb coordination and co-activation 

during exercise, [ii] an increment of the 

activation capacity of the working muscles 

during exercise, or [iii] a higher motor unit 

recruitment and motor unit synchronisation, 

which may induce better mechanical 

efficiency and motor recruitment actions 55,56), 

no significant improvements in the 

HIIT+EMS group were noted in our study 

compared with those obtained in the PAR or 

the HIIT groups. 

It is well-known that muscular strength is 

negatively and independently associated 

with all-cause mortality, even controlling by 

confounder parameters, such as 

cardiorespiratory fitness, age, or BMI 10,57. 

Therefore, to improve muscular strength 

during the ageing process is of clinical 

relevance in order to slow down the 

functional decline and the age-related 

diseases incidence 1. A recent systematic 

review and metanalysis suggested that 

concurrent training can impact muscular 

strength to a greater extent than endurance or 

resistance training alone 53. Moreover, Sabag 

et al. highlighted that similar increases in 

muscular strength and hypertrophy were 

obtained after a concurrent training 

programme compared to a HIIT programme 

including resistance exercise tasks 58. These 

findings are consistent with those obtained in 

our study, since we showed an increase of 

extension and flexion peak torque and hand 

grip strength in the PAR group (~10%, ~15%, 

and 3%, respectively), which concur with the 

results of previous studies 53,59,60. The HIIT 

group also presented a similar magnitude in 

our study (~9%, ~14%, and 4%, respectively). 

The effects of WB-EMS on muscular strength 

have been investigated in previous studies 

24,26–31,33. Their conclusions indicate that this 

methodology produced significant 

improvements of: (i) maximum dynamic and 

isometric leg-press strength in sedentary 

elderly men (aged >70 years old; ~9%) 28, in 

elite football players (aged ~25 years old; 

~12%) 26, in sedentary elderly women (aged 
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>70 years old; ~10%) 27, and in 

postmenopausal sedentary women (aged >70 

years old; ~9%) 30; (ii) vertical jump 

performance in recreational runners (aged 

~27 years old; ~8%) 24, and in elite football 

players (aged ~25 years old; ~10%) 26; (iii) 

maximum hand grip strength in sedentary 

elderly men (aged >70 years old; ~6%) 29 and 

in sedentary elderly women (aged >70 years 

old; ~8%) 31,33. Our results concur with 

previous long-term studies, since we showed 

a significant increase of extension and flexion 

peak torque and hand grip strength in the 

HIIT+EMS group (~23%, ~19%, and 6%, 

respectively). This might be explained 

because (i) we conducted a functional and 

periodised HIIT programme adding WB-EMS 

following the recommendations provided by 

Filipovic et al. in terms of electrical 

parameters (impulse frequency, impulse 

intensity, impulse width, and duty cycle) to 

effectively improve muscular strength. Most 

previous studies, however, used a pre-

determined training methodology based on 

isometric weight-bearing exercises (1-2 sets of 

8 repetitions) and applied an impulse 

frequency of 85 Hz, an impulse width of 350 

µs, and a duty cycle of 50% 27–33. (ii) The 

participant´s characteristics of our study were 

different than in other studies (i.e. sex, age, 

training status, etc). 

Moreover, although a previous study 

compared the influence of a HIIT programme 

vs. a WB-EMS program on cardio-metabolic 

risk factor in sedentary men 32, there are no 

studies that compare the effects of these 

training methodologies on muscular strength 

in sedentary middle-aged adults applying the 

same exercises and training loads approach. 

Our results revealed that, although no 

significant differences were obtained in 

muscular strength-related parameters, 

clinically relevant improvements were noted 

in the HIIT+EMS group compared to the HIIT 

group in extension and flexion peak torque 

and hand grip strength (~23% vs. ~9%; ~19% 

vs. ~14%; and 6% vs. 4%, respectively). 

Therefore, our findings suggest that a WB-

EMS, as a novel stimulus, could complement 

the traditional HIIT structure enhancing 

muscular strength in sedentary middle-aged 

adults. 

Limitations 

Our study had a number of limitations. 

Firstly, the sample size was relatively small to 

study the influence of these different exercise 

training interventions on physical fitness 

considering both sexes separately, although 

no interaction effects were observed. 

Considering that we compared a total of three 

different exercise training programmes, our 

study could be underpowered to note 

statistical differences in specific physical 

fitness-related parameters between them. 

Moreover, although the results remained 

after adjusting the analysis for some 

confounder variables, further trials involving 

a greater number of participants are needed 

to accurately determine training induced 

changes when comparing these three exercise 
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methodologies. Finally, the results of the 

present study are representative of a 

sedentary healthy adult population aged 

between 45 and 65 years old, and therefore 

might not be extrapolated to active, younger, 

or older adults, including those with acute or 

chronic diseases. 

CONCLUSIONS 

In conclusion, our results suggest that a 12-

week structured exercise intervention 

improves physical fitness regardless of the 

training programme in sedentary middle-

aged adults. Despite slightly greater 

improvements in some physical fitness 

variables, the changes observed in the 

HIIT+EMS group were not superior to the 

other exercise programmes.
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aged adults, following 
different exercise 
training interventions: 
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ABSTRACT 

This study compares the influence of different 

exercise training programs on BMR, BFox 

and MFO, in sedentary, middle-aged adults. 

The study subjects of this 12 week-long, 

randomised, controlled trial, were 71 middle-

aged adults (age 53.5±4.9 years; 52% 

women). Subjects were randomly assigned to 

one of the following groups: (1) no exercise, 

(2) PAR group, (3) HIIT group, and (4) 

HIIT+EMS group. Subject BMR, BFox and 

MFO were determined by indirect 

calorimetry before and after the intervention. 

The HIIT+EMS subjects showed significant 

increases in BMR and BFox following the 

intervention (all P<0.03); no such differences 

were seen in the PAR, HIIT or control groups 

(all P≥0.1). A significant increase in post-

intervention MFO was noted for the 

HIIT+EMS group compared to the non-

exercise control group (P<0.01); no such 

difference was seen in the PAR or HIIT 

groups compared to the control group (all 

P≥0.05).  

Twelve weeks of high intensity interval 

training plus whole-body 

electromyostimulation increased the BMR, 

BFox and MFO of middle-aged sedentary 

adults. These findings have important 

clinical implications; a well-designed high-

intensity interval training program plus 

whole-body electromyostimulation might be 

followed to help combat the appearance of 

chronic metabolic diseases characterized by 

metabolic inflexibility in middle-aged 

sedentary adults, though it will be necessary 

to determine how long the effects last. 
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BACKGROUND 

The BMR accounts for a large part (60-70%) of 

total energy expenditure 1,2. Under basal 

conditions, the human body derives more 

than half of its energy from the oxidative 

metabolism of fatty acids; the remainder is 

mainly derived from glucose 3.  The 

proportion and quantity of the different 

nutrients oxidised can be estimated by IC and 

the use of stoichiometric equations 4.  

Metabolic flexibility is defined as the ability to 

adapt energy requirements and fuel oxidation 

to fuel availability and environmental 

demands 5. The ability to increase fat 

oxidation under basal conditions has 

traditionally been regarded a powerful 

indicator of metabolic flexibility 6. While 

metabolic flexibility has been amply studied 

under post-fast, post-prandial, and 

hyperinsulinaemic euglycaemic clamp 

conditions, its relationship with exercise and 

training has been much less explored 5. MFO 

and Fatmax have been proposed key indicators 

of metabolic flexibility during exercise 5,7. The 

development of strategies (i.e., dietary or 

physical exercise interventions) aimed at 

increasing metabolic flexibility may offer a 

means of combating excessive fat 

accumulation and obesity. Physical exercise 

significantly increases (i) skeletal muscle 

mitochondrial biogenesis 8, (ii) mitochondrial 

activity 8, and (iii) fatty acid oxidation 

capacity 9,10, improving metabolic flexibility 

5,8.  

International physical activity guidelines 

suggest that 150-300 min/week of moderate-

vigorous physical activity combined with 

resistance training 2 days/week are enough 

to obtain health benefits 11,12. However, the 

lack of time in developed societies makes it 

hard to adhere to such recommendations. In 

general, <5% of the population may 

undertake 30 min/day of objectively 

measurable physical activity 13,14. Time-

efficient exercise training modalities have 

thus been developed, and low-volume HIIT 

has been reported as good a stimulus - or even 

better - than continuous moderate intensity 

training in terms of cardiorespiratory fitness 

and body composition 15,16. Relatively little 

attention has been paid, however, to the 

influence of this type of exercise on BMR, 

BFox and/or MFO. 

WB-EMS, a recently emerged exercise 

training methodology, combines 

simultaneous active and passive muscle 

contractions via exercise and the electrical 

stimulation of skeletal muscle groups 17. 

Several studies have examined the effect of 

WB-EMS on physical fitness 18–22 and/or body 

composition 20,23–28, and generally suggest it to 

be associated with an increase in LM in 

sedentary and moderately trained young, 

middle-aged and elderly individuals 20,23–28. It 

is therefore plausible that such training could 

influence BMR, BFox, and MFO. To our 

knowledge, only one study has studied the 

effects of a 14-week WB-EMS program on 

BMR in moderately-trained post-menopausal 

women 20, with significant improvements in 
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body composition and muscular strength 

detected, but no significant increase in BMR 

20. It remains unknown, however, whether 

these findings apply to sedentary individuals 

of either sex. Moreover, there have been no 

studies comparing the effect of different 

exercise training programs on BMR, BFox, 

and MFO in sedentary middle-aged adults. 

The present work study compares the 

influence of different exercise training 

programs - no exercise, PAR 11,12, HIIT, and 

HIIT+EMS- on BMR, BFox, and MFO in 

sedentary middle-aged adults. Moreover, we 

also studied the predictors of BMR, BFox, and 

MFO in sedentary middle-aged adults. 

MATERIAL & METHODS 

This manuscript adheres to the CONSORT 

statement for improving the reporting of 

parallel group randomised trials (available at 

EQUATOR Network: http://www.equator-

network.org/reporting-guidelines/consort/) 29. 

Setting and eligibility criteria 

Eighty-nine sedentary, middle-aged adults 

(37 women) aged 45-65 years whose weight 

was stable over the previous three months, 

were recruited to participate in the current 

study (clinicaltrial.gov: ID: NCT03334357) 30. 

'Sedentary' was defined as performing <20 

min of moderate-intensity physical activity 

on 3 days/week over the previous three 

months (self-reported). All subjects 

confirmed being free of cardiovascular 

disease, diabetes mellitus, cancer, and any 

disease associated with exercise intolerance. 

This study was approved by the Human 

Research Ethics Committee of the Junta de 

Andalucía [0838-N-2017] and complied with 

the latest revision of the Declaration of 

Helsinki. All subjects provided their written 

informed consent to be included after 

receiving detailed oral and written 

information on the study procedures. 

Procedures 

Social networks, local media and posters were 

used to recruit study subjects.  Those deemed 

potentially eligible were contacted by 

telephone or e-mail and invited to attend an 

interview. The baseline examination involved 

two assessment days. On day 1, BMR and 

basal fuel oxidation were assessed, followed 

by a graded exercise test to determine the 

MFO and Fatmax. On day 2 (between 3 and 5 

days after day 1), a maximum effort test was 

conducted to determine VO2max.  

Interventions 

The present study was designed as a 12-week 

randomised controlled trial with parallel 

groups. For practical and feasibility reasons it 

was conducted in two waves (September-

December 2016, and September-December 

2017). After the baseline evaluation, the 

participants were randomly allocated to one 

of four exercise programs using a computer-

generated simple randomisation procedure 31: 
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(1) no exercise (control group), (2) PAR group, 

(3) HIIT group, and (4) HIIT+EMS group. The 

exercise training program descriptions 

adhere to the Consensus on Exercise 

Reporting Template (CERT) 32, increasing the 

transparency and replicability of this work.  A 

methodological manuscript explaining all 

three exercise training programs is available 

elsewhere 30.  

Attendance at the training sessions (described 

below) was recorded daily; subjects who 

missed a session were asked the reason for 

their absence and requested to make up for it 

on another day in the same week.  A 

minimum 90% attendance rate was deemed 

necessary for valid data to be extracted. No 

home-based sessions were programmed. 

Sessions were performed in groups of 2-6 

subjects, allowing their safety to be monitored 

and ensuring that all training volume and 

intensity requirements were met. The exercise 

training sessions included a standardised 

warm-up and cooling-down protocol (see 

methodological manuscript 30). 

The PAR subjects performed three sessions 

per week (i.e., 36 sessions in total) of 

concurrent training. All completed 150 min 

per week at 60-65% of the HRres in aerobic 

training, plus 60 min per week at 40-50% of 

1RM of resistance training. The required 

aerobic training was performed in 10 min 

bouts using different ergometers (treadmill, 

cycle-ergometer and elliptical ergometer). 

The required resistance training included 

global strength training exercises (½ squat, 

Romanian deadlift, bench press, and lateral 

pull-down, among other) using weight-

bearing and pneumatic machines. A recovery 

period of at least 48 h was allowed between 

the exercise training sessions. 

The HIIT subjects performed two sessions per 

week (i.e., 24 sessions in total) of two HIIT 

protocols, i.e., a long intervals protocol on day 

1, and a short intervals protocol on day 2 33,34. 

The training volume was set to 40-65 min per 

week at an intensity of >95% of VO2max in 

HIIT with long intervals, and at a value of 6-9 

on a RPE scale 35 in HIIT with short intervals. 

The subjects walked on a personalised slope 

adapted to the fixed intensity of the HIIT with 

short intervals exercise training sessions, 

while a weight-bearing training circuit (i.e., 

dead lift, horizontal row, high heels up, 

frontal plank, push up, lateral plank, squat, 

and high knees up) was designed for the HIIT 

with short intervals training sessions.   

The HIIT+EMS subjects performed an 

exercise training program with the same 

structure as the HIIT group, i.e., the same 

volume, intensity, frequency, type of exercise, 

training load variation, training 

periodisation, and training sessions, but with 

the inclusion of electrical impulses.  Since the 

subjects had never been exposed to WB-EMS, 

a progressive, gradual training period was 

designed requiring (i) rectangular, bipolar, 

and symmetrical electric pulses at an intensity 

of ~100 mA in HIIT with long intervals 

sessions, and ~80 mA in HIIT with short 

intervals sessions, (ii) a duty cycle of ~100% in 

HIIT with long intervals sessions and ranging 

from 50 to 63% in HIIT with short intervals 
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sessions, (iii) an impulse width ranging from 

200 to 400 µs, and (iv) a frequency range of 15 

to 20 Hz in HIIT with long intervals sessions, 

and 35 - 75 Hz in HIIT with short intervals 

sessions, using the WB-EMS device 

manufactured by Wiemspro® (Malaga, 

Spain).  

Control group 

The subjects assigned to the control group 

were provided with general advice on a 

healthy lifestyle, including nutritional 

information and physical activity guidelines. 

Outcome measures  

BMR and fuel oxidation in basal 
conditions  
BMR was measured in the morning after a 12 

h overnight fast. The participants were 

instructed to arrive at the laboratory in a 

motor vehicle to avoid exertion. The evening 

meal of the previous day was standardised: 

an egg omelette plus boiled rice and tomato 

purée. Subjects were asked to avoid any 

moderate or vigorous physical activity before 

the test day for 24 h and 48 h respectively, and 

to sleep as usual. The assessments were 

conducted in a quiet, mildly light room, with 

controlled environmental conditions 

(temperature 22-24ºC, humidity 35-45%). 

Upon arrival, subjects were required to lie on 

bed in a supine position for at least 15 min 

before starting the BMR test, which lasted 30 

min 36,37.  VO2  and VCO2 were measured by 

IC using an Ultima CardiO2 metabolic cart 

(Medgraphics Corp, Minnesota, USA), and 

employing a neoprene face-mask without 

external ventilation 38. Prior to the beginning 

of BMR measurement, two standard gas 

concentrations were used to calibrate the gas 

analyzer following the manufacturer's 

recommendations. A 3 L calibration syringe 

was used to calibrate the turbine 

ventilometer. Subjects were asked not to 

fidget, talk or sleep, and to breath normally.  

For the calculation of the BMR, Breeze Suite 

software v.8.1.0.54 was used to average the 

ventilatory variables every 1 min. The first 5 

min-worth of data were discarded, and  the 

CVs for the VO2, VCO2, RER, and minute 

ventilation then determined for every 5 min 

period 36,37. The periods that met the steady 

state criteria for the RER (CV <10% for VO2, 

CV <10% for VCO2, CV <5%, and for minute 

ventilation (CV <10%) were then selected, 

and the period with the lowest average CV for 

the VO2, VCO2, RER and minute ventilation 

chosen for further analysis 37. Subjects with a 

RER of <0.7 or >1.0 were excluded. BMR and 

BFox were calculated using the stoichiometry 

equations of Weir 39 and Frayn 4 respectively. 

BMR was expressed in absolute term 

(kcal/day) and relative to the LM 

(kcal/kgleanmass/day). BFox was expressed in 

absolute term (g/min) and as a percentage of 

BMR. 
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MFO and Fatmax  

MFO and FATmax were assessed via a 

submaximal graded exercise test using an 

H/P/Cosmos Pulsar treadmill 

(H/P/Cosmos Sports & Medical GmbH, 

Nussdorf-Traunstein, Germany) 40,41. After 

the determination of the maximum walking 

speed, a warm-up at 3.5 km/h (gradient 0%) 

was allowed. The treadmill speed was then 

increased by 1 km/h every 3 min until the 

maximum walking speed was reached. The 

gradient was then increased by 2% every 3 

min, keeping the treadmill speed constant. 

The submaximal graded exercise test finished 

when a RER of >1.0 was reached 42. VO2 and 

VCO2 were obtained by IC throughout the 

exercise, using an Ultima CardiO2 metabolic 

cart (Medgraphics Corp, Minnesota, USA), 

calibrated as explained above, and employing 

a Model 7400 face mask (Hans Rudolph Inc, 

Kansas City, MO, USA), equipped with a 

prevent™ metabolic flow sensor 

(Medgraphics Corp, Minnesota, USA) for gas 

data collection. Breeze Suite software 

v.8.1.0.54 was used to average the ventilatory 

variables every 10 s. Fat oxidation data was 

estimated from the VO2 and VCO2 values 

averaged over the final 1 min of each 3 min 

stage 43  using the Frayn stoichiometric 

equation, assuming  urinary nitrogen 

excretion to be negligible 4. To estimate the 

MFO and Fatmax for each subject, a third-

degree polynomial regression curve was 

constructed with an intersection at 0;0, 

plotting the fat oxidation data obtained in the 

submaximal graded exercise test against the 

relative exercise intensity (expressed as a 

percentage of VO2max) 43. MFO was 

expressed in absolute term (g/min) and 

relative to the LM (mg/kgleanmass/min). 

Anthropometry and body 
composition 
Weight (kg) and height (cm) were measured 

using a Seca Model 799 electronic scale and 

stadiometer (Seca, Hamburg, Germany). The 

BMI was determined as weight (kg)/height (m)2. 

Body composition was assessed using a 

Discovery Wi dual-energy X-ray 

absorptiometer (Hologic, Inc., Bedford, MA, 

USA), obtaining FM and LM following the 

manufacturer's recommendations.  

VO2max  

VO2max was determined on a separate day 

via a maximum effort test following a 

modified version of the Balke protocol 44. VO2 

and VCO2 were also measured via IC, 

gathering data as for MFO and Fatmax testing 

(see above).  

Data for a number of blood analytical 

variables, physical activity, sedentary time, 

and dietary intakes were also collected.  

Statistical analysis 

The normal distribution of the main variables 

was confirmed by histograms and Q-Q plots. 

Sample size was determined based on a pilot 

study 30. Descriptive characteristics are 

presented as means ± SDs. Differences in the 
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baseline characteristic between the different 

groups were sought with ANOVA. Given the 

aim of assessing the efficacy of the exercise 

training interventions with respect to the 

outcome variables, primary analysis was 

performed per-protocol, including only those 

subjects who completed the exercise training 

programs and the post-test evaluation. A 

sensitivity analysis (BOCF imputation) was 

performed to check the robustness of the 

results.  

Repeated-measures ANOVA was used to 

detect changes in BMR, BFox, MFO, and 

Fatmax over time, between groups, and to 

assess the influence of the interaction time x 

group.  The Student paired t test was used to 

examine differences in dependent outcome 

variables within groups before and after the 

intervention.  

ANCOVA was performed to compare the 

changes in the BMR (e.g., post-BMR minus 

pre-BMR [dependent variable]) between 

groups (fixed factor), adjusting for the post-

fast baseline values. Similar analyses were 

performed for changes in BFox, MFO, and 

Fatmax. Bonferroni post hoc adjustment for 

multiple comparisons was used to examine 

the changes between all exercise types. The 

same analyses were also conducted 

controlling for confounders (age, and sex).  

Simple and multiple linear regression was 

used to study the relationships between 

changes in body composition, blood 

variables, physical activity and sedentary 

time variables, dietary intake and 

macronutrient distribution, and 

cardiorespiratory fitness, with changes in 

BMR, BFox, and MFO, adjusting for age and 

sex. 

All calculations were made using the 

Statistical Package for the Social Sciences 

v.22.0, (IBM Corporation, Chicago, IL, USA).  

Graphs were plotted using GraphPad Prism 5 

(GraphPad Software, San Diego, CA, USA). 

Significance was set at P<0.05. 

RESULTS 

Figure 1 shows the trial flowchart. No adverse 

events were recorded during the exercise 

sessions. No significant difference between 

the groups was detected for any variable at 

baseline (all P≥0.068, Table 1).  

Figure 2 shows the changes in BMR and BFox 

at the end of the intervention.  The interaction 

time x group had no influence on BMR and on 

BFox (all P≥0.1, Figure 2). 

Comparing within-group changes, the 

HIIT+EMS group showed significantly larger 

changes in BMR, and in BFox (expressed in 

g/min and as %BMR), after the intervention 

(1511.3±69.5 vs. 1653.5±80.1 kcal/day, 

P=0.030, Figure 2A; 0.051±0.007 vs. 

0.068±0.001 g/min, P=0.050, Figure 2E; and 

43.5±6.3 vs. 56.7±6.3 % of BMR, P=0.010 

Figure 2G, respectively). No significant 

changes were seen, however, in the PAR, 

HIIT or control groups (all P≥0.1). ANCOVA, 

adjusting for baseline values, revealed no 

significant differences between groups in 

terms of the change in BMR, nor in terms of 

the change in BFox (all P≥0.140, Figure 2B, 2D, 
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2F). However, a strong trend towards 

significance was seen between groups with 

respect to the change in BFox when expressed 

as %BMR (P=0.059). Bonferroni post-hoc 

correction revealed a significant increase in 

BFox in the HIIT+EMS group compared to the 

control group (+7.0±4.7 vs. -6.5±5.4 % of the 

BMR, P=0.043, Figure 2H), and a near-

significant trend in the change in BMR was 

noted in the HIIT+EMS group compared to 

the control group (140.0±45.5 vs. -35.5±77.1 

kcal/day, P=0.087, Figure 2B). These results 

were consistent across intention to treat 

sensitivity analyses (data not shown). All 

findings persisted after controlling for sex 

and age (see Table 2).  

Figure 3 shows the changes in MFO (ΔMFO), 

and Fatmax at the end of the intervention 

period. The interaction time x group had a 

significant influence on ΔMFO (P=0.009, 

Figure 3A), but none on ΔMFO expressed 

relative to LM, nor on the change in Fatmax (all 

P≥0.7, Figure 3C and 3E).  

When comparing within-group changes, the 

HIIT+EMS group showed a significantly 

larger increase in MFO at the end of the 

intervention (0.29±0.02 vs. 0.33±0.02 g/min, 

Figure 3A, P=0.008), whereas no significant 

change was detected for the PAR, HIIT or 

control groups (all P≥0.05). ANCOVA, 

adjusting for baseline values, revealed 

significant differences between groups in 

terms of ΔMFO (P=0.034, Figure 3B), whereas 

no significant differences were detected in 

ΔMFO when expressed relative to LM or 

Fatmax (all P≥0.5, Figure 3D and 3F). 

Bonferroni post hoc correction indicated the 

MFO to be significantly increased in the 

HIIT+EMS and HIIT groups compared to the 

control group (+0.05±0.02 and +0.03±0.02 vs. -

0.01±0.02 g/min, P=0.002 and P=0.033, 

respectively, Figure 3B). All of these findings 

persisted after controlling for sex and age (see 

Table 2), and all results were consistent across 

intention to treat sensitivity analyses (data not 

shown). No significant associations were 

observed between changes in body 

composition variables, blood parameters, 

physical activity and sedentary time, dietary 

intake or cardiorespiratory fitness, and 

changes in BMR (all P≥0.05, Table 3). 

However, an association approaching 

significance was noted between changes in 

energy intake and changes in BMR (β=-0.076, 

R2=0.074, P=0.051; Table 4), which remained 

after controlling for age and sex. Significant 

associations were found between the changes 

in FM and LM, and changes in BFox (β=-

0.002, R2=0.163, respectively; Table 5), which 

persisted after including sex and age in the 

models. Significant associations were noted 

between cardiorespiratory fitness (both in 

terms of absolute values and when expressed 

relative to weight) and ΔMFO (β=-0.470, 

R2=0.221, P<0.001 and β=0.006, R2=0.197, 

P=0.001, respectively; Table 4), which 

remained after adjusting for sex and age. 
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P=0.003 and β=0.002, R2=0.139, P=0.007,  

Figure 1: Recruitment and analysis flow-chart. Abbreviations: BMI body mass index, CDV 
cardiovascular, ECG electrocardiogram, PAR physical activity recommendations group, HIIT high 
intensity interval training group, HIIT+EMS HIIT plus whole-body electromyostimulation group, BOCF 
baseline observation carried forward imputation. 
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Table 1. Baseline descriptive characteristics of the study subjects included in the per-protocol analysis. 

 All  
(n=71) 

Control  
(n=17) 

PAR  
(n=17) 

HIIT  
(n=18) 

HIIT+EMS  
(n=19) 

P value 

Age (years) 53.4 (4.9) 52.1 (4.1) 54.9 (4.5) 53.1 (5.6) 53.5 (5.3) 0.414 

Sex (%)       

Men 34 (47.9) 7 (41.2) 8 (47.1) 9 (50) 10 (52.6) 0.921 
Women 37 (52.1) 10 (58.8) 9 (52.9) 9 (50) 9 (47.4) 

Body composition  

BMI (kg/m2) 26.82 (3.79) 26.67 (3.71) 25.41 (2.86) 26.43 (3.15) 28.60 (4.64) 0.077 

FM (kg) 30.15 (8.39) 28.64 (6.85) 26.83 (6.31) 31.42 (8.30) 33.27 (10.36) 0.786 

LM (kg) 43.92 (11.59) 42.92 (12.06) 43.60 (10.77) 44.43 (13.52) 44.60 (10.76) 0.972 

Blood variables 

Plasma glucose (mg/dL) 93.56 (11.36) 93.47 (10.82) 93.35 (11.63) 90.06 (5.56) 96.95 (14.80) 0.352 

Plasma insulin (uUI/mL) 8.08 (5.68) 7.26 (5.05) 7.52 (3.97) 7.09 (4.51) 10.22 (7.88) 0.296 

HOMA index 1.93 (1.67) 1.73 (1.37) 1.75 (0.99) 1.59 (1.05) 2.59 (2.55) 0.255 

Physical activity and sedentary time  

Sedentary time (min/day) 746.93 (84.34) 751.19 (68.78) 736.02 (104.87) 763.77 (82.10) 737.79 (82.53) 0.754 

LPA (min/day) 173.24 (45.15) 167.89 (37.21) 177.04 (59.55) 164.01 (43.06) 182.88 (39.56) 0.595 

MVPA (min/day) 95.92 (35.62) 89.52 (29.11) 96.85 (45.30) 91.78 (34.13) 104.51 (33.42) 0.603 

Dietary intake  

Energy (kcal/day) 2141 (699) 2079 (496) 2288 (1152) 2149 (514) 2054 (455) 0.767 

Fat (g/day) 37.55 (6.90) 37.09 (9.20) 37.31 (8.03) 36.32 (5.93) 39.32 (4.08) 0.601 

Protein (g/day) 47.14 (8.19) 49.82 (10.41) 47.85 (8.45) 47.17 (6.00) 44.21 (7.30) 0.236 

Carbohydrate (g/day) 18.64 (4.91) 16.94 (4.35) 19.23 (6.84) 19.36 (4.90) 18.84 (2.97) 0.467 

Energy metabolism 

BMR (kcal/day) 1508 (364) 1469 (375) 1441 (369) 1607 (415) 1511 (303) 0.562 

BFox (g/min) 0.05 (0.04) 0.05 (0.04) 0.05 (0.04) 0.06 (0.05) 0.05 (0.03) 0.936 

BFox (% BMR) 45.6 (30.0) 44.8 (30.0) 49.1 (34.8) 45.3 (34.6) 43.5 (22.9) 0.957 

MFO (g/min) 0.29 (0.09) 0.25 (0.06) 0.28 (0.07) 0.33 (0.12) 0.29 (0.09) 0.068 

MFO (mg/kgleanmass/min) 6.78 (1.57) 5.59 (1.35) 6.77 (1.45) 7.46 (1.77) 6.77 (1.32) 0.094 

Fatmax (% VO2max) 43.01 (10.45) 41.51 (12.62) 44.27 (13.10) 42.88 (8.54) 43.35 (7.60) 0.896 

Cardiorespiratory fitness       

VO2max (ml/min) 2339.2 (657.2) 2163.4 (626.0) 2320.4 (649.7) 2461.8 (709.1) 2397.1 (658.3) 0.580 

VO2max (ml/kg/min) 30.49 (5.58) 28.99 (4.96) 31.64 (6.12) 31.59 (6.22) 29.74 (4.90) 0.399 

Data are shown as means ± SD. Abbreviations: PAR physical activity recommendations group, HIIT high intensity 
interval training group, HIIT+EMS HIIT plus whole-body electromyostimulation group, LPA light physical activity, 
MPA moderate physical activity, VPA vigorous physical activity, MVPA moderate-vigorous physical activity, TPA 
total physical activity, BMR basal metabolic rate, BFox basal fat oxidation, MFO maximal fat oxidation during exercise, 
Fatmax intensity of exercise that elicits MFO, BMR basal metabolic rate VO2max maximal oxygen uptake. 
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Figure 2. Basal metabolic rate (BMR) and basal fat oxidation rate (Basal Fat Ox), before and after the 
intervention. P value (time, group, and the interaction time x group) for repeated measures ANOVA 
(Panels A, C, E, and G). *P<0.05, **P<0.01, Student paired t test (Panels A, C, E, and G). Changes in BMR 
(in absolute term and relative to lean mass), and basal fat oxidation (in absolute term and expressed as 
%BMR), after the intervention. ¥ P<0.05, ANCOVA adjusting for baseline values, with post hoc 
Bonferroni-corrected t test results (Panels B, D, F, and H). ANCOVA adjusting for baseline values (Panels 
B, D, F, and H). Data are shown as means ± standard deviations. Abbreviations: PAR physical activity 
recommendations group, HIIT high intensity interval training group, HIIT+EMS HIIT plus whole-body 
electromyostimulation group. 
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Figure 3. Maximal fat oxidation (MFO) in absolute terms and relative to the lean mass, and the intensity 
that of exercise that elicited the MFO (Fatmax), before and after the intervention. P value (time, group, and 
the interaction time x group) for repeated measures ANOVA (Panels A, C, and E). *P<0.05, Student paired 
test (Panels A, C, and E). Changes in MFO and Fatmax after the intervention. ¥ P<0.05, ¥ ¥ P<0.01, 
ANCOVA adjusting for baseline values, with post hoc Bonferroni-corrected t test results (Panels B, D, 
and F). The data are shown as means ± standard deviations. Abbreviations: PAR physical activity 
recommendations group, HIIT high intensity interval training group, HIIT+EMS HIIT plus whole-body 
electromyostimulation group. 
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Table 2. Change in body composition, blood variables, physical activity and sedentary time, dietary intake, 
energy metabolism and cardiorespiratory fitness, adjusted for baseline values (Model 1), for baseline values and 
sex (Model 2), and for baseline values and age (Model 3). 

 ANCOVA P value 

 Model 1 Model 2 Model 3 

Body composition  

Weight (kg) 0.032 0.020 0.014 

BMI (kg/m2) 0.011 0.013 0.005 

FM (kg) 0.014 0.014 0.025 
LM (kg) 0.002 0.002 0.002 
Blood variables 

Plasma glucose (mg/dL) 0.638 0.691 0.671 
Plasma insulin (uUI/mL) <0.001 <0.001 <0.001 
HOMA index <0.001 <0.001 <0.001 
Physical activity and sedentary time  

Sedentary time (min/day) 0.413 0.446 0.412 
LPA (min/day) 0.142 0.159 0.142 
MPA (min/day) 0.122 0.133 0.108 
VPA (min/day) 0.457 0.494 0.483 
MVPA (min/day) 0.133 0.145 0.119 
TPA 0.169 0.190 0.156 
Dietary intake  

Energy intake (kcal/day) 0.762 0.751 0.663 
Fat (% of energy intake) 0.735 0.727 0.743 
Protein (% of energy intake) 0.867 0.867 0.741 
Carbohydrate (% of energy intake) 0.924 0.938 0.893 
Energy metabolism 

BMR (kcal/day) 0.208 0.227 0.203 
BFox (g/min) 0.140 0.153 0.106 
BFox (% BMR) 0.059 0.081 0.074 
MFO (g/min) 0.034 0.031 0.039 

MFO (mg/kgleanmass/min) 0.520 0.512 0.584 
Fatmax (% of VO2max) 0.588 0.597 0.592 
Cardiorespiratory fitness 

VO2max (ml/min) 0.004 0.001 0.007 
VO2max (ml/kg/min) 0.003 0.004 0.006 
Abbreviations: PAR physical activity recommendations group, HIIT high intensity interval training group, 
HIIT+EMS HIIT plus whole-body electromyostimulation group, LPA light physical activity, MPA moderate 
physical activity, VPA vigorous physical activity, MVPA moderate-vigorous physical activity, TPA total 
physical activity, BMR basal metabolic rate, BFox basal fat oxidation, MFO maximal fat oxidation during 
exercise, Fatmax intensity of exercise that elicits MFO, VO2max maximal oxygen uptake. 
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DISCUSSION 

The main findings of this study are that a 12 

week-long, HIIT+EMS program can lead to 

significant improvements in BMR, BFox and 

MFO, in sedentary middle-aged adults. No 

significant improvements were seen in these 

areas when following a structured PAR 

program or a HIIT program without WB-

EMS. It should be noted that the changes in 

BMR and MFO observed for the HIIT+EMS 

group were dependent on changes in LM, 

whereas changes in BFox were independent 

of this variable. These findings have 

important clinical implications; they suggest 

that a well-designed, HIIT-EMS program 

could help combat the appearance of chronic 

metabolic diseases characterized by metabolic 

inflexibility in sedentary middle-aged adults. 

Effects of exercise training on 
BMR 

The influence of aerobic and resistance 

training on BMR has been investigated in 

individuals with different biological 

characteristics, but conflicting results have 

been reported. While some authors report a 

significant increase in BMR (3-10%) 45–53, 

others indicate it to remain unchanged after 

an aerobic exercise training program 54–59. 

Only a few studies have investigated their 

combined effects (i.e., concurrent training), 

with a significant increase in BMR reported 

after a 10-week concurrent training program 

in physically active men 60, but no change in 

BMR after a 20-week concurrent training 

program in sedentary middle-aged women 61 

(this latter result partially agrees with the 

present findings).  

Earlier studies investigating the effect of HIIT 

on BMR in healthy adults aged 18-50 years 

suggested significant improvements (~4%) to 

be made 54,62. Although in the present study 

no significant difference was seen in BMR 

between the HIIT and the control groups after 

the intervention, a non-significant increase of 

about 3% was seen (the same magnitude as 

reported by the above-mentioned studies 

60,61).  

There is little literature on the influence of 

WB-EMS on BMR. To our knowledge, just one 

study exists, examining the effects of a 14 

week WB-EMS program on BMR in 

moderately-trained post-menopausal women 

20. The authors of that study reported 

significant improvements in body 

composition and muscular strength, but no 

significant change in BMR 20. These results 

may not entirely agree with those of the 

present work, in which an almost significant 

increase in BMR was seen in the HIIT+EMS 

group.   

When BMR was expressed relative to LM, no 

exercise-related changes were observed in 

any intervention group. The increase LM seen 

in response to exercise might therefore 

explain the increase in BMR, which supports 

the idea that LM is an important determinant 

of BMR (after all, it represents highly 

metabolically active tissue) 63,64.  Simple 

regression was performed to see if changes in 

LM were related to changes in BMR, and a 
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significant positive association was obtained 

after adjusting for sex (P=0.041). The change 

in LM explained ~10% of the change in BMR, 

which agrees with the results of Schubert et 

al. 62, although Blundell et al. 63 reported the 

change in LM to explain ~25% of the change 

in BMR. 

Others factors have been described that might 

explain the increase in BMR after an exercise 

training program, including (i) the 

upregulation of growth hormone, thyroid 

hormone, and catecholamines, (ii) an increase 

in substrate flux activity and enzymatic 

reactions, and (iii) increased protein synthesis 

46,49,60.  Further investigations are needed to 

determine the signalling molecules and 

physiological pathways that induce the 

changes in BMR after following an exercise 

program for several weeks.  

Effects of exercise training on 
BFox 

Although the influence of different exercise 

training modalities on BMR has been 

examined in different cohorts, their effects on 

basal substrate metabolism have received 

considerably less attention. Some studies 

have suggested there to be a significant 

increase in BFox after following an aerobic 

exercise training program 65–67, whereas 

others report no effect at all 49,51,68–70. Some 

earlier studies have reported no significant 

change to occur in BFox in response to a HIIT 

program in individuals of different BMI 

62,71,72; this agrees with the present results.  

To our knowledge, this is the first study to 

show BFox to increase in response to a 12-

week HIIT-EMS program. These 

improvements might be explained by: (i) the 

optimization of mitochondrial function and 

activity, promoting fatty-acid availability and 

metabolism 5, (ii) an increase in the amount 

and sensitivity of hormone-sensitive lipase, 

which improves the mobilisation of plasma 

fatty-acids 73, and (iii) an improvement in 

insulin sensitivity 5,8. 

The present findings indicate changes in LM 

to be positively associated with changes in 

BFox, whereas changes in FM are negatively 

associated with changes in BFox. Since 

changes in LM and FM might be modulated 

by the above-mentioned mechanisms, it 

seems plausible that these changes may 

explain the observed changes in BFox. 

However, no improvement in BFox was seen 

for the PAR and HIIT groups, for reasons still 

unknown.  It might be that WB-EMS induces 

a larger number of muscle contractions than 

possible in these other exercise training 

programs. The exercise-derived molecules 

associated with skeletal muscle contraction 

(such as different myokines) might act as 

energy metabolism regulators 73. This needs 

to be examined in future studies.  

Effects of exercise training on 
MFO 

Many studies have investigated which 

biological and physiological factors 

determine MFO, with LM, VO2max, physical 

activity levels and sex proposed to explain 
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around a third of MFO 74–76. Several variables 

closely related to exercise training therefore 

seem to strongly influence MFO. However, 

longitudinal studies have returned conflicting 

results indicating no change in MFO after 

either 4 weeks of continual low-intensity 

aerobic training or 4 weeks of interval 

training in middle-aged adults with obesity 74, 

but a sustained increase in MFO in middle-

aged untrained adults after 12-months of 

aerobic training of moderate intensity 77 and 

in young sedentary overweight men after 12-

weeks of aerobic training at moderate-

vigorous intensity 76. Although no significant 

differences were seen in MFO between the 

present PAR group (which involved a 

considerable dose of aerobic training) and the 

control group, a clinically important 

improvement in MFO was recorded in the 

PAR group of nearly the same magnitude 

(~7%) as reported in the above studies.  

The influence of HIIT on MFO has also 

received some attention in recent years. 

Burgomaster et al. 78 observed a significant 

increase in MFO after a 6-week sprint interval 

training in young adults, while Talanian et al. 

79 and Perry et al. 80 reported the same after 2 

weeks of HIIT in recreationally active women, 

and after 6 weeks of HIIT in sedentary adults, 

respectively. These results agree with those 

obtained in the present work, in which similar 

changes in MFO were seen (~9%). However, 

a recent study by Astorino et al. 81 indicated 

no significant change in MFO in response to 

20 sessions of HIIT in middle-aged active 

adults. These contradictory findings might be 

explained in that Astorino et al. 81 included 

active adults in their study (although other 

methodological differences may be important 

82), while sedentary middle-aged adults were 

recruited in the present work.  A significant, 

positive association was seen between 

ΔVO2max and ΔMFO, which is in agreement 

with the results of previous studies 75. 

However, no significant association was 

noted between changes in any physiological 

variable related to MFO (LM, physical activity 

levels or dietary intake) and ΔMFO, which 

partially agrees with the findings of Astorino 

et al. 81.  

To the best of our knowledge, this is the first 

study to report a significant increase in MFO 

after a 12 weeks of HIIT+EMS intervention 

(compared to a non-exercise control group). 

Although no significant differences were seen 

between the HIIT group and the HIIT+EMS 

group results, the ΔMFO in both exercise 

programs was clinically different (~9% and 

~15%). Further studies with larger sample 

sizes are needed to confirm these findings. 

Interestingly, when MFO was expressed 

relative to LM, no exercise-related changes 

were observed in any intervention group. 

This might mean that the increase in LM in 

response to exercise explains the increase in 

MFO. In fact, a positive association was 

observed between changes in LM and ΔMFO.   

It has previously been reported that exercise 

training induces changes in both the 

epigenome, transcriptome and proteome, 

promoting better fuel storage and fuel 

oxidation in a wide range of physiological 
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situations, thus improving metabolic 

flexibility during exercise 5. These exercise-

related improvements in metabolism have 

been ascribed to a larger mitochondrial 

enzyme content and increased mitochondrial 

activity 9,83. Mitochondrial enzymes were not 

assessed in the current study, but based on 

the above-mentioned physiological 

adaptations, an increase in exercise-induced 

capillarisation, blood flow, and skeletal 

muscle proteins (e.g., UCP3) might be 

responsible for the change in MFO 76,84. This 

hypothesis should be investigated in future 

work.  

Methodological issues related to 
exercise-related changes in the 
BMR, BFox and MFO 

The literature on the effects of exercise on 

BMR and fuel oxidation in basal conditions 

and during exercise contains conflicting 

findings. Some studies attribute these 

heterogeneous results to biological factors 

such as age, sex, health status or ethnicity, 

among others 62,76, or even to exercise training 

program-related factors such as modality, 

duration, volume or intensity 49,79,81. 

However, considerably less attention has 

been paid to the methodological differences 

associated with the IC test, and in the 

selection and analysis of data for determining 

the BMR and fuel oxidation.  For example, 

published reports have involved different 

metabolic carts (e.g., ParvoMedics TrueOne 

2400 [Salt Lake City, Utah, USA] and the 

Oxycon Pro [Jaeger, Wurzburg, Germany]), 

and different stoichiometric equations have 

been used to estimate fuel oxidation (e.g., the 

Frayn equation 4 and the Jeukendrup 

equation 42) to determine the effects of 

exercise on BMR, BFox and MFO 61,62,74,81.  

Further, when determining BMR and basal 

fuel oxidation, the length of time over which 

subjects performed no physical activity and 

refrained from eating has differed, and even 

the data recording times have been different 

(30 min in some cases, through to long 

enough to achieve a steady state) 20,37,49,54,60. 

Finally, different ergometer types have been 

used in different studies examining the effect 

of exercise training on MFO (e.g., walking or 

running on a treadmill vs. a cycle ergometer), 

as have different graded exercise protocols 

(e.g., different stage durations, different 

alterations in exercise intensities), the time 

interval for data selection and analysis (e.g., 

the last 60 s vs. the last 120 s of each stage), 

and data analysis techniques for estimating 

the MFO and Fatmax (e.g., measured-values vs. 

polynomial curves)74,76,79,80,85. All of these 

factors could influence the BMR, basal fuel 

oxidation, and MFO results obtained.  When 

comparing different intervention studies, it is 

important to check whether the 

methodological details are different.  

Limitations 

The present work suffers from a number of 

limitations. Although a sample size 

calculation was performed (based on the 

results of a pilot study), the SD around the 
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mean of the dependent variables was greater 

than expected, raising some concern that the 

study may have been underpowered for 

detecting differences in BMR, in BFox, and in 

MFO, between the different training 

programs. In addition, the study subjects 

were all sedentary middle-aged adults; the 

results cannot, therefore, be extrapolated to 

physically active, older, or younger 

individuals. Finally, since the regression 

analyses were conducted using data from the 

three different exercise training interventions 

(given the small sizes of the groups), it cannot 

be known whether the associations that exist 

within any one treatment group are the same 

as those that exist in any other.  

CONCLUSIONS 

In conclusion, the present results suggest that 

a 12 week-long, HIIT+EMS intervention 

improves BMR, BFox and MFO in sedentary 

middle-aged adults. Moreover, these 

improvements were clinically better than 

those induced by a 12 week-long HIIT 

without WB-EMS, and a 12-week-long PAR in 

middle-aged adults. It should be noted that 

the changes in BMR and MFO in response to 

the exercise interventions were dependent on 

the change in LM, whereas the change in BFox 

was independent of changes in LM. A well-

designed, monitored, HIIT+EMS program 

might provide a good means of combating the 

appearance of chronic metabolic diseases 

characterised by metabolic inflexibility in 

sedentary middle-aged adults.
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ABSTRACT 

This 12-week RCT investigates the effects of 

different training modalities on 

cardiometabolic risk in sedentary, middle-

aged adults, and examines whether 

alterations in cardiometabolic risk are 

associated with changes in those health-

related variables that are modifiable by 

exercise training. 

The study subjects were 71 middle-aged 

adults (~54 years old; ~50% women) who 

were randomly assigned to one of the 

following treatment groups: 1) no exercise 

(control group), 2) PAR group, 3) HIIT 

group, or 4) HIIT+EMS group. A 

cardiometabolic risk score was calculated 

based on the International Diabetes 

Federation's clinical criteria.  

A significant reduction in cardiometabolic 

risk was observed for all exercise training 

groups compared to the control group (all 

P<0.05), which persisted after adjusting 

potential confounders (all P<0.05). However, 

the HIIT+EMS group experienced the most 

significant reduction (P<0.001). A 

significant inverse relationship was detected 

between the change in lean mass and the 

change in cardiometabolic risk (P=0.045).   

The 12-week exercise training programs - 

especially the HIIT+EMS program - 

significantly reduced cardiometabolic risk in 

sedentary, middle-aged adults independent of 

sex, age and cardiorespiratory fitness.. 
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BACKGROUND 

In recent decades, the worldwide prevalence 

of cardiovascular and chronic non-

communicable metabolic disease has 

dramatically increased among young, 

middle-aged and elderly adults 1,2.  Metabolic 

syndrome, obesity and type II diabetes 

mellitus all strongly increase the risk of 

cardiovascular disease 3. Changes in body 

composition (i.e., greater FM, larger amounts 

of VAT, and less LM) 4, hypertension 5, 

impaired glucose metabolism (i.e., the 

development of insulin resistance) 6, altered 

lipid metabolism (i.e., raised plasma 

triglycerides, total cholesterol and LDL-C, 

and reduced HDL-C) 7, low cardiorespiratory 

fitness 8, and an unhealthy lifestyle 9, all 

increase this risk.    

The potential benefits of physical exercise on 

cardiometabolic health (independent of age, 

sex and other biological factors) have been 

well-documented 10. International physical 

activity guidelines for health promotion 

establish that the adult population should 

complete at least 150 min per week of 

moderate intensity aerobic exercise, or 75 min 

per week of vigorous intensity aerobic 

exercise, combined with resistance training 

twice per week 11,12. Previous studies have 

shown that concurrent training (i.e., the 

combination of endurance and resistance 

training) can substantially improve the 

cardiometabolic profile of healthy 

individuals, as well as those of patients with 

metabolic abnormalities 13,14. However, the 

majority of people in developed societies do 

not meet current physical activity 

recommendations, a lack of time being the 

most commonly cited obstacle 15. Novel, time-

efficient training methods have, however, 

recently emerged. 

Low-volume, HIIT requires relatively little 

time and seems capable of inducing 

improvements in cardiometabolic risk similar 

to - or even better than - that achieved by 

traditional endurance training at moderate 

intensity (which requires 400% more 

commitment in terms of time) 16,17.  However, 

there have been no studies comparing the 

effects of concurrent training and HIIT on the 

cardiometabolic risk profile of healthy or 

unhealthy individuals. 

WB-EMS, which simultaneously stimulates 

up to 16 muscle groups (with different 

intensities per group) has recently arisen as an 

exercise training modality with the promise 

of being able to significantly improve the 

cardiometabolic health of elderly men 18. We 

recently reported that a HIIT+EMS program 

enhanced the physical fitness and body 

composition of sedentary, middle-aged 

adults 19,20.  However, it remains unknown 

whether a HIIT+EMS program can improve 

the cardiometabolic profile in previously 

sedentary, middle-aged adults, and whether 

any hypothetical improvements would be 

greater than those obtained by HIIT alone, or 

those obtained by concurrent training based 

on international physical activity guidelines 

for health promotion 11,12. 
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The present work investigates the effects of 

these training modalities on cardiometabolic 

risk in previously sedentary, middle-aged 

adults, and examines whether alterations in 

cardiometabolic risk are associated with 

changes in health-related outcomes that are 

modifiable by exercise training (i.e. body 

composition, physical fitness, etc.). 

MATERIAL & METHODS 

Ethics statement and reporting 
philosophy 

This study was performed as part of the FIT-

AGEING project, a full description of which 

is available at clinicaltrial.gov: ID: 

NCT03334357 21. The present study protocol 

was approved by the Human Research Ethics 

Committee of the Junta de Andalucía [0838-N-

2017], and complies with the latest revision of 

the Declaration of Helsinki. Written, 

informed consent was obtained from all 

potential participants prior to their inclusion 

in the project. The present text adheres to the 

CONSORT statement for improving the 

reporting of parallel group randomized trials 

(EQUATOR Network: http://www.equator-

network.org/reporting-guidelines/consort) 

22.  

Study subjects and treatment 
groups 

A total of 89 individuals (~50% women) aged 

45-65 years were recruited (via local media, 

social networks and posters) to this 12-week, 

randomized, parallel group, controlled trial.  

The inclusion criteria were: (i) being 

sedentary (exercising <20 min on <3 

days/week), (ii) having a stable weight over 

the previous 12 weeks, and (iii) having no 

chronic metabolic disease (e.g., diabetes 

mellitus type II), cardiovascular disease, 

cancer, or any problem that might be 

aggravated by exercise training.  

Exercise training 

The study was organized in two waves 

(September-December 2016 and September-

December 2017) due to reasons of feasibility 

and practicality, and to avoid any potential 

seasonal bias. Using simple randomization 

software 23 the subjects were assigned to one 

of the following treatment groups: 1) no 

exercise (control group), 2) PAR group, 3) 

HIIT group, or 4) HIIT+EMS group. The team 

interpreting the results was blinded to the 

randomization process. To improve the 

replicability and transparency of the 

methodology followed, these exercise 

programs follow the norms of the Consensus 

on Exercise Reporting Template (CERT). 

Individuals in the non-exercise control group 

were asked to maintain their physical activity 

levels and dietary habits over the 12-week 

study period. In addition, they were provided 

with general recommendations about a 

healthy lifestyle.  

The PAR group subjects participated in three 

training sessions per week for all 12 weeks. In 

total, this involved 150 min/week of aerobic 
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training at 60-65% of their HRres organized in 

10 min bouts, and using either a treadmill, a 

cycloergometer and/or an elliptical 

ergometer. They also completed 60 

min/week resistance training (global strength 

exercises including bench presses, lateral pull 

downs, dead lifts and squats, among others) 

at 40-50% of their one-maximum repetition. A 

recovery period of 48 h was allowed between 

training sessions.  

The HIIT group subjects participated in two 

training session each week, following a long 

interval HIIT and a short interval HIIT  

protocol  24,25. For the long interval HIIT 

component they exercised for 40-65 

min/week at >95% of VO2max, walking on a 

treadmill with a personalized slope. For the 

short interval HIIT component they 

undertook weight-bearing circuit training at 

level 6-9 on a perceived maximum effort scale 

26. A recovery period of 72 h was allowed to 

elapse between training sessions. 

The HIIT+EMS subjects performed exactly 

the same exercise training as the HIIT group 

in terms of frequency, volume, intensity, type 

of exercise and periodization, but with 

additional WB-EMS. Given that the subjects 

had never trained with WB-EMS, a 

preliminary adaptational period was allowed 

to prevent any side effects 27. Pulses were 

rectangular, bipolar and symmetrical at a 

frequency of 15-20 Hz in HIIT with long 

intervals and 35-75 Hz in HIIT with short 

intervals, and at an intensity of 100 mA in 

HIIT with long intervals and 80 mA in HIIT 

with short intervals. The impulse width was 

200-400 µs. The duty cycle was 99% for HIIT 

with long intervals and 50-63% for HIIT with 

short intervals. All WB-EMS was provided 

using a Wiemspro® device (Wiemspro, 

Malaga, Spain), following the manufacturer’s 

instructions.  

All sessions started with a dynamic, 

standardized warm-up (10 min), and finished 

with a cooling-down protocol (active global 

stretching). Detailed information regarding 

the dose and intensity of each training 

intervention is available elsewhere 19,20,28. All 

sessions were performed in small groups (2-6 

subjects), strictly monitoring subject safety 

and their adherence to the required training 

intensity and volume. All sessions were 

conducted at the Centro de Investigación 

Deporte y Salud (CIDS), University of Granada 

(Spain), and were monitored by exercise 

professionals with a degree in Sports 

Sciences. Training session attendance was 

recorded daily; repeat sessions were made 

available on alternative days to facilitate the 

recovery of any missed. A 90% minimum 

attendance rate was fixed for data use. 

Outcomes 

Anthropometry and body 
composition 
Weight and height were measured using a 

SECA model 799 electronic scale and 

stadiometer (SECA, Hamburg, Germany). 

BMI was determined as weight (kg)/height (m)2. 

Body composition was assessed using a 

Discovery Wi dual-energy X-ray 
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absorptiometer (Hologic, Inc., Bedford, MA, 

USA), obtaining FM and LM following the 

manufacturer's recommendations.  

Blood pressure 

Blood pressure was determined in the right 

arm after a 30 min rest in a supine position, 

using an Omrom® HEM 705 CP automatic 

monitor (OMROM Health-Care Co., Kyoto, 

Japan), following the recommendations of the 

European Heart Society 29. A minimum of 

three measurements were taken 1 min apart, 

and the mean value calculated. 

Blood samples 

Venous blood samples were taken from the 

antecubital vein and collected in EDTA tubes 

using the Vacutainer SST system (Becton 

Dickinson, Plymouth, UK). All samples were 

centrifuged at 4000 rpm for 7 min at 4ºC, and 

aliquots of plasma stored at -80ºC until 

analysis. Plasma glucose, total cholesterol, 

HDL-C, triglycerides, ALT and γ-GT were 

determined using an AU5800 absorption 

spectrophotometer (Beckman Coulter, Brea, 

CA, USA). Plasma insulin was assessed by 

chemiluminescence immunoassay using a 

UniCel DxI 800 device (Beckman Coulter, 

Brea, CA, USA). LDL-C was determined 

using the equation (total cholesterol) – (HDL-C) 

– 0.45 x (triglycerides).  

Cardiometabolic risk score 

The International Diabetes Federation 30 has 

proposed clinical criteria - WC, blood 

pressure, and plasma glucose, HDL-C and 

triglyceride concentrations - defining 

cardiometabolic risk. Sex-specific 

cardiometabolic risk scores were calculated 

based on these criteria. Each variable was 

standardized as follows: standardized value 

= (value – mean) / SD. The HDL-C 

standardized values were multiplied by -1 to 

represent increasing values as directly 

proportional to the risk score. The final score 

was determined as the sum of the 5 

standardized scores divided by 5. The 

cardiometabolic risk score is a continuous 

variable with a mean of 0 and a SD of 1 by 

definition, with lower scores denoting a more 

favorable profile. 

Fatty liver index 

The fatty liver index is a validated surrogate 

marker of non-alcoholic fatty liver disease 31. 

This was calculated from the BMI, WC, 

triglycerides and γ-GT using a previously 

validated equation 31. 

QUICKI  
This was calculated as the inverse of the sum 

of the logarithms of the plasma insulin 

(UI/mL) and plasma glucose (mg/dL) 32 

concentrations. 

HOMA  
This was determined as plasma insulin (UI/mL) 

x plasma glucose (nmol/L) / 22.5 33. 

Dietary intake 

Dietary intake was recorded via three non-

consecutive 24 h recall records, collected by a 
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qualified nutritionist. Total energy intake and 

the macronutrient distribution were 

calculated using EvalFINUT® software, 

which makes use of the U.S. Department of 

Agriculture and the Spanish BEDCA (Base de 

Datos Española de Composición de Alimentos) 

databases. 

Cardiorespiratory fitness 

VO2max was determined by IC using a 

maximum graded treadmill test following the 

modified Balke protocol 34 (explained in detail 

elsewhere) 19. VO2max was deemed reached 

when: (i) the RER was >1.1, (ii) a plateau in 

VO2 (change of <100 ml/min in the last 3 

consecutive 10 s stages) had been reached, 

and (iii) a heart rate of within 10 bpm of the 

age-predicted maximum was observed35. 

When these criteria were not met, peak 

oxygen uptake during the test was recorded 

35. 

Statistical analysis 

Explanations of the statistical power 

requirements for the present work are 

available elsewhere 19–21,28. Briefly, it was 

assumed that 25% of subjects would drop-out 

over the 12-week study period. Based on a 

pilot study, statistical power was fixed at 85% 

for detecting post-intervention 

cardiometabolic risk improvements of 10-15% 

(type 1 error = 0.05) 4. A total of 20 subjects per 

group were necessary to meet these criteria.  

Data are expressed as means (SD) unless 

otherwise stated. Data normality was 

confirmed using the Shapiro-Wilk test, visual 

histograms and Q-Q plots. Between-group 

baseline differences were examined by one-

way ANOVA. Given that the aim of the study 

was to examine the efficacy of the exercise 

interventions with respect to the stated goals, 

per-protocol analysis was performed taking 

into account all subjects with a >90% 

attendance record for the exercise sessions. A 

sensitivity analysis (i.e., intention to treat 

analysis) was also performed using BOCF 

imputation for missing data.  Repeated-

measures ANOVA was performed to 

examine the changes in cardiometabolic risk 

score, in the QUICKI and HOMA, between 

groups, over time, and with respect to the 

interaction group x time.  

The Student paired t test was used to study 

intra-group differences in dependent 

variables before and after the intervention. 

Similar analyses were conducted for 

anthropometric, blood pressure, Glucose 

metabolism, lipid metabolism and liver 

function-related values. ANCOVA was 

performed to examine the influence of the 

groups (fixed factor) on dependent outcomes, 

adjusting for baseline values (i.e., after 

intervention-cardiometabolic risk score 

minus baseline-cardiometabolic risk score). 

Bonferroni post hoc adjustment for multiple 

comparisons was used to examine differences 

between pairs of groups. Similar analyses 

were performed adjusting for age and sex as 

confounding variables.  

Spearman correlation coefficients were also 

calculated to study the relationships between 
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changes in the cardiometabolic risk score and 

QUICKI and HOMA values, and those in 

body composition, cardiorespiratory fitness 

and dietary variables potentially modifiable 

by exercise.  

Calculations were preformed using the 

Statistical Package for the Social Sciences 

v.22.0 (IBM Corporation, Chicago, IL, USA). 

GraphPad Prism 5 software (GraphPad 

Software, San Diego, CA, USA) was used for 

plotting graphs. Significance was set at 

P≤0.05. 

RESULTS 

Figure 1 shows the flowchart for enrolment 

and analysis. A total of 71 participants (n=17 

in the control group, n=17 in the PAR group, 

n=18 in the HIIT group and n=19 in the 

HIIT+EMS group) completed the study. Table 

1 shows the descriptive characteristics of the 

study subjects at baseline; no significant 

differences between group were noted at this 

time.  

Figure 2A shows the cardiometabolic risk 

score before and after the different exercise 

interventions. The interaction group x time had 

a significant influence on the post-

intervention risk score (P=0.002; Figure 2A). 

The control group actually showed a 

significant increase in cardiometabolic risk 

score at the end of the study compared to 

baseline (-0.008±0.088 vs. 0.128±0.081; P=0.01; 

Figure 2A). Compared to the control group, 

however, the cardiometabolic risk score 

decreased in the PAR, HIIT and the 

HIIT+EMS groups (P=0.026, P=0.041 and 

P<0.001, respectively; Figure 2B) with no 

significant differences between the three 

groups (all P>0.5, Figure 2B). However, the 

HIIT+EMS group experienced the most 

significant reduction (-0.175 in the PAR group 

vs. -0.179 in the HIIT group vs. -0.272 in the 

HIIT-EMS group).  

Figures 3A and 3C shows the QUICKI and 

HOMA indices before and after the 

intervention. The interaction group x time had 

a significant influence on these values 

(P=0.003 and P=0.001, respectively). The 

HIIT+EMS group showed a significant 

increase in the QUICKI index (0.350±0.040 vs. 

0.363±0.039; P<0.001; Figure 3A), whereas the 

control group experienced a significant 

decrease (0.368±0.036 vs. 0.358±0.039; P=0.04; 

Figure 3A). 

A significant reduction in the HOMA value 

was recorded for the HIIT and HIIT+EMS 

groups (1.654±0.262 vs. 1.319±0.181 for HIIT 

and 2.586±0.586 vs. 1.980±0.420 for 

HIIT+EMS; all P<0.05; Figure 3C), while a 

significant increase was noted for the control 

group (1.711±0.374 vs. 2.128±0.449; P=0.05; 

Figure 3C).  
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Figure 1: Enrolment and analysis flow-chart. Abbreviations: BMI - body mass index; CDV - 
cardiovascular disease; ECG - electrocardiogram; PAR - physical activity recommendations for adults’ 
group; HIIT- high intensity interval training group; HIIT+EMS - HIIT plus whole-body 
electromyostimulation group; QUICKI - quantitative insulin sensitivity check index; BOCF - baseline 
observation carried forward imputation. 
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Figure 2. Cardiometabolic risk score before and after the intervention study. P value (time, group, and 
interaction group x time) for repeated measures ANOVA (Panel A). Student paired t-test to study pre-post 
differences (Panel A). Changes in cardiometabolic risk after the intervention study in the four groups. 
ANCOVA adjusting for baseline values, with post hoc Bonferroni-corrected t-test (Panel B). *P<0.05, 
**P<0.01, ***P<0.001. The data are shown as means (standard deviation). Abbreviations: PAR - physical 
activity recommendations group; HIIT - high intensity interval training group; HIIT+EMS - HIIT plus 
whole-body electromyostimulation group. 
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Compared to the control group, the QUICKI 

index increased significantly in all exercise 

intervention groups (P=0.026 for the PAR 

group, P=0.016 for the HIIT group, and 

P=0.010 for HIIT+EMS, respectively; Figure 

3B), while their HOMA values fell 

significantly  compared to the control group 

(P=0.002 for PAR, P=0.002 for HIIT, and 

P=0.001 for HIIT+EMS, respectively; Figure 

3D). No significant differences were seen 

among the exercise intervention groups 

(Figure 3B and 3D).  

All the above findings persisted when sex and 

age were included as covariates (see Table 2). 

Moreover, they remained consistent after 

performing BOCF sensitivity analysis (data 

not shown). Table 3 show the changes 

recorded in anthropometric, blood pressure, 

glycaemic and lipid metabolism, and liver 

function variables. 

A significant, negative relationship was 

detected between the change in LM and the 

change in cardiometabolic risk score (P=0.045; 

Table 4), whereas no significant relationship 

was between the latter and a change in any 

other body composition, cardiorespiratory 

fitness or dietary variable (all P>0.08; Table 4). 

Similarly, no significant correlations were 

observed between changes in body 

composition variables, cardiorespiratory 

fitness or dietary variables, and changes in the 

QUICKI or HOMA indices (all P>0.05; Table 

4). 

 

 

 

DISCUSSION 

The main finding of this work is that, 

compared to the control group, the 

HIIT+EMS subjects enjoyed the most 

significant improvement in cardiometabolic 

risk. It should be noted that, although the 

PAR and HIIT groups also experienced 

reductions in cardiometabolic risk, the 

improvement seen for the HIIT+EMS group 

was clinically greater. In addition, 

improvement in LM was significantly 

associated with a reduction in 

cardiometabolic risk, but no significant 

correlations were observed between the latter 

and changes in cardiorespiratory fitness or 

dietary variables. Taken together, these 

findings suggest that exercise training - 

especially a combination of HIIT and WB-

EMS - improves cardiometabolic health in 

previously sedentary, middle-aged adults, 

independent of sex, age or cardiorespiratory 

fitness. 
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Figure 3. QUICKI (quantitative insulin sensitivity check index) and HOMA (homeostasis model 
assessment index) before and after the intervention study. P value (time, group, and the interaction group 
x time) for repeated measures ANOVA (Panels A and C). Student paired t-test to study pre-post 
differences (Panels A and C). Changes in QUICKI and HOMA after the intervention study in the four 
groups. P value is for ANCOVA adjusting for baseline values, with post hoc Bonferroni-corrected t-test 
(Panels B and D). *P<0.05, **P<0.01, ***P<0.001. Data are shown as means (standard deviation). 
Abbreviations: PAR - physical activity recommendations group; HIIT - high intensity interval training 
group; HIIT+EMS - HIIT plus whole-body electromyostimulation group. 
 



SECTION 3: Chapter 13 

 

402 

Table 2. Changes in anthropometric variables, blood pressure, glucose and lipid metabolism, 
cardiometabolic risk score, and liver function adjusted for baseline values and sex (Model 1), 
and adjusted for baseline values and age (Model 2). 

 ANCOVA  
P value 

 Model 1 Model 2 
Anthropometry   
BMI (kg/m2) 0.013 0.005 
WC (cm) <0.001 <0.001 
Blood pressure   
Systolic blood pressure (mm Hg) <0.001 <0.001 
Diastolic blood pressure (mm Hg) <0.001 <0.001 
Mean blood pressure (mm Hg) <0.001 <0.001 
Glucose metabolism   
Plasma glucose (mg/dL) 0.691 0.671 
Plasma insulin (UI/mL) <0.001 <0.001 
Insulin glucose ratio 0.001 0.001 
QUICKI  0.005 0.008 
HOMA  <0.001 <0.001 
Lipid metabolism   
Total cholesterol (mg/dL) 0.116 0.079 
HDL-C (mg/dL) 0.623 0.708 
LDL-C (mg/dL) 0.024 0.020 
Triglycerides (mg/dL)  0.097 0.264 
LDL-C/HDL-C 0.368 0.421 
Triglycerides/HDL-C 0.310 0.425 
Cardiometabolic risk score 0.002 0.003 
Liver function   
ALT (IU/L) 0.619 0.633 
γ-GT (IU/L) 0.575 0.578 
Fatty liver index 0.282 0.364 
Abbreviations: QUICKI - quantitative insulin sensitivity check index; HOMA - homeostasis 
model assessment index; HDL-C - high-density lipoprotein cholesterol; LDL-C -low-density 
lipoprotein cholesterol; ALT - alanine transaminase, γ-GT - γ-glutamyl transferase. 
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It has been reported that concurrent training 

can lead to cardiometabolic benefits such as 

reductions in WC, total cholesterol, LDL-C, 

triglycerides, plasma glucose and blood 

pressure, and an increase in HDL-C 13,36–40. In 

the present study, HDL-C increased, and both 

total cholesterol and blood pressure 

decreased in the PAR group, with the changes 

significantly larger than those recorded for 

the control group. These findings agree with 

those of other studies involving similar 

exercise training interventions 13,36–38. It 

should be noted that no significant 

differences were seen between the PAR group 

and the control group with respect to the 

change in plasma glucose concentration. 

However, a significant difference was seen in 

the change in insulin sensitivity between 

these two groups (higher in the PAR group). 

Previous studies have suggested that exercise 

leads to improvements in plasma glucose 

when the baseline levels are higher than 

desirable 36, but in the present work the mean 

baseline plasma glucose concentration of both 

groups was relatively normal. 

 

It has been reported that HIIT helps reduce a 

number of cardiometabolic risk factors 

including blood pressure 41, insulin sensitivity 

42 and lipogenesis 42 in individuals with 

different biological characteristics. A recent 

systematic review and meta-analysis 

indicated that HIIT may be a time-efficient 

training method in terms of improving 

cardiometabolic health, providing similar 

improvements to those achieved with 

continuous endurance training at moderate 

intensity 43. These findings agree with those of 

the present study, with improvements of the 

same magnitude obtained in the PAR and 

HIIT groups. 

A study that examined the effects of 

combining WB-EMS and whey protein 

supplementation on cardiometabolic risk in 

men aged over 70 years with sarcopenic 

obesity, reported a significant improvement 

in cardiometabolic risk after 16 weeks 18. 

However, this study did not answer what the 

effects of an WB-EMS program without whey 

protein supplementation might be; or what 

the effects might be of a WB-EMS program on 

Table 4. Spearman correlation coefficients (Rs) between changes in cardiometabolic risk, fatty liver index, 
Quantitative insulin sensitivity check (QUICKI) index and homeostasis model assessment (HOMA) index, 
and body composition, cardiorespiratory fitness (VO2max) and dietary variables (excluding control 
group). 
 Δ Cardiometabolic 

risk score 
Δ QUICKI index Δ HOMA index 

 Rs P value Rs P value Rs P value 
Δ FM (%) 0.258 0.083 -0.043 0.769 0.155 0.287 
Δ VAT (g) 0.227 0.130 -0.010 0.944 0.200 0.167 
Δ LM (kg) -0.291 0.045 0.071 0.629 -0.173 0.235 
Δ VO2max (ml/kg/min) -0.108 0.461 -0.125 0.376 0.085 0.548 
Δ Energy intake (kcal/day) -0.018 0.902 -0.072 0.615 -0.027 0.852 
Δ Fat (g/day) -0.032 0.829 0.168 0.244 -0.101 0.485 
Δ Carbohydrate (g/day) 0.054 0.719 0.082 0.572 -0.040 0.781 
Δ Protein (g/day) -0.206 0.164 -0.167 0.245 0.076 0.599 
Δ Ethanol (g/day) 0.087 0.561 0.029 0.843 0.015 0.919 
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the cardiometabolic profile of sedentary men 

or women under 70 years of age; or whether a 

HIIT+EMS program might produce 

additional improvements in cardiometabolic 

risk compared with those obtained by a HIIT 

program without WB-EMS or with any other 

type of exercise training. The present work 

shows that a HIIT+EMS program can 

significantly improve the cardiometabolic 

profile, at least in previously sedentary, 

middle-aged adults compared to controls. 

Interestingly, although no significant 

differences in cardiometabolic profile were 

observed between the HIIT+EMS group and 

the HIIT or PAR groups after the 

corresponding interventions, a clinically 

relevant reduction in cardiometabolic risk 

was noted in the change in the HIIT+EMS 

group compared to the other exercise training 

groups, independent of sex age, or 

cardiorespiratory fitness. These findings 

suggest that a HIIT+EMS program may be the 

most effective training methodology for 

improving the cardiometabolic profile - 

perhaps even more so than a PAR 

intervention (which involves a higher 

exercise volume and frequency) 11,12.  

The additional cardiometabolic 

improvements obtained by the HIIT+EMS 

group might be the consequence of the larger 

number of muscular contractions leading to a 

greater increase in LM 20. Previous studies 

have proposed the physiological mechanisms 

via which an enhanced muscular mass might 

reduce the incidence of chronic 

cardiometabolic disease 13,44,45.  Skeletal 

muscle can be regarded as an endocrine organ 

since, in response to contraction, it produces 

myokines - molecules that play a crucial role 

in the modulation of obesity, metabolic 

syndrome, and type II diabetes mellitus 46. It 

is therefore plausible that exercise-induced 

changes in LM can reduce cardiometabolic 

risk. The present results partially support this 

notion; a significant negative relationship was 

seen between the change in LM and the 

changes in cardiometabolic risk, but no other 

significant relationships were observed 

between changes in FM or VAT with changes 

in cardiometabolic risk.  

It is well documented that high 

cardiorespiratory fitness is associated with a 

reduced risk of chronic cardiometabolic 

disease 8. However, in addition to enhancing 

the former, a well-designed exercise training 

program should have favorable effects on 

glucose and lipid metabolism, and on blood 

pressure 10. Certainly, some controversy 

surrounds the impact of changes in 

cardiorespiratory fitness on cardiometabolic 

risk, with some studies reporting an 

improvement to be a significant predictor of 

an improved glycaemic and lipid profiles 47–

49, while others report no such association at 

all 50,51.  However, the majority of studies have 

been conducted in patients with 

cardiometabolic diseases, and have 

commonly involved individuals with type II 

diabetes mellitus. It has remained unclear 

whether exercise training-induced changes in 

cardiorespiratory fitness are related to 

changes in cardiometabolic risk in since 
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sedentary, middle-aged people, who 

naturally have age-related increased risk of 

developing cardiometabolic problems 52. The 

current study identified significant 

improvements in cardiometabolic risk for all 

the treatment groups, independent of changes 

in cardiorespiratory fitness, and even though 

a significant increase in cardiorespiratory 

fitness was seen 19. The present lack of any 

association between changes in 

cardiorespiratory fitness and improvements 

in cardiometabolic profile might be explained 

in that exercise promotes a number of 

adaptive mechanisms 53. While the 

enhancement of cardiorespiratory fitness in 

response to exercise is predominantly related 

to central cardiovascular adaptations, heart 

remodeling and an increase in stroke volume, 

training-associated changes in 

cardiometabolic profile are more related to 

improvements in insulin sensitivity caused by 

specific adaptations in adipose and skeletal 

muscle 10,50, an argument that the present 

findings support. 

Limitations 

The present work suffers from a number of 

limitations. The SD for some variables was 

higher than expected; the work may therefore 

be underpowered for detecting statistical 

differences between the exercise training 

groups with respect to some dependent 

outcomes. Further, insulin 

sensitivity/resistance was not determined by 

the gold standard method (i.e., the 

hyperinsulinemic euglycemic glucose clamp 

technique). However, both the QUICKI 32 and 

HOMA33 methods have been validated for 

assessing insulin sensitivity and insulin 

resistance respectively.  

CONCLUSIONS 

In conclusion, the present results suggest that 

a 12-week HIIT program combined with WB-

EMS can significantly reduce cardiometabolic 

risk in sedentary, middle-aged adults 

independent of sex, age and cardiorespiratory 

fitness. Further, exercise-induced changes in 

LM seem to be a powerful predictor of 

improvements in cardiometabolic risk after a 

training intervention. These results have 

important clinical implications: while the 

training intervention based on international 

physical activity guidelines (PAR group) 

improved cardiometabolic risk compared to a 

non-exercise control treatment, the 

HIIT+EMS program obtained substantially 

better results with less than half the training 

volume. Since the majority of individuals in 

developed countries do not meet current 

international physical activity 

recommendations, largely through a lack of 

time, this type of training might be 

particularly valuable. Further studies should 

be conducted to confirm these findings and to 

determine whether the same holds true for 

other populations
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The human race has long sought means to 

extend longevity and counteract the effects of 

ageing on physical and mental functioning. 

Considerable strides have been made in our 

biological understanding of the factors 

contributing to the ageing process. This 

knowledge is crucial for the development of 

therapeutic and clinical strategies to prevent, 

delay, or reverse age-related decline 1. 

However, recent studies have suggested that 

chronological age is but a crude indicator of 

ageing. Therefore, specific ageing biomarkers 

have been proposed as providing a more 

accurate picture of the human health during 

the ageing process 2.  

The α-Klotho gene was identified in 1997 3 as 

a mutated gene in transgenic mice. It extends 

lifespan when overexpressed and accelerates 

ageing-like phenotypes when disrupted (e.g. 

sarcopenia, impaired cognition, 

atherosclerosis, endothelial dysfunction, 

impaired mineral metabolism, osteoporosis, 

growth retardation, hypokinesis and gait 

disturbance, skin atrophy, and emphysema) 

3–6. The α-Klotho gene encodes a single-pass 

transmembrane glycoprotein expressed 

predominantly in the distal tubule cells of the 

kidney, parathyroid glands, and choroid 

plexus of the brain. Its shed form - obtained 

via alternative splicing and identified in 

plasma, cerebrospinal fluid, and urine 7,8 - 

accurately indicate the α-Klotho gene 

expression and exerts important 

physiological functions 9. Previous studies 

have suggested that S-Klotho are 

independently associated with a lower 

likelihood of having cardiovascular diseases 

10 and that it is an independent predictor of 

all-cause mortality 11. Therefore, S-Klotho has 

been postulated as an excellent anti-ageing 

biomarker 12.  

However, it has not previously studied 

whether S-Klotho are related to well-known 

indicators of health during the ageing process 

in humans. We investigated the association 

between body composition (Study 9), 

physical fitness (Study 10), energy 

metabolism (Study 11) and cardiometabolic 

risk (Study 12) with S-Klotho in sedentary 

middle-aged adults. Given that we found 

some methodological problems regarding 

data collection and analysis in energy 

metabolism variables, we conducted some 

methodological studies to solve them (Study 

3, 4, 5, 6, 7 and 8).  

Moreover, previous studies have shown that 

physical exercise produces important benefits 

on human health. However, the effects of 

physical exercise on S-Klotho have not deeply 

studied. Furthermore, there is a lack of 

studies comparing the influence of different 

exercise training on the above-mentioned 

health-related outcomes. We systematically 

reviewed the literature in order to determine 

the role of exercise on S-Klotho protein 

regulation (Study 1) and, subsequently, we 

designed a randomized controlled trial 

(Study 2) aiming to determine the effects of 

different exercise training programs on S-

Klotho (Study 13), body composition (Study 

14), physical fitness (Study 15), energy 

metabolism (Study 16), and cardiometabolic 
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risk (Study 17)  in sedentary middle-aged 

adults.  

S-KLOTHO PROTEIN AND 
PHYSICAL FITNESS 

The body composition changes during the 

ageing process, decreasing LM and increasing 

FM 13. Similarly, cardiorespiratory fitness and 

muscular strength are currently considered 

powerful longevity predictors and indicators 

of functional health 14–18. To identify factors 

that play a role in the association of body 

composition and physical fitness with health 

improvements during the ageing process, is 

of clinical interest to understand ageing 

physiology. However, little is known about 

the association between body composition 

and physical fitness with the anti-ageing 

hormone S-Klotho. It has been shown that 

muscle contraction may modulate the α-

Klotho gene expression 1. A positive strong 

association of muscular strength 19 and 

functioning 20 with S-Klotho has been 

reported, but, the relationship between the 

LM and S-Klotho has not been studied in 

humans previously. Similarly, whether body 

fatness is associated with S-Klotho is 

unknown. Moreover, there is no studies that 

examine whether physical fitness is 

associated with S-Klotho in sedentary 

middle-aged adults. The results of the present 

International Doctoral Thesis show that LM is 

strongly associated with S-Klotho, and it 

explains the associations observed of FM with 

S-Klotho (Study 9). Moreover, our results 

indicate that both cardiorespiratory fitness 

and muscular strength are associated with S-

Klotho (Study 10). Of note is, however, that 

these associations were highly dependent on 

LM. Therefore, our data support the notion 

that the skeletal muscle strength plays an 

important role in the S-Klotho metabolism, or 

vice versa.  

S-KLOTHO PROTEIN, 
ENERGY METABOLISM AND 
CARDIOMETABOLIC 
HEALTH 

A progressive ageing-related decline in one's 

metabolic and physiological functions 24, the 

associated dysregulation of nutrient 

sensitivity, mitochondrial dysfunction and 

cellular apoptosis eventually becoming 

harmful 25. It is well-known that the ageing 

process is associated with a progressive 

decline in the BMR, meal-induced 

thermogenesis and physical activity 26, 

resulting in a reduced total energy 

expenditure.  Moreover, several studies have 

examined the relationship of BFox and 

ageing-related diseases, and a potential role 

for this association has been proposed in the 

pathogenesis of subclinical atherosclerosis, 

hypertriglyceridaemia, liver steatosis and 

ventricular cardiac remodelling 27–29. 

Paradoxically, a previous study observed no 

relationship between basal substrate 

oxidation and chronological age 24. However, 

chronological age has demonstrated not to be 

a good indicator of ageing.  It has been 

proposed different ageing biomarkers in the 

attempt of provide an accurate picture 2. S-
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Klotho exerts functions related to the 

physiology of energy metabolism which 

could modulate some cardiometabolic 

functions 30 (i.e. regulation of glucose uptake, 

enhancement of insulin sensitivity, 

attenuation of cellular oxidative stress, or 

suppression of chronic inflammation) 6,31,32. 

However, the literature does not contain 

studies on how BMR and fuel oxidation, as 

well as cardiometabolic risk, may be related 

to S-Klotho. The findings of the present 

International Doctoral Thesis suggest that 

BFox and MFO are strongly associated with S-

Klotho, while no relationship was observed 

between BFox and MFO with chronological 

age under either set of test conditions (Study 

11). These results have clinical implications, 

and support the idea that metabolic flexibility 

in fasting conditions and during exercise are 

powerful predictors of biological ageing. 

Finally, we also observed that S-Klotho was 

negatively associated with cardiometabolic 

risk, and positively related to insulin 

sensitivity/resistance independently of 

potential confounders such us age, 

cardiorespiratory fitness, physical activity 

levels and dietary intake (Study 12). 

Therefore, S-Klotho would be considered a 

biomarker of cardiometabolic health in 

sedentary middle-aged individuals free of 

diseases. 

 

 

 

ROLE OF EXERCISE ON S-
KLOTHO PROTEIN, 
PHYSICAL FITNESS, ENERGY 
METABOLISM AND 
CARDIOMETABOLIC 
HEALTH 

Increasing the amount of exercise improves 

physical and mental health of healthy people 

effectively, and prevents the development of 

many chronic diseases 33. Exercise is an 

excellent therapeutic intervention for obesity, 

cardiovascular disease, type 2 diabetes, 

certain types of cancer, and many other 

chronic metabolic diseases 34. It also has an 

impact on life expectancy 35, yet the 

physiological mechanisms that may mediate 

these effects are not fully understood. 

ROLE OF EXERCISE ON S-
KLOTHO 

The role of exercise in the ageing process is 

well established 34,35, but the acute and 

chronic effects of exercise on S-Klotho have 

not deeply studied. Some studies observed a 

significant increment of S-Klotho after a 

single bout of exercise, concluding that 

healthy young well-trained individuals 

registered a greater improvement than the 

elderly untrained counterparts 36–39. There is 

only one manuscript that described the 

chronic effect on S-Klotho after a low-to-

moderate intensity aerobic training in 

postmenopausal women, observing a 

significant increase 40. However, it remains 

unclear whether physical exercise can elevate 

S-Klotho levels, as well as which type of 
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physical exercise induces greater 

improvements on S-Klotho. We showed that 

exercise training induced an increase in the S-

Klotho in sedentary middle-aged adults and 

that changes in body composition were 

related to changes in the S-Klotho after an 

exercise training programme (Study 13). 

Therefore, we suggest that the link between 

exercise training and the increase in S-Klotho 

could be mediated by a body re-composition, 

through a decrease of FM and an increase of 

LM. 

ROLE OF EXERCISE ON BODY 
COMPOSITION 

Exercise training provides important benefits 

on body composition and physical fitness 41. 

Concurrent training induced a decrease of FM 

and an increment of LM and  in both 

sedentary men 42 and women 43. Similarly, 

HIIT seems to be a feasible time-efficient 

strategy to improve body composition 44. 

Despite HIIT is currently the trendiest time-

efficient exercise method, the WB-EMS 45 and 

has become increasingly popular during the 

last decade, showing that this training 

modality induced a generally decrease of FM 

and a generally increase of LM in individuals 

with different biological characteristics 46–55. 

However, there is a lack of studies comparing 

the influence of different exercise training 

programs on body composition parameters in 

sedentary middle-aged adults. The results of 

the present International Doctoral Thesis 

show that both, PAR, HIIT, and HIIT+EMS, 

induced a decrease of FM related parameters 

compared to a control group, while only the 

HIIT with or without WB-EMS showed an 

increase of LM related parameters compared 

to the control group in sedentary middle-

aged adults (Study 14). Our findings suggest 

that a HIIT program adding or not WB-EMS, 

as well as a PAR program can be used as a 

strategy to improve body composition 

parameters related to high-incidence 

pathologies such us obesity, sarcopenia and 

osteoporosis, obtaining slightly better results 

with the application of a HIIT program 

adding WB-EMS.  

ROLE OF EXERCISE ON 
PHYSICAL FITNESS 

Physical exercise is currently considered an 

effective strategy to fight against the high 

prevalence of chronic cardiometabolic 

diseases 34, improving physical fitness, and, 

consequently, increasing quality of life 14–18. It 

is well-known that the application of different 

training modalities produce important, but 

not similar health-related physiological 

adaptations 56,57. Our findings suggest that a 

12-week structured exercise intervention 

improves physical fitness regardless of the 

training programme (i.e. PAR vs. HIIT vs. 

HIIT+EMS) in sedentary middle-aged adults 

(Study 15). Despite slightly greater 

improvements in some physical fitness 

variables, the changes observed in the HIIT-

EMS group were not superior to the other 

exercise programmes.  
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ROLE OF EXERCISE ON 
ENERGY METABOLISM 

The ability to increase fat oxidation under 

basal conditions has traditionally been 

regarded a powerful marker of metabolic 

flexibility 58. Metabolic flexibility has been 

widely studied in fasting conditions, under 

post-prandial, and during a 

hyperinsulinaemic euglycaemic clamp, but its 

relationship with exercise and training has 

been much less explored 59. MFO has been 

proposed key indicators of metabolic 

flexibility during exercise 59,60. The 

development of strategies (i.e., dietary or 

physical exercise interventions) aimed at 

increasing metabolic flexibility may offer a 

means of combating excessive fat 

accumulation and obesity. Given that no 

previous studies have examined the influence 

of different exercise training programs on 

energy metabolism-related variables, we 

compared three different exercise training 

intentions on BMR, BFox and MFO in 

sedentary middle-aged adults. The results of 

this International Doctoral Thesis suggest that 

12 week-long, HIIT+EMS program improves 

BMR, BFox and MFO in sedentary middle-

aged adults (Study 16). These findings have 

important clinical implications, since a well-

designed, monitored, HIIT+EMS program 

might provide a good means of combating the 

appearance of chronic metabolic diseases 

characterised by metabolic inflexibility in 

sedentary middle-aged adults. 

ROLE OF EXERCISE ON 
CARDIOMETABOLIC RISK 

The worldwide prevalence of cardiovascular 

and chronic non-communicable metabolic 

disease has dramatically increased among 

young, middle-aged and elderly adults in the 

last decades 63,64.  Metabolic syndrome, 

obesity and type II diabetes mellitus all 

strongly increase the risk of cardiovascular 

disease 65. Changes in body composition (i.e., 

greater FM, larger amounts of VAT, and less 

LM) 66, hypertension 67, impaired glucose 

metabolism 68, altered lipid metabolism 69, 

low cardiorespiratory fitness 70, and an 

unhealthy lifestyle 71, all increase this risk. 

The potential benefits of physical exercise on 

cardiometabolic health (independent of age, 

sex and other biological factors) have been 

well-documented 72. We showed, for the first 

time that a 12-week HIIT program combined 

with WB-EMS can significantly reduce 

cardiometabolic risk in sedentary, middle-

aged adults independent of sex, age and 

cardiorespiratory fitness (Study 17). Further, 

exercise-induced changes in LM seem to be a 

powerful predictor of improvements in 

cardiometabolic risk after a training 

intervention. These results have important 

clinical implications: while the training 

intervention based on international physical 

activity guidelines also improved 

cardiometabolic risk compared to a non-

exercise control treatment, the HIIT+EMS 

program obtained substantially better results 

with less than half the training volume. Since 



GENERAL DISCUSSION 
 

421 

the majority of individuals in developed 

countries do not meet current international 

physical activity recommendations, largely 

through a lack of time, this type of training 

might be particularly valuable.  
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GENERAL LIMITATIONS 

The findings presented in this International 

Doctoral Thesis should be considered 

cautiously since some limitations should be 

addressed: 

 Four out of seventeen studies contained 

in the International Doctoral Thesis had 

observational designs, and thus, it is not 

possible to establish causal relationship. 

 Six studies of the present International 

Doctoral Thesis included data of MFO. 

Given that it was calculated by a 

walking graded exercise protocol, we do 

not know whether our findings apply 

when MFO is calculated by a cycle 

ergometer graded exercise protocol. 

 The results of the present International 

Doctoral Thesis were carried out in a 

cohort of sedentary middle-aged adults 

(45 to 65 years old) in almost cases. 

These data should not be extrapolated to 

other populations with different 

biological characteristics. Therefore, it is 

mandatory to replicate this intervention 

on different populations. 

 A total of five studies of this 

International Doctoral Thesis included 

data of S-Klotho. However, S-Klotho 

might not sufficiently reflect neither 

tissue levels of Klotho protein nor 

Klotho gene expression, which cannot 

be obtained and analyzed in the absence 

of a clinical indication for biopsy. 

 Several studies of the present 

International Doctoral Thesis included 

IC data.  To do so, we used a metabolic 

cart with a relatively low inter-day 

reliability 73. Thus, device error might 

have contributed to intra-individual 

non-biological variance. 

 Although we conducted a sample size 

calculation (based on the results of a 

pilot study), the SD around the mean of 

the some dependent variables was 

greater than expected, raising some 

concern that the study may have been 

underpowered for detecting differences 

in S-Klotho, body composition, physical 

fitness, energy metabolism, and 

cardiometabolic risk, between the 

different training programs.
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GENERAL CONCLUSION 

The results of the present International 

Doctoral Thesis show that S-Klotho is 

strongly related to physical fitness, energy 

metabolism and cardiometabolic health in 

sedentary middle-aged adults. Moreover, a 

12-weeks structured exercise training 

program significantly increases S-Klotho, 

physical fitness, energy metabolism and 

cardiometabolic health in sedentary middle-

aged adults. 

SPECIFIC CONCLUSIONS 

SECTION 1: S-Klotho protein 
and physical fitness 

 Higher LM are associated with 

higher levels of S-Klotho, which 

explains the associations of BMI, 

BMD, and physical fitness with S-

Klotho in sedentary middle-aged 

adults  

SECTION 2: S-Klotho protein, 
energy metabolism and 
cardiometabolic health 

 Higher BFox and MFO are 

associated with higher levels of S-

Klotho in sedentary middle-aged 

adults.  

 Higher levels of S-Klotho are 

associated with better 

cardiometabolic healhty, and 

positively related to insulin 

sensitivity/resistance in healthy 

sedentary middle-aged adults 

independently of potential 

confounders such us age, 

cardiorespiratory fitness, physical 

activity levels and dietary intake.  

SECTION 3: Role of exercise on 
S-Klotho protein, physical 
fitness, energy metabolism and 
cardiometabolic health 

 Exercise training induces an increase 

of S-Klotho in sedentary middle-

aged adults. Moreover, changes in 

body composition are related to 

changes in S-Klotho after an exercise 

training programme.  

 A 12-week HIIT program adding or 

not WB-EMS, as well as a PAR 

program, can be used as a strategy to 

improve body composition 

obtaining slightly better results with 

the application of a HIIT+EMS 

intervention in sedentary middle-

aged adults. 

 A 12-week structured exercise 

intervention improves physical 

fitness regardless of the training 

exercise modality in sedentary 

middle-aged adults.  

 A 12 week-long, HIIT+EMS 

program improves BMR, BFox, and 

MFO in sedentary middle-aged 

adults. Moreover, these 

improvements were clinically better 

than those induced by a 12 week-
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long HIIT without WB-EMS, and a 

12-week PAR program for sedentary 

middle-aged adults.  

 A 12-week HIIT program combined 

with WB-EMS can significantly 

reduce cardiometabolic risk in 

sedentary, middle-aged adults 

independent of sex, age and 

cardiorespiratory fitness. Further, 

exercise-induced changes in LM 

seem to be a powerful predictor of 

improvements in cardiometabolic 

risk after a training intervention. 
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FUTURE PERSPECTIVES 

 Future intervention studies applying 

similar exercise protocols in 

younger/older healthy people and 

patients with metabolic disorders (i.e. 

type II diabetes mellitus) are needed to 

investigate whether these findings are 

applicable for individuals with different 

biological characteristics. 

 Given that time-restricted feeding is a 

well-known anti-ageing strategy, further 

studies are necessary to investigate 

whether the combination of new training 

methodologies (i.e. HIIT+EMS) and time-

restricted feeding provides extra benefits 

on human health during the ageing 

process. 

 The findings of the present International 

Doctoral Thesis suggest that HIIT+EMS 

provides independent and additive 

benefits in S-Klotho, physical fitness, 

energy metabolism and cardiometabolic 

risk. However, future studies should test 

whether a PAR intervention plus WB-

EMS induces similar or even greater 

effects on human health compared with a 

HIIT+EMS intervention. 

 Future studies should measure the α-

Klotho, β-Klotho and γ-Klotho gene 

expresion in response to exercise, as well 

as the intra-cellular form and the cell-

membrane form of the α-Klotho gene, 

which would have allowed to better 

understand the role of exercise on the 

Klotho gene regulation. In addition, it is 

necessary to investigate whether S-Klotho 

changes induced by chronic exercise 

could be mediated by changes in IGF-I, 

TGF-β, Wnt signalling, and IFNγ, since 

these parameters were not measured in 

our study. 

 Future investigations should focus on the 

study of transcriptomic, metabolomic, 

lipidomic and proteomic in response to 

the above-described exercise 

interventions, in order to well-understand 

the physiological processes that mediates 

exercise-related benefits on human health.
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