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Abstract

Abstract

The impact of energy turnover on mechanisms relating to energy balance and energy
metabolism in humans is still not fully understood. The objective of the present thesis is to
partially clarify these mechanisms by identifying specific problems going along in individuals
with high (e.g. endurance athletes) and low energy turnovers. In a first step, a systematic review
assessing the energy expenditure, energy intake, and body composition in endurance athletes
across the training season was conducted. We found that men and women endurance athletes
showed important fluctuations in energy turnover across the training season. Secondly, the
extent to which the physical activity levels (PAL) are associated with compliance to dietary
micronutrient intake recommendations was explored. Results of the present thesis indicate that
individuals with low energy turnover have a higher risk for the development of insufficient
micronutrient intake, as those with higher PAL. We further showed by using a linear model that
an increase in PAL up to levels of 2.0 and a concomitant linear increase in energy intake in
order to cover for increased energy demands would reduce the prevalence of micronutrient
deficiencies. Finally, our work demonstrated that for the valid assessment of maximum
metabolic equivalent of task and energy expenditure the resting oxygen consumption should be
measured or, if not possible, estimated by use of published validated equations. To conclude,
the energy and nutrient requirements of individuals with high energy turnover (viz. endurance
athletes) are not static over the training year and strongly dependent on daily PAL. In addition,
promotion of physical activity is important not only for weight management but also for
adequate energy and micronutrient intake. In general, caution must be taken when interpreting
energy expenditure data, where the calculation is based on an estimated or a standard resting

oxygen consumption value.
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Résumé (Abstract in French)

L’impact du renouvellement énergétique sur les mécanismes li€s a la balance énergétique et
son métabolisme chez I’humain n’est encore pas totalement ¢lucidé. L’objectif de cette these
est de comprendre ces mécanismes en identifiant les problémes spécifiques liés aux personnes
ayant un métabolisme élevé (par exemple chez les athletes d’endurance) ou bas. Dans un
premier temps, des mesures de dépenses et apports énergétiques ainsi que la composition
corporelle ont été effectuées systématiquement chez des athletes de sports d’endurance durant
la saison d’entrainement. Nos résultats montrent des fluctuations importantes dans le
renouvellement énergétique chez les athlétes d’endurance (hommes et femmes) durant la
saison. Dans un second temps, nous avons étudié¢ la corrélation entre le niveau d’activité
physique (NAP) et la discipline avec laquelle les conseils d’alimentation en micronutriments
étaient suivis. Les résultats de cette thése démontrent que les individus avec un NAP bas ont un
risque plus élevé de développer une insuffisance d’apport en micronutriment comparé aux
sujets ayant un NAP élevé. De plus, en utilisant un modele linéaire, nous avons démontré
qu’une augmentation du NAP jusqu’a un niveau de 2.0 en parall¢le avec une augmentation
linéaire de I’apport énergétique afin de couvrir I’augmentation de dépense énergétique réduirait
la prévalence des déficits en micronutriments. Finalement, nos travaux montrent que la
détermination du métabolisme maximal et la dépense énergétique nécessite la mesure du taux
de consommation d’oxygene au repos. Si cela n’est pas possible, cette consommation devrait
étre estimée par des équations publiées et validées. En conclusion, notre étude démontre que
les demandes énergétiques et en nutriments chez les personnes ayant un métabolisme élevé (viz.
athletes d’endurance) ne sont pas statiques durant I’année mais dépendent fortement du taux
d’activité physique quotidien. En outre, la promotion de 1’activité physique n’est pas

uniquement importante pour la gestion du poids corporelle mais aussi pour un apport



Résumé (Abstract in French)

énergétique et en micronutriments adéquat. En général, les auteurs recommandent d’interpréter
prudemment les mesures de dépense énergétique basées uniquement sur une estimation ou une

valeur standard de consommation d’oxygene au repos.
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Index of abbreviations

A

Scaling constant

AEE

Activity energy expenditure
ATH

Athletes

BMI

Body Mass Index
BMR

Basal metabolic rate
CI

Confidence interval
CON

Control subjects
DLW

Doubly labelled water
EB

Energy balance
EEmax

Maximum energy expenditure
Ein

Energy intake

END

Endurance trained athletes
FFM

Fat-free mass

FM

Fat mass

HRmax

Maximum heart rate

k

Scaling exponent

m

Body mass

MAE

Mean average error

MAPE

Mean average percentage error
MET

Metabolic equivalent of tasks
METmax

Maximum metabolic equivalent of tasks
0:

Oxygen



PAL

Physical Activity Level

R?

Coefficient of determination
RDA

Recommended Daily Allowance
RED-S

Relative Energy Deficiency in Sport
RMR

Resting metabolic rate

SD

Standard Deviation
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SEE

Standard error of the estimate
SHR

Sleeping heart rate

TEE

Total energy expenditure
VO,

Oxygen consumption
VO:max

Maximum oxygen consumption
VOarest

Oxygen consumption at rest
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Introduction

1. Introduction

In the past the human was repeatedly exposed to the risk of a negative energy balance.
Nowadays, the risk is exposure to an environment leading to a positive energy balance and there
is more overnutrition and obesity worldwide than there is famine. According to the World
Health Organization in 2016 more than 1.9 billion adults (39%) were overweight worldwide
and of these over 650 million adults (13%) were obese (1), whereas 462 million adults were
underweight (2). The global prevalence of obesity nearly tripled between 1975 and 2016 and
overweight and obesity are linked to more deaths worldwide than underweight (1). Energy
(im)balance is not only the arrhythmic result of energy intake and expenditure but also of total
daily energy expenditure. The latter varies greatly between individuals according to their
physical activity levels (PAL). This has consequences for body composition, for micronutrient
intake, for health and athletic performance. Much is known about the mechanisms regulating
energy metabolism and energy balance and numerous influencing factors were identified. For
example, evidence indicates that there is a weak coupling between energy intake and energy
expenditure in individuals with low PAL, whereas in individuals with high energy turnover a
strong coupling between both factors is observed (3). Promotion of physical activity, therefore,
is important for weight management, not only by increasing total daily energy expenditure but
also by stimulating a more sensitive appetite regulation (3). However, there are still many
questions remaining to be answered regarding the impact of energy turnover on mechanisms
relating to energy balance and energy metabolism. The objective of the present thesis is to
partially answer some of those by identifying specific problems going along with high (e.g. in

endurance athletes) and low energy turnovers.
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In Figure 1 a schematic overview about the included studies and their relationship is displayed.
In short, profiles of energy metabolism at rest, during exercise, in athletes during training and
in healthy non-athletes are investigated. The first part of the introduction provides an overview
about basic principles dealing with the topic of energy balance, such as determinants of energy
expenditure and energy intake, and their variations in humans with high energy turnover (e.g.
endurance athletes) across the training season. In the second part, the relationship between low
energy turnover and the risk of micronutrient deficiencies is displayed. In the last part, the
pitfalls of current expression of aerobic capacity as an indicator of physical fitness and energy
turnover in individuals of different body size, an alternative method, and the risks and benefits

of submaximal exercise tests for determination of aerobic capacity are investigated.

Schematic overview of the four studies

General over-arching thematic:
Profiles of energy metabolism at rest, during exercise, in athletes during training, and in healthy non-athletes

Study No (type) Conceptual hypothesis Pub(::;:(;[;per
#1 Training athletes AE;, Seasonal effect #1
(systematic review) ATEE - By ass (page 55)
= Body composition (FFM + FM) pag
22 Nt itinust ephiemielisy Low TEE > 10\;]21; ; 2> lowl mlc‘ronutr%ent intake 42
(retrospective data analysis) n,"?‘ el ) wta.rlnllns -—mm?rals (page 81)
i nutritional density subelinical deficiency?
#3 Methodological issues VO,max measured (indirect calorimetry) ) 43
: L & . comparison
(validation study) VO;max estimated (from RMR, HRmax, SHR)J 394 accuracy (page 98)
VOymax EEmax TEE
#4 Methodological issues METmax = E—— = RVR PAL = W #4
(methodological study) 27 ' (page 111)
AEE = TEE - RMR

Figure 1 Schematic overview of the four studies. AEE = activity energy expenditure, EEmax = maximum energy
expenditure, Ei, = total energy intake, FFM = fat-free mass, FM = fat mass, HRmax = maximum heart rate,
METmax = maximum metabolic equivalent of tasks, PAL = physical activity level, RMR = resting metabolic rate,
SHR = sleeping heart rate, TEE = total energy expenditure, VO,max = maximum oxygen consumption, VO,rest

= oxygen consumption at rest.
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1.1. Variations of energy expenditure in humans with high energy turnover

The components of an individuals’ total daily energy expenditure (TEE) comprise the energy
costs of the processes essential for life (basal metabolic rate (BMR)), the energy expended in
order to digest, absorb, and convert food (thermic effect of food, ~10% of TEE, depending on
energy content and macronutrient composition of the diet), and the energy expended during
physical activities (activity energy expenditure (AEE), ~15 —30%) (4,5). BMR corresponds to
the energy required to maintain the systems of the body and to regulate body temperature at
rest. It is measured in the early morning in a temperature controlled, quiet and shaded room,
using indirect calorimetry with subjects laying on a bed, being in an overnight fasted state, and
no strenuous activity the day before measurement allowed. Since assessment of BMR requires
the subject to stay overnight in the laboratory, very often the basal metabolism is measured
under conditions meeting the terminology of resting metabolic rate (RMR) instead. Subjects
are allowed to sleep at home and arrive at the laboratory after being awake, where they rest for
a certain period of time before the measurement starts. Similar as for measurement of BMR the
subjects must be fasted and with no strenuous activity allowed the day before measurement.
RMR is approximately 10% higher compared to BMR and accounts for 60-80% of TEE in most
sedentary healthy adults (4). A variety of factors are known to influence the subjects’ RMR.
These factors include age, sex, body size, fat-free mass (FFM), and fat mass. Age, sex and FFM

generally explain about 80% of the variability in RMR (6).

The contribution of RMR on TEE is strongly dependent on a subjects’ AEE. For example,
athletes easily spend 4100 — 8300 kJ - d"! (1000 — 2000 kcal - d!) in sport-related activities (7).
Thompson and colleagues reported that RMR represented only 38 — 47% of TEE in 24 elite
male endurance athletes (8), whereas in female endurance athletes values between 42% (9) and
54% (10) are reported. During days of repetitive, heavy competition, such as during a multistage

cycle race, RMR might represent even less than 25% of TEE (11).
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A low RMR for a given body composition has been identified as a risk factor for weight gain
and obesity (12,13). Furthermore, in formerly obese persons a low RMR is likely to contribute
to the risk for weight regain (14). In humans, during weight loss usually a fall in energy
expenditure in all energy expenditure components, i.e. RMR, thermic effect of food and AEE,
is observed, which is greater than predicted from the reduction of fat mass and FFM alone (15).
This phenomenon supports the concept in humans of a regulatory or adaptive thermogenesis,
whereby an “active” metabolic adaptation spares energy and hence contributes to limit further
weight loss and predisposes to weight regain (16). Therefore, weight loss interventions aim to
limit the loss of the more metabolically active component of the body, i.e. FFM. This can be
achieved by performing a gradual weight loss at approximately 0.5 — 1 kg per week, which
corresponds to a daily negative energy balance of about 500 — 1000 kcal, and additionally
performing strength training in order to maintain or increase FFM and thus limit the decline of

RMR (17).

The AEE is the most variable component of energy expenditure in humans. It comprises both
involuntary and voluntary physical activities. Involuntary (or “non-exercise activity
thermogenesis”) is further subdivided into occupational/leisure activity and spontaneous
physical activity (fidgeting, posture); the latter being essentially involuntary and subconscious
(16). Volitional physical activity comprises the activities spent during exercise and sports, and
is highly dependent on duration, frequency, kind, and intensity of the exercise performed. Elite
endurance athletes are characterized by high fluctuations of TEE, which is mainly due to the
variability of the energy expended during sporting activities. As seen in Figure 2, the training
volume and training intensity are strongly dependent from the seasonal training phase. During
the preparatory phase predominantly high training volumes at moderate intensity are
performed, in order to improve endurance capacity and a more efficient use of fuel substrates

(18). In transition to the competition phase the training volume is reduced while training
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intensity is gradually increased in order to reach peak performance and to transfer training
effects into the competition phase. Immediate prior to competition the training volume and
intensity is reduced (taper phase) to allow the athlete to start the competition in an optimally
recovered state. In the days and weeks after competition, regeneration and mental/physical

preparation for the next training cycle (transition phase) is the primary goal.

In general, training loads from 500 h - year! (19,20) up to 1000 h - year! (21-23) have been
reported among elite senior endurance athletes, depending on the specific muscular loading
characteristic of the sport. During heavy sustained exercise (e.g., during the Tour de France),
TEE can be as high as fivefold the BMR over several weeks (11). In contrast, during recovery
days, pre-competition tapers, or during the off-season, the energy expended in activities is much
lower. Therefore, TEE is expected to be much less and may even reach levels comparable to

that of a sedentary behavior.

Preparation Competition
Transition

Early Late Pre-competitive Competitive

Intensity %o of max

Volume (km - week'!)

5 3 &

(s
L

Month

Figure 2 Periodization of the training year for a “one-peak annual year” of an elite runner. Adapted from

Bompa & Haff (24).
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In a recent study with 15 collegiate male rowers, the training intensity/volume, body
composition and energy intake/expenditure in three different training phases (off-season, pre-
season, in-season) was assessed (25). The authors found a significant higher time spent for high-
intensity training during in-season compared to off-season, but also a significantly lower energy
expenditure (measured by accelerometry) during pre-season/in-season and off-season. As a
possible explanation for these surprising results the authors argue that the performance level of
the athletes was low (collegiate athletes, most of whom started rowing during their time at the
university), that the accelerometer probably did not accurately measure intense physical
movements of the high-intensity training, and the relatively small sample size. However, there
is a lack of longitudinal studies assessing TEE throughout the training season in elite endurance
athletes so that the fluctuations in energy expenditure and energy balance throughout a training

year remain unknown.

Controlling energy balance is a key goal for athletes. Energy balance occurs when
metabolizable energy intake matches energy expenditure so that overall energy content of the
body remains stable. A positive energy balance (energy intake higher than energy expenditure)
is associated with a gain of body mass and fat mass, whereas a negative energy balance (energy
intake lower than energy expenditure) is linked to loss of body and fat mass. There exist a
variety of factors which are regulating and influencing energy balance, which are shown in
Figure 3. Energy balance is a complex but highly coordinated system where peripheral signals
of nutrient intake with long-term signals of energy status are integrated and mediated by

multiple behavioral and societal factors (3).
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Factors regulating and influencing energy balance
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Figure 3 Factors that regulate and influence energy balance: changes in the environment that can influence
subsequent generations (e.g. genetics and epigenetics) and current habitual lifestyle factors that influence

diet and physical activity. Adapted from Manore & Thompson (7).

In order to be able to maximize performance, athletes do not only strive to achieve energy
balance, but also to maintain their body mass and body composition at levels that are compatible
with good health and athletic performance (26). For endurance athletes, it is a big challenge to
appropriately match energy intake and TEE in order to achieve energy balance on the one side
and on the other side to strive for a low body mass and/or body fat level for various advantages
in their sports, specifically during the competitive season (27). However, the high fluctuations
in TEE due to altering training loads require permanent adaptation of energy intake in order to
match for differing energy costs and/or to achieve the goal of a certain body mass or body
composition. These adaptations must be performed on a daily base, bearing in mind that an
appropriate energy intake supports optimal body function, determines the capacity for intake of
macro- and micronutrients, and positively influences performance in athletes (28). In the last

decade, guidelines for optimal training diet have evolved from a universal prescription of a
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static energy and macronutrient intake to a personalized, periodized and practical plan (28).
These specific day-to-day manipulations of the timing and amount of energy and
macronutrients is called “dietary periodization” or “nutrient timing” (29). Nowadays, there exist
periodized nutrition guidelines for several specific sports disciplines, such as for middle-
distance (29), power sport (30), and combat sport (31) athletes. In addition, there exist general
guidelines for carbohydrate, protein, and fat intake during training and competition, not
exclusively focusing on endurance sports (28,32-34). Especially for carbohydrate intake, a
variety of terms have emerged to describe new or nuanced versions of specific exercise-diet
strategies (e.g., train low/high (glycogen) session, ketogenic low-carbohydrate high-fat diet,
periodized carbohydrate availability diet), which are discussed in detail in a recent article (35).
However, it remains unclear whether elite athletes adopted some of these “new” strategies into
their diet. In a study with middle- and long-distance runners/race walkers it was shown that
elite endurance athletes execute before and after key training sessions specific nutrition
recommendations, but only very few athletes deliberately undertake some contemporary dietary
periodization approaches, such as training in the fasted state or periodically restricting
carbohydrate intake (36). The results of this study suggest that there is a great mismatch
between practice and current and developing sports nutrition guidelines. Recently, several
studies were conducted investigating different nutrition-training interventions and their
implementations in athletes (e.g., (37,38)). These studies conclude that a successful
implementation and monitoring of dietary interventions requires meticulous planning and the
expertise of chefs and sports dietitians. In addition, more education is needed to assist elite
endurance athletes to achieve guidelines which promote specific and periodized approaches to

macronutrient intake around training sessions within phases of the training program.

Generally, assessment of energy and macronutrient intake is difficult since most of the available

methods lack of accuracy and precision. A review of nine studies using doubly labelled water
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(DLW) to validate self-reported energy intake revealed that under-reporting can amount to 10-
45% of TEE in athletes (39). Since there is a linear relationship between the magnitude of
under-reporting and increasing energy requirements (39), endurance athletes might suffer from
an increased risk of under-reporting of their energy and macronutrient intakes during days and
weeks of intensified training. Explanations for mis-reporting of dietary intake comprise, among
other factors, limitations associated with memory and difficulty in estimating quantities, eating
behavioral changes, and errors in nutrient-composition databases used for dietary data analysis
(40). Some authors even conclude that self-reported dietary intake data should not be used as a
measure of energy intake (40). Instead, according to these authors administration of DLW is
the most useful tool for evaluating energy intake and energy expenditure, whereas the best

measure of energy balance is the assessment of body mass stability.

Athletes from weight-bearing sports, such as runners or cross-country skiers, strive for a low
body mass and/or body fat level for various advantages in their sports. These athletes benefit
from a greater movement economy and better thermoregulatory capacity from a favorable ratio
of body mass to surface area and less insulation from subcutaneous fat tissue (27). Therefore,
many endurance athletes are characterized by a very low body fat levels and Body Mass Index
(BMI). In male Kenyan endurance runners a body fat percentage of 7.1% was observed (41),
which is only marginally above the recommended 5% minimum for males (17). In the same
athletes, the BMI was 18.3 kg - m, which is according to the World Health Organization
generally classified as being underweight (42). However, the investigators undertook their
measurements when athletes were in peak physical condition (prior to competition). It is unclear
whether or not elite endurance athletes are able to maintain their low body mass fat mass
throughout the complete year, since there exist only few longitudinal studies and no systematic

data analysis was performed yet. One must assume that there are also fluctuations in body mass
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and composition in consequence of altering training loads and TEEs and/or lacking adaptation

of energy intakes. One article of the present PhD thesis (Article I) is addressing this theme.

1.2. Low energy turnover might relate to insufficient micronutrient intake

Energy balance is when energy expenditure equals energy intake. In healthy-weight individuals
the primary mechanism to regulate energy balance on a day-to-day basis are adaptive
fluctuations in energy intake, rather than energy expenditure (43,44). In Figure 4 a model
showing the relationship between PAL, body mass and food intake is displayed. According to
the model of Melzer et al. (45) a reduced PAL below 1.7 — 1.8 does not induce a compensatory
reduction of energy intake, which is further leading to a positive energy balance and increasing
body fat storage (Figure 4, zone ). However, it was shown that over the long-term an increase
in physical activity of moderate to vigorous intensity for two or more hours per day in sedentary
nonobese women and men is compensated by an increase in energy intake within a period of
about three days (45,46). This range of activity is called “responsive” with respect to food
consumption (Figure 4, zone 3). However, there is a limit to the performance (“sustainable
metabolic rate”) of an individual set by the energy intake and energy expenditure. In the general
population the upper limit is approximately 2.2 — 2.5 (Figure 4, zone 4), whereas in endurance
athletes it is approximately twice as high (Figure 4, zone 5), as a result of long-term exercise
training inducing increased FFM and carbohydrate consumption during exercise (47,48). The
human body is not able to cope with values above the sustainable metabolic rate, leading to a

negative energy balance and concomitant body mass loss.
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Figure 4 A model showing the relationship between Physical Activity Level (PAL), body mass and food
intake. Zone I: a decrease in PAL and increase in sedentariness does not induce compensatory reduction in food
intake and leads to an increase in body mass; zone 2: introduction of acute physical activity on a short-term basis
suppresses food intake, due to mobilization of stored fuels, and leads to a decrease in body mass; zone 3 (responsive
range): moderate to intense physical activity performed regularly and on a long-term basis by lean individuals
increases food intake accordingly and maintains body mass; obese individuals, due to their excess energy storage,
do not change significantly their food intake; the PAL level in the general population has an upper limit around
2.2 —2.5 (zone 4); and in highly trained individuals around 4.0 — 5.0 (zone 5). Above these values, the human body
is not capable to cover the high-energy expenditure, and loss of body mass occurs as a consequence. Adapted from

Melzer et al. (45).

Micronutrients are essential nutrients which are required in small quantities and support
numerous physiological functions, such as immune function, integrity of cell membranes,
sperm production, nervous function, muscle contraction, and brain and muscle metabolism (49).

There are several groups at risk for micronutrient deficiencies, including the elderly, pregnant
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women, vegans, people on a weight-reduction diet, and some groups of athletes (50). However,
micronutrient deficiencies are very common, also in the general population (51). The increase
in overweight and obesity rates in Western countries also causes a sharp increase in dieting
attempts undertaken by the affected individuals with the intent to lose body mass and/or
improve their health (52). Since individuals on a weight-reduction diet have a higher risk for
micronutrient deficiency (50), the number of micronutrient insufficient individuals and
concomitant health issues might be raising and will be a serious future concern. Several popular
diet profiles have been analyzed according their micronutrient content showing high levels of
micronutrient deficiencies (52,53). A food only approach, therefore, might promote the
individuals’ body mass loss, but may also increase the risk of micronutrient deficiencies and
concomitant adverse health effects. Alternatively, an increase in energy expenditure might
support body mass loss in obese individuals, since, in contrast to the lean, obese show no
adaptive response to increasing physical activity with regard to energy and nutrient intake,
maybe due to their excess energy storage in the form of adipose tissue (45). This hypothesis is
confirmed by many studies, where an uncoupling of energy intake from energy expenditure in

obese individuals was found (54-56). For a detailed review see Melzer et al. (45).

However, when increasing food intake in order to match increased energy expenditure and
maintaining body mass, physical activity may also contribute to micronutrient deficiency
coverage, by increasing intake of other food constituents like minerals and vitamins, at least in
the lean (45). This hypothesis is confirmed by many studies examining the difference of energy
and nutrient intake between individuals performing different levels of physical activity. In a
cross-sectional study of Csizmadi et al. including » = 5333 healthy-weight adults, in individuals
with lower levels of PAL (< 1.6) the prevalence of low micronutrient intake was higher than in
individuals with a PAL > 1.6 (57). They also found a linear relationship between activity-related

energy expenditure, represented by PAL, and increasing nutrient intakes. Another study
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examined the relationship between dietary intake and different levels and types of physical
activity (58). The authors found a positive association between higher levels of physical activity
in leisure time and higher micronutrient intakes, whereas for total and occupational physical
activity similar nutrient intakes were observed between active and sedentary individuals. A
review about the interaction between physical activity and micronutrient intakes pointed out
that the micronutrient intake increases with increasing energy intake (49). This fact would
explain why in physically highly active people, such as athletes, higher micronutrient intakes
compared to untrained individuals were observed. However, the author pointed out two
important aspects: first, that moderate physical activity does not necessarily affect daily
micronutrient intake, and second, that the increase in micronutrient intakes is not as large as the
increase in energy intake when compensating for increasing energy expenditure. The second
hypothesis is supported by a very large study comprising 439 Dutch athletes (59). The authors
regressed the intake of calcium and iron against energy intake and found that a 100% increase
in energy intake was associated with a 70 — 80% increase in iron, and an 80 — 90% increase in
calcium intake only. However, it is unclear how much of an increase in PAL, up to levels
recommended for health, combined with a corresponding linear up-scaling of dietary intake
without altering dietary composition, would improve compliance with recommended
micronutrient intake in healthy individuals of various body size. Article II of the present PhD

thesis is dealing with this topic.

1.3. Aerobic capacity as a determinant of energy turnover

Aerobic capacity (maximum oxygen consumption; VO2max) is defined as the highest rate at
which oxygen can be taken up and utilized by the body during intense large muscle groups
exercise (60). It is frequently used to indicate the cardiorespiratory fitness of an individual and
in the development of exercise prescriptions. Usually, VO2max testing is performed on a

treadmill or a cycle ergometer while oxygen uptake and expired carbon-dioxide are measured
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with a respiratory gas analyzer. By progressively increasing the workload the participant
reaches volitional exhaustion after a minimum of 5 minutes (treadmill) or 7 minutes (cycle), up
to 26 minutes (61). Since maximum exercise tests are (1) time consuming, expensive and
depending on physiological expertise (62), (2) some of the individuals cannot achieve the
maximal effort required for the determination of VOxmax, and (3) contraindications for
performing maximum exercise tests exist (63), several indirect methods to estimate VO2max
have been developed. Most of these tests use the linear relationship between heart rate and
oxygen uptake (VO2). By performing a submaximal exercise testing the VOmax is then
predicted by extrapolation of the submaximal heart rate values to an estimated maximum heart
rate. This allows the evaluation of cardiorespiratory fitness in a population, in which the direct
assessment of VO2max is not possible (62). There exist a multitude of submaximal exercise
tests, including diverse step tests, such as the Chester step test, the STEP tool protocol, the
modified YMCA 3-minute step test, and the Astrand-Rhyming step test (64). The coefficient
of determination (R?) of these step tests for the estimation of VO2max ranged between 0.22 and
0.88 (65—74). Another submaximal step test offers the software of the Actiheart (Cambridge
Neurotechnology Ltd., Papworth, UK), a lightweight (10 g), waterproof combined heart rate
and movement sensor (accelerometer), which was designed to noninvasively assess daily PAL.
By extrapolating the heart rate vs. work rate regression line (obtained during the submaximal
step test) to the estimated or measured individual maximum heart rate, an estimated VO2max
can be achieved. Although a good level of agreement between Actiheart and doubly labelled
water measured daily TEE was found in adult men and women (75), in children and adolescents
(76), and in lean and overweight men of various fitness levels (77), no study assessed the
validity of the VO2max estimation using the Actiheart step test. The Actiheart software enables
to enter several parameters into the VO2max prediction equations, e.g., individual RMR,

sleeping heart rate (obtained during Actiheart long-term recordings), and maximum heart rate.
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It can be assumed that these variables improve the estimation of VO2max in comparison to the
use of the standard settings (estimated RMR by use of the Schofield equation (78), estimated
sleeping heart rate of 70 bpm, and estimated maximum heart rate by use of the Tanaka equation

(79)). This issue will be investigated in one part of the present PhD thesis (Article I1I).

Traditionally, VO2max is expressed as the ratio of maximum rate of oxygen consumption and
body mass (mL - kg! - min'"). This ratio has been used to facilitate the comparison of VO2max
measurements from individuals with different body size, since it is assumed that the difference
in the physiological variable due to the individual’s size will be removed (80). However, the
use of this ratio can be problematic (1) because when simple ratio standards, e.g. VO2max (mL
- kg! - min), are correlated with a body size dimension, e.g. body mass, the correlations are
negative, i.e. the simple ratio standard fails to produce a dimensionless physiological
performance variable, and (2) when the linear regression line between the two ratio variables is
not passing the origin (80). Therefore, the use of a simple ratio standard imposes a penalty on
heavier individuals (81), and is thus inappropriate for studies where VO2max is compared
between groups not matched for body size and mass, or when body mass changes over time
(82,83). In Figure 5 the VO2max of animals ranging in size from a few grams to 250 kg is
displayed. When VO:max was adjusted for body mass (), small animals have 8 — 10 times
higher VO2max/m values than large animals, which are made possible by an increased
mitochondrial density as well as an increased capacity for oxygen transport. The difference in
VO:2max seen in animals of different body mass is called “allometric variation”, where VO2max

values increase with body mass to the power of 0.81 (60).
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Figure 5 Maximum oxygen consumption (VO2max/m in mL - kg - min!) of various animal species in

relation to body mass (m). Adapted from Bassett & Howley (60).

One possibility to remove the effects of m is to adjust VO2max by using the power function
relationship VO2max = a - m*, where a is the scaling constant and £ is the scaling exponent (82).
However, there is a great debate as to the theoretical value this exponent should take (e.g., k=
2/3, 3/4 or >3/4) (84,85). Since the effect of m on metabolic rate is also a function of body
composition, with muscle volume being the most important determinant of metabolic capacity
whereas fat tissue is comparatively metabolically inert, fat mass changes would introduce a
greater bias as compared to lean mass changes. In the study of Nevill et al. (82) the mass
exponents associated with girth measurements were calculated in 279 athletic and 199 non-
exercising participants. Their results indicate that the human adult physiques were not
geometrically similar to each other, not even within their experimental groups (girth exponents

should be approximately proportional to m"3). The thigh muscle girths of athletes and controls
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increased at a greater rate than predicted by geometric similarity, proportional to body mass

0.439 0.377

(m™*” and m”"’, respectively). Assuming that the thigh muscles make a major contribution to
VOomax performance, these findings highlight the danger of using body mass power laws to

scale performance variables recorded on individuals of different body size.

One way to remove the effects of body size and composition on VO2max is to express the
aerobic capacity as maximum aerobic metabolic rate in a multiple of metabolic equivalent of
tasks (MET), i.e. METmax. However, correct assessment of oxygen consumption at rest
requires considerable expense for both participants and researchers. Therefore, researchers
might be misled to use the conventional standard 1-MET value (per definition 3.5 mL Oz - kg
' min! (86) equivalent to ~1 kcal - kg! - h'! (87)) or other RMR predicting equations (e.g.,
Harris-Benedict (88), Cunningham (89)) instead of performing additional RMR measurements.
So far there exist no study assessing the error in METmax calculation by using the conventional

compared to an individual (measured) 1-MET value.

Although the concept of a MET has been used for quite some time (90), the exact derivation is
unknown (91). The MET concept provides a useful way to describe and classify physical
activities by expressing the specific level of AEE (under steady state conditions) in relative
value, i.e. as a multiple of RMR: theoretically, 10 METs would then correspond to 35 mL Oz -
kg - min’!, equivalent to ~10 kcal - kg - h'. The Compendium of Physical Activities provides
a useful five-digit coding scheme linking categories and types of physical activity with their
corresponding intensity values in METs (87). Originally, the Compendium was developed for
use in epidemiologic and surveillance studies to standardize the MET intensities for various
types of physical activity used in questionnaires. However, it is also frequently applied outside
of'its original scope, i.e. for the determination of precise energy costs of activities. For example,

in several studies where physical activity was assessed by questionnaire, the energy expenditure
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was estimated by using established MET codes from the Compendium of Physical Activity

(92-97).

In the last decade, several authors started to question the widespread application of the
conventional 1-MET value (91,98-100), since this value was derived from measurements of
resting oxygen consumption of just one person, a 70-kg, 40-year old male. In several studies it
was shown that the conventional 1-MET value over- (99-106) and underestimates (99) RMR
for many types of individuals. In a review of McMurray and colleagues (100) scientific articles
that measured RMR were identified to determine the relationship of age, sex, and obesity status
to RMR as compared to conventional 1-MET value. They found a mean value for RMR of 0.86
kecal - kg!' - h! (95% CI=0.85 — 0.87), higher for men than women, decreasing with increasing
age, and lower in overweight than normal weight adults. The conventional 1-MET value
overestimated RMR approximately by 10% in men and almost 15% in women. Therefore, the
authors conclude that no single value for RMR is appropriate for all adults and that the use of
the conventional 1-MET value may result in important miscalculations of energy expended
during physical activity. In a study by Byrne and colleagues (91) RMR measurements of 642
women and 127 men with an age and body mass range of 18 — 74 years and 35 — 186 kg,
respectively, were analyzed (Figure 6). The average oxygen consumption and energy cost at
rest were 2.6 + 0.4 mL Oz - kg'! - min™! or 0.85 kcal - kg! - h'!, respectively, and significantly
lower than the conventional 1-MET value, which overestimated RMR by 20%. They further
found a significant relationship between resting oxygen consumption and sex, age, BMI,
percentage of body fat, waist circumference, fat mass, and FFM. Multiple regression analysis
revealed that body composition (fat mass and FFM) accounted for 62% of the variance in

resting oxygen consumption compared with age, which accounted for only 14%.
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Figure 6 Measured resting oxygen uptake (VO2; mL - kg™ - min™') stratified by age and Body Mass Index.

Adapted from Byrne et al. (91).

When reviewing data on endurance trained men and women, where RMR was measured using
indirect calorimetry, a mean value of 1.11 kcal - kg! - h'! for women and 1.13 kcal - kg'! - h'!
for men can be calculated (107-115). Therefore, it must be assumed that, in contrast to the
general population, an estimation of AEE by use of the conventional 1-MET value might lead
to an underestimation of (true) energy costs. Since PAL and MET values are frequently used
for estimation of energy requirements in athletes, there might be at higher risk for promotion
of insufficient energy intake due to underestimation of AEE, especially in situations when
athletes wish to control their energy balance (e.g., during weight loss or maintenance). This
discrepancy between energy intake and energy expenditure would lead to a negative energy
balance and thus to undesirable effects on body mass and body composition. In addition, a too
low energy intake and further energy availability might lead to a higher risk of suffering from
Relative Energy Deficiency in Sport (RED-S), a syndrome which refers to impaired

physiological function including, but not limited to, metabolic rate, menstrual function, bone



Introduction

health, immunity, protein synthesis, cardiovascular health caused by relative energy deficiency
(116). Next to the negative effects on health, RED-S can have potential undesirable
performance consequences, such as decreased endurance performance, increased injury risks,
decreased glycogen stores, decreased muscle strength, and decreased training responses.
However, so far there exists no study where the error of the use of the conventional 1-MET
value for estimation of activity and total energy expenditure was quantified in athletes with

high energy turnover. In Article IV of the present PhD thesis this issue will be investigated.

1.4. Aims of the thesis

Article I: To (1) systematically analyze TEE, energy intake, and body composition in highly
trained athletes of various endurance disciplines and of both sexes with focusing on objective

assessment methods, and (2) analyze fluctuations in these parameters across the training season.

Article II: To (1) explore the extent to which physical activity levels of a sample of the US
adult population are associated with compliance with dietary intake recommendations for
minerals and vitamins, and (2) to explore by how much of an increase in physical activity levels,
up to levels recommended for health, combined with a corresponding linear up-scaling of
dietary intake without altering dietary composition, would improve compliance with

recommended micronutrient intake.

Article III: To estimate VOxmax using the Actiheart step test in two different modes (i.e.,
AHraw and AHcomplete) and to compare the results with measured VO2max over a range of

aerobic capacities.

Article I'V: To quantify the error when the conventional compared to an individualized 1-MET

value is used for (1) calculation of METmax, and (2) estimation of energy expenditure for
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various daily physical activities, in endurance trained women and men and active healthy

controls.
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Summary of experimental results

2. Summary of experimental results

2.1. Article I: Total energy expenditure, energy intake, and body composition in

endurance athletes across the training season: A systematic review

Contribution: literature research, data analysis, drafting and writing of the manuscript,

preparation of tables and figures

Purpose of this systematic review was to: (1) analyze TEE, energy intake, and body
composition in highly trained athletes of various endurance disciplines and of both sexes, and
(2) analyze fluctuations in these parameters across the training season. Eighty-two articles
meeting the inclusion criteria were analyzed. TEE of endurance athletes was significantly
higher during the competition phase than during the preparation phase (p < 0.001) and
significantly higher than energy intake in both phases (p < 0.001). During the competition
phase, both body mass and fat-free mass were significantly higher compared to other seasonal
training phases (p < 0.05). In a separate analysis of energy balance by including only studies
where both energy intake and expenditure were assessed in parallel a significant energy deficit
of 304 kcal - d! and 2,177 kcal - d"! during the preparation and competition phase was found,
respectively (p < 0.05; Figure 7). In female endurance athletes, a negative energy balance was
also observed during the preparation and competition phase (-1,145 kcal - d"! and -1,252 kcal -
d!, respectively; p < 0.0001; Figure 8). Male and female endurance athletes show important
training seasonal fluctuations in TEE, energy intake, and body composition. Therefore, dietary
intake recommendations should take into consideration other factors including the actual

training load, TEE, and body composition goals of the athlete.



Summary of experimental results

Total energy expenditure

Energy intake (kcal/d) (keal/d) Mean difference Mean difference

Study or subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 55% C1 IV, Fixed, 55% C1
1.1.1 Preparation phase

Sjodin et al. 1994 7,218 1,099 4 7,218 1,004 4 2.4% 0[-1,459, 1,459]
Boulay et al. 1994 3,872 382 7 4,063 956 7 8.9% -191 [-954, 572] —
Fudge et al. 2006 3,165 318 9 3,492 249 9 74.1% -327 [-591, -63] -
Subtotal (95% CI) 20 20 85.4% -304 [-549, -58] “
Heterogenity: Chi? = 0.28, df=2 (p = 0.87); I* = 0% 2

Test for overall effect: Z =2.42 (p = 0.02)

1.1.2 Competition phase .

Bescos et al. 2012 5,549 2,127 8 10,253 1,625 8 1.5% -4,704 [-6,559, -2,849] «—

Costa et al. 2014 5,497 2,868 19 13,862 2,390 19 1.8%  -8,365[-10,044, -6,686] L
Rehrer et al. 2010 6,525 908 4 6,549 478 4 5.1% -24 [-1,030, 982] e

Hulton et al. 2010 4,918 810 4 6,420 470 4 6.1% -1,502 [-2,420, 584] ‘

Subtotal (95% CI) 35 35 14.6% -2,177 [-2,772, -1,582]

Heterogenity: Chi* = 79.02, df= 3 (p < 0.00001); I> = 96%

Test for overall effect: Z=7.17 (p < 0.00001)

Total (95% CI) 55 55 100% -577 [-804, -349] ‘

Heterogenity: Chi? = 111.80, df= 6 (p < 0.00001); I* = 95%
Test for overall effect: Z =4.97 (p < 0.00001)
Test for subgroup differences: Chi*> =32.50, df= 1 (p < 0.00001); I> = 96.9%

Figure 7 Energy balance (EB) of male endurance athletes during preparation and competition phase.
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Energy intake (kcal/d) Total energy expenditure (kcal/d) Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
1.2.1 Preparation phase
Hill & Davies 2002 2,214 313 7 3,957 1,219 7 6.2% -1,743 [-2,675, -811]
Sjodin et al. 1994 4,350 454 4 4,374 526 4 11.6% -24 [-705, 657] ——
Trappe et al. 1997 3,131 239 5 5,593 502 5 22.6%  -2,462 [-2,949, -1,975] =
Schulz et al. 1992 2,193 466 9 2,826 312 9 40.1% -633 [-999, -267] -
Subtotal (95% CI) 25 25 80.5% -1,145 [-1,404, -887] .l
Heterogenity: Chi* = 47.55, df=3 (p < 0.00001); I> = 94% ¢
Test for overall effect: Z = 8.68 (p < 0.00001)
1.2.2 Competition phase «—
Costa et al. 2014 3,107 1,195 6 10,755 1,912 6 1.7%  -7,648 [-,9452, -5,844] .
Winters et al. 1996 2,013 418 10 2,673 781 10 17.8% -660 [-1,209, -111] V'S
Subtotal (95% CI) 16 16 19.5% -1,252 [-1,778, -727]
Heterogenity: Chi? = 52.75, df= 1 (p < 0.00001); I> = 98%
Test for overall effect: Z=4.67 (p < 0.00001)
Total (95% CI) 41 41 100% -1,166 [-1,398, -934] *
Heterogenity: Chi? = 100.43, df= 5 (p < 0.00001); I* = 95% -8,000 -4,000 ,0 4,000 8,000
Test for overall effect: Z = 9.85 (p < 0.00001)
Test for subgroup differences: Chi* = 0.13, df= 1 (p =0.72); > = 0%

Favours negative EB Favours positive EB

Figure 8 Energy balance (EB) of female endurance athletes during preparation and competition phase.
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2.2. Article II: Low energy turnover of physically inactive participants as a

determinant of insufficient mineral and vitamin intake in NHANES

Contribution: data analysis, drafting and writing parts of the manuscript, preparation of tables

and figures

In this study, we extracted data from NHANES 2003-2006 on 4015 adults (53 + 18 years (mean
+ SD), 29 + 6 kg - m?, 48% women) with valid physical activity and food intake measures. In a
first step, energy intake was scaled to match TEE assuming energy balance. In a second step,
we increased all individual PALs that were < 2.0, up to a PAL of 2.0. In parallel, we linearly
increased dietary intake, without changing diet composition. The resulting changes in
micronutrient intake were quantified and compliance with recommendations for daily

micronutrient intake was checked.

The NHANES population was physically insufficiently active (61% had a PAL < 1.4). The
inactive vs. active had significantly lower intake for all micronutrients apart from vitamin A,
B12, C, K, and copper (p < 0.05). The inactive had insufficient intake for 6 of 19 micronutrients,
the active 5 of 19 (p < 0.05). Multiple linear regression indicated a lower risk for insufficient
micronutrient intake for participants with higher PAL and BMI (p < 0.001). Symmetrical up-
scaling of food intake with the same dietary composition to meet a theoretical PAL of 2.0

reduced the frequency of insufficient micronutrient intakes in males and females (Figure 9).

We conclude that symmetrical up-scaling of PAL and energy intake to recommended physical
activity levels reduced the frequency of micronutrient insufficiencies. It follows that prevalence
of insufficient micronutrient intake from food in NHANES might partly be determined by low

energy turnover from insufficient PAL.
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mOniginal data DOAdustedto EE K Adjusted to PAL 2.0

Figure 9 Vitamin and mineral intake in percentage of Recommended Daily Allowance (RDA) for original
data (black bars), data adjusted for energy balance (EB, white bars), and data adjusted for Physical Activity

Level (PAL) of 2.0 (grey bars). Solid line represents 100% of RDA. Data are shown as Mean + SD.
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2.3. Atrticle III: Validity of the Actiheart step test for the estimation of maximum

oxygen consumption in endurance athletes and healthy controls

Contribution: literature research, data assessment, data analysis, drafting and writing of the

manuscript, preparation of tables and figures

In this study, we assessed the validity of the Actiheart step test for estimation of VO2max in 68
endurance trained athletes (ATH; 54% men, 28.0 + 5.4 years, 20.9 + 1.7 kg - m™) and 63 healthy
non-athletes (CON; 46% men, 27.6 £ 5.1 years, 22.1 = 1.7 kg - m%). We compared two different
entry modes of the Actiheart software: (1) AHraw (estimated RMR [Schofield] and maximum
heart rate [HRmax; Tanaka], sleeping heart rate [SHR] = 70 bpm) and (2) AHcomplete

(measured RMR, HRmax, and SHR).

VO:max estimated by AHraw was significantly related to measured VO2max in women CON
(R? =0.22; p < 0.05), whereas when VO2max was estimated by AHcomplete the relation was
significant in women ATH and CON, and in men CON (R?=0.17 - 0.24; p < 0.05). AHraw
significantly underestimated VO2max in the total sample by 8% (51.4 = 10.2 vs. 55.9 £ 7.6 mL
- kg!' - min!; p < 0.0001), whereas no significant difference between AHcomplete and the
criterion method was found (57.0 £ 11.1 vs. 55.9 + 7.6 mL - kg'' - min’!; p = 0.26). The range
of the Mean Absolute Percentage Error (MAPE) across all groups was 11.4 — 17.7% and 10.8

— 14.7% for AHraw and AHcomplete.

Based on MAPE the Actiheart step test is not an acceptable tool for the estimation of VO2max.
However, accuracy of the VOxmax prediction is much improved when entering measured

variables, such as RMR, SHR, and HRmax, into the software.
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2.4. Article IV: Comparison of conventional and individualized 1-MET values
for expressing maximum aerobic metabolic rate and habitual activity related

energy expenditure

Contribution: literature research, data assessment, data analysis, drafting and writing of the

manuscript, preparation of tables and figures

Purpose was to quantify the error when the conventional (3.5 mL - kg! - min'") compared to an
individualized 1-MET-value is used for calculation of METmax and estimation of AEE/TEE
in 52 endurance-trained athletes (END; 46% male, 27.9 + 5.7 years) and 53 active healthy

controls (CON; 45% male, 27.3 &+ 4.6 years).

There was a significant positive relationship between VO2max and RMR in all subgroups (p <
0.0001). In women and men CON and men END, METmax was significantly higher when the
conventional 1-MET-value was used for calculation in comparison to the use of the individual
I-MET value (p < 0.01), whereas in women END no difference was found (p > 0.05; Table 1).

The range of MAPE was 6.6 — 11.3% across all groups.

The conventional 1-MET-value significantly underestimated AEE in men and women CON,
and men END (p < 0.05), but not in women END (p > 0.05). Likewise, TEE was significantly
underestimated in men and women CON, and men END when the conventional 1-MET value

was used for estimation of RMR (p < 0.05).

The conventional 1-MET-value appears inappropriate for the determination of the aerobic

metabolic capacity and AEE/TEE in active and endurance-trained persons.
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Table 1 Values and concurrent validity of the maximum metabolic equivalent of tasks (METmax) by use of
the individual (METmax_ind) and conventional (METmax_fix; 3.5 mL - kg! - min!) 1-MET-value for

calculation in endurance trained participants (END) and healthy controls (CON). Data are presented as Mean

+ SD.
Women Men
CON (n=29) END (n =28) CON (n=24) END (n =24)
METmax_ind 13.3+0.9? 15.5+ 1.0 14.9 +0.8% 16.9+0.7D2
METmax_fix 13.8+14 159+ 1.2V 163+1.6 183+ 1.8V
7 value 0.69% 0.24 0.78% 0.10
MAE 0.9+0.8 1.0+ 0.9 1.5+0.9 19+1.3
MAPE (%) 6.6+6.2 6.8+6.2 103+5.9 11.3+7.6
SEE 0.63 1.03 0.52 0.70

MAE = mean absolute error, MAPE = mean absolute percentage error, SEE = standard error of the estimate.
Significantly different from CON of the same sex group (p < 0.0001). ? Significantly different from METmax_fix
of the same sex and experimental group (p < 0.01). ¥ Significantly different from METmax_fix of the same sex

and experimental group (p < 0.0001). ¥ Correlation significant at p < 0.0001.
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3.  Discussion and perspectives

3.1. Variations of energy balance throughout the training season in athletes

with high energy turnover

Article I provides new insights regarding the fluctuations in energy intake, energy expenditure
and body composition in athletes with high energy turnover, i.e. endurance athletes. The main
findings include that some, but not all, investigated outcomes depend on the time point of data
assessment during seasonal training, e.g. during competition vs. preparation phase. For
example, TEE was highest during the competition phase, whereas energy intake did not follow
TEE alterations, at least in women athletes. Generally, in the included studies a high prevalence
of under-reporting of energy intake was observed. Based on the citations to date upon the
publication of the article in 2017 (n = 24; source: Google Scholar, date of search: 2019 17 Apr)

it would seem that our analysis answered a need in the scientific community.

Although there seems to be reasonable evidence for fluctuations in energy expenditure due to
altering training loads in endurance athletes, which should go along with adaptations in energy
intake and/or body mass changes, only few studies report the time point of data assessment, 1.e.
the seasonal training phase. Therefore, only 2% of the articles matching the search strategy
could be included into this systematic analysis. Future studies dealing with energy balance
and/or body composition not exclusively focusing on endurance athletes, should always report
the time point of data assessment with regard to the seasonal training phase. There was also a
lack of longitudinal studies assessing either energy balance or body composition changes
throughout the training season, and a lack of studies with focusing on the transition phase (“oft-
season”) or when an athlete has to cover with a sudden stop of elite training, e.g. due to injury.

Only few studies examined the effect of detraining on body composition in endurance athletes.
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While LaForgia et al. found no difference in RMR and body fat percentage in male endurance
athletes after three weeks of detraining (110), others found a decreased RMR and increasing fat

and body mass after five weeks of detraining in men and women swimmers (117).

The separate analysis of studies where energy intake and expenditure were investigated at the
same time highlighted an important apparent negative energy balance in men and women
endurance athletes, independent of the seasonal training phase. The negative energy balance
mounted up to 304 kcal - d"! (4.7% of TEE) and 1145 kcal - d"! (27.8%) for men and women
athletes during the preparation phase, respectively, whereas during the competition phase even
higher values of 2177 kcal - d! (32.5%) for males and 1252 kcal - d!' (47.9%) for men and
women were obtained. These findings can be explained by the high magnitude of under-
reporting generally found in athletes (39), a low accuracy and precision of the dietary
assessment tools used in these studies (39), and the fact that studies assessing energy balance
during the competition phase investigated TEE during a competition and not during a habitual
training day in the competition phase (viz. energy intake might be limited). There seems to be
also a certain threshold of energy expenditure (probably around 20 MJ or 4780 kcal), where
athletes are not further able to consume sufficient conventional food to provide the body
adequate energy for compensation of the increased energy turnover (118). Nevertheless, the
high magnitude of under-reporting supports the ongoing debate about the use of self-reported

dietary intake data for estimation of energy intake (40).

When analyzing the few longitudinal studies assessing body composition during preparation
and competition phase, both men and women endurance athletes showed a significant lower
body fat percentage and higher FFM during the competition phase. These findings support the
model of training periodization and adaptive responses of food intake and/or body composition
due to differing training loads. It seems to be obvious that during the competition phase the

athletes should be in “peak” condition, not only with regard to their performance but also with
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regard to their body composition. These findings are supported by the various body composition
data assessed immediately before a competition, often showing extremely low body fat

percentages in elite endurance athletes (41,119).

3.2. Low energy turnover as a determinant of insufficient micronutrient intake

The main findings of Article II are that (1) the actual energy intake was underestimated in the
NHANES participants and that these data have to be adjusted before interpretation, (2) that
individuals with higher PAL were more in line with current micronutrient recommendations
compared to inactive individuals, and (3) that a linear up-scaling of food intake to meet energy
balance with a PAL of 2.0 without altering diet composition led to an increased compliance

with micronutrient intake recommendations.

These findings are in concordance with the available literature, indicating that a lack of physical
activity increases the risk for micronutrient deficiencies, whereas an increase of PAL might be
protective (49). In the present study those participants meeting the micronutrient intake
recommendations at baseline had a significant higher PAL compared to those not meeting the
recommendations for at least one mineral or vitamin. Similar findings were observed in the
study of Csizmadi et al. (57), where individuals with lower PAL showed a higher prevalence
of low micronutrients compared to active individuals, and in another study where the authors
found a positive association between higher levels of physical activity in leisure time and higher
micronutrient intakes (58). When we increased the PAL of the individuals of the present study
to 2.0 and at the same time increased energy and nutrient intake in order to match for the
additional energy costs, we found that the mean intakes of all vitamins and minerals increased
by 56 — 66%. We also observed a lower number of participants with micronutrient deficiencies.
These findings clearly indicate that additional physical activity and concomitant increasing food

intake may support the adequacy of delivering essential nutrients to the body and may even
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improve health. However, according to Fogelholm (49) two main aspects have to be considered:
First of all, a certain limit of physical activity has to be exceeded to affect micronutrient intake
and, second, that the micronutrient increase might be not as large as the increase in energy
expenditure when compensating for increasing energy expenditure. For the results of the
present study this would mean that the effect of additional physical activity on the true/’real-
life” micronutrient intake would be smaller than estimated in our theoretical model. However,
there is future research in real-life conditions warranted to examine exactly this point: whether
an increase in energy expenditure due to higher PAL would lead to an adaptation of energy and
nutrient intake, and how big the difference is between increasing energy supply and intake of

micronutrients.

When analyzing the baseline data of the present study we observed a great magnitude of under-
reporting, which mounted up to an average of 176 and 109 kcal - d! for women and men,
respectively, with greater under-reporting for those with higher BMI (= 0.34, p <0.0001) and
higher PAL (r=0.12, p <0.0001). These findings are in line with previous published values of
the NHANES population, showing a great magnitude of under-reporting, in particular in obese
individuals (120,121). Reason for the under-reporting might be the use of the 2 x 24 h dietary
recall method, a method lacking accuracy of quantifying eating habits with reported
underestimations of intake up to 20% (122). Since we were able to quantify under-reporting
because of the availability of physical activity data, we assumed in a first step energy balance
and changed energy and nutrient intake in order to match the participants’ individual energy
expenditure. However, we still found a high percentage of subjects with insufficient
micronutrient intake, where again inactive participants had a lower intake for all micronutrients
apart from vitamin K compared to the active participants. These results support the statement
that individuals with low energy turnover and related higher obesity rates are at a high risk for

development of micronutrient deficiencies (50).
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3.3. Aerobic capacity as an indicator of physical fitness and energy turnover

In Article III the validity of the Actiheart step test for estimation of VO2max in men and women
along a range of aerobic fitness levels was evaluated by comparing two different data entry

methods (viz. AHraw and AHcomplete).

In this study a significant relationship between estimated and measured VO2max for the total
sample was observed, with R? 0.24 for AHraw and 0.36 for AHcomplete; falling in the range
of values for R? previously reported in the literature for step test estimated VO2max (65-74).
In addition, the absolute measures of agreement showed similar or slightly better validity of the
Actiheart step test for the estimation of VO2max compared to other studies (SEE: 3.98 — 6.31
ml - kg! - min! for AHraw and 3.91 — 6.15 ml'kg!-min™! for AHcomplete). Previous studies
reported an SEE of 6.9 — 8.76 ml - kg™ - min™! for the modified YMCA 3-minute step test in
healthy men and women (72) and 3.9 ml-kg!'min™! for the Chester step test in healthy adults
(73). When looking at the absolute difference between measured and estimated VO2max, in
28.3% of the athletes the value was smaller than 5 ml - kg! - min™ for AHraw, whereas when
the AHcomplete entry method was used, 45.7% had a smaller absolute difference. These results
indicate that in endurance trained individuals the AHcomplete entry method is more accurate
than AHraw for prediction of aerobic capacity. If possible, researchers should manually enter
additional values, such as measured RMR, HRmax and SHR into the Actiheart software in
order to improve the accuracy. However, based on the MAPE values observed in the present
study (AHraw: 11.4 —17.7%, AHcomplete: 10.8 — 14.7%), it must be concluded that both data
entry methods were not acceptable for estimation of VO2max in endurance trained individuals

and healthy controls and cannot replace a maximum exercise test.

In Article IV the absolute and relative errors using the conventional 1-MET value (1 kcal - kg

. h!) compared to an individualized RMR value for determination of METmax and estimation
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of AEE and TEE was quantified. In men and women controls, and endurance trained men the
individual 1-MET value was significantly higher than the conventional 1-MET value (p <0.05).
These results are in contrast to the majority of published studies, where the individual 1-MET
value was lower than 3.5 ml - kg! - min™! or 1 kcal - kg™! - h'! (91,100). However, most of these
studies included a very heterogeneous sample of various age and body size. In the present study,
endurance athletes and active control subjects were analyzed, with relatively lower body fat
levels, higher FFM, normal BMI, and higher aerobic capacities than usually observed in the
general Swiss population (123,124). Since fat mass is the strongest predictor of the variability
of resting VO2 (91), these differences in body composition might explain the higher individual

1-MET value of our participants compared to the values reported in the literature.

Anyway, the use of the conventional 1-MET value led to a significant overestimation of
METmax and underestimation of AEE and TEE in the subjects of the present study (apart for
women endurance athletes). The range of the MAPE for METmax calculation by use of either
the individual or the conventional 1-MET value was 6.6 — 11.3% across all groups. TEE and
AEE were underestimated by average 1.5 — 7.5% across all groups when the conventional 1-
MET value compared to the individual 1-MET value was used for estimation. Therefore, it can
be concluded that the use of the conventional 1-MET value is inappropriate for determination
of the aerobic capacity and estimation of daily activity related energy expenditure in active

individuals and endurance trained athletes.

3.4. Strengths and limitations

Article I is the first systematic review assessing fluctuations in energy balance and body
composition in endurance athletes across the training season. Only studies assessing body
composition and energy expenditure by use of validated measures (e.g., dual x-ray

absorptiometry for body composition, DLW/accelerometry for TEE) were included into the
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analysis, leading to a high robustness of the outcomes on the one side, but on the other to a
limited number of included study estimates. Inclusion of for example the skinfold technique for
estimation of body fat percentage would have increased the number of publications which
would have been incorporated into the analysis and may have led to a higher explanatory power
of the fluctuations across different training phases. However, since the results of skinfold
measurements are highly variable when assessors with limited training and experience perform
the measurements (125), the accuracy of measurements depends on the number of measurement
sites and the formula used to calculate body fat (126), and many different techniques exist (127),

we decided to not include these studies into our analysis.

In Article II a large dataset with objectively measured physical activity was analyzed for
investigating the research question whether a linear up-scaling of energy and nutrient intake in
order to match increased energy expenditure can decrease the magnitude of micronutrient
insufficiencies. However, this study has several limitations. First of all, there is again the issue
of the accuracy of self-reported dietary intake data, such as the 2 x 24 h dietary recall method
used in the present study population, which has shown to underestimate energy intake up to
20% (122). Furthermore, in our theoretical model we assumed that all food constituents were
underreported by the same degree, which might not be true in reality, such as shown in a study
of Goris et al. where fat intake was more often underreported than other food constituents (128).
Accelerometer data are also prone to error, especially they lack accuracy during low-intensity
activities and are not able to detect static exercise (129). This might lead to underestimations
of true energy costs. Finally, our modelling strategy applied the assumption that an increase on
PAL would be automatically compensated by a reciprocal increase in food intake without
changes in dietary composition. In reality, the associations between physical activity vs. linear

up-scaling in diet quantity and composition might be non-linear, and also dependent on the
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obesity status. However, the chosen study model may serve as a baseline for future studies

investigating the effect of increased PAL on adaptations of energy intake and diet composition.

Limitations of article III include a strong selection bias of participants in studies involving
maximum exercise testing, leading to an inclusion of fitter individuals than usually observed in
the general population. Second, performing a step test requires the person’s ability to maintain
a certain stepping tempo and technique. Alterations in stepping technique can affect the
mechanical efficiency and further the physiological heart rate response and oxygen
consumption (64). The step test was also performed using a pre-defined step height, which
might introduce potential error since there is a high inter-individual difference in leg length,
step length, body mass, and morphology leading to individual physiological responses. Another
potential source of error is the assumption that there is a linear relationship between VO2 and
power output as shown by Astrand and Rodahl (130). However, other authors found a non-
linear relationship between both variables, which may affect VO2max prediction by use of
submaximal exercise tests (131-133). Strengths include high number of individuals at the upper
range of aerobic capacities, and the availability of RMR, body composition and long-term

Actiheart data for all participants.

Article IV is the first study with the purpose to assess the individual 1-MET value in endurance
trained athletes. The results of this study show that expressing aerobic capacity as a ratio of
maximum oxygen consumption divided by oxygen consumption at rest is a suitable measure in
endurance athletes and healthy, active controls. However, this study has some limitations. First
of all, we did not include overweight or obese individuals into the study, so the applicability of
the METmax-concept and the quantification of the error of the conventional 1-MET value for
estimation of AEE/TEE in these individuals remains unclear. Dietary intake was not analyzed
in this study; however, objective assessment of energy intake would have given further

information about the interplay with energy requirements and aerobic metabolic capacity.
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3.5. Overall conclusion and perspectives

The present thesis demonstrated that men and women endurance athletes show important
fluctuations in energy turnover across the training season. Therefore, periodized nutritional
guidelines should be developed taking into consideration also the actual training load, TEE, and
the body composition goal of the athlete, in order to provide the athlete with adequate nutrients
and energy. Studies dealing with energy balance, body composition, and/or nutrient intake in
endurance athletes should always mention the time point of data assessment (viz. seasonal
training phase). The results of the present thesis once again demonstrate the uselessness of self-
reported dietary intake data in endurance athletes, a well-known limitation of many energy
balance studies. Future areas of research include the investigation of valid and applicable
energy intake assessment methods in individuals with high energy turnover and the assessment
of energy turnover during periods of low training intensity and volume (e.g. during transition

phase).

Results of the present thesis also indicate that individuals with low energy turnover have a
higher risk for the development of insufficient micronutrient intake, as those with higher levels
of physical activity. As demonstrated using a linear model an increase in the population’s PAL
might also lead to increased energy intake in order to cover the increased energy expenditure
and, at the same time, increased mineral and vitamin intake, reducing the prevalence of
micronutrient deficiencies. However, future studies should investigate which level of additional
physical activity is required to increase both daily energy and micronutrient intake in real-life
conditions and verify the hypothesis that the increase of micronutrient intake might not be as
large as the increase in energy intake when compensating for increasing energy expenditure

(49).
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For estimation of VO2max as an indicator of physical fitness in young adults with good to
superior aerobic capacity the present thesis highlighted that the Actiheart step test was, in
general, not acceptable. The manual entry of additional measured variables, such as RMR,
HRmax and SHR, improved the accuracy of VO2max prediction. However, future studies are
required to investigate the validity of the Actiheart step test for estimation of aerobic capacity
in older and sedentary individuals, in the clinical setting, and to assess the effect of using
different step heights. In addition, the effect on validity of entry of additional variables (e.g.,
heart rate and VO: obtained during the Actiheart step test) on VO2max prediction should be

investigated.

Furthermore, the use of the conventional I-MET value appeared inappropriate for the
determination of the aerobic metabolic capacity and estimation of daily energy expenditure in
active and endurance trained individuals. For the valid assessment of METmax (calculated from
VO:2max) the resting oxygen consumption should be measured or, if not possible, estimated by
use of published validated equations considering the group characteristics, such as age, sex,
body composition (FFM), physiological status (e.g., pregnancy), and ethnicity. Future studies
should examine whether a direct assessment of resting VO2 immediately prior to maximum
exercise testing (e.g. standing still on the treadmill or sitting quietly on a bike) could serve as a
proxy for RMR measurement. Energy expenditure should be either (1) measured directly by
use of validated tools, or (2) estimated using measured (or at least estimated) RMR values and
appropriate adjusted MET values (87) for determination of the energy costs of various

structured exercises as well as for free-living daily physical activities.
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Abstract

Background: Endurance athletes perform periodized training in order to prepare for main competitions and maximize
performance. However, the coupling between alterations of total energy expenditure (TEE), energy intake, and body
composition during different seasonal training phases is unclear. So far, no systematic review has assessed fluctuations
in TEE, energy intake, and/or body composition in endurance athletes across the training season.

The purpose of this study was to (1) systematically analyze TEE, energy intake, and body composition in highly trained
athletes of various endurance disciplines and of both sexes and (2) analyze fluctuations in these parameters across the
training season.

Methods: An electronic database search was conducted on the SPORTDiscus and MEDLINE (January 1990-31 January
2015) databases using a combination of relevant keywords.

Two independent reviewers identified potentially relevant studies. Where a consensus was not reached, a third
reviewer was consulted. Original research articles that examined TEE, energy intake, and/or body composition in 18-
40-year-old endurance athletes and reported the seasonal training phases of data assessment were included in the
review. Articles were excluded if body composition was assessed by skinfold measurements, TEE was assessed by
questionnaires, or data could not be split between the sexes.

Two reviewers assessed the quality of studies independently. Data on subject characteristics, TEE, energy intake, and/or
body composition were extracted from the included studies. Subjects were categorized according to their sex and
endurance discipline and each study allocated a weight within categories based on the number of subjects assessed.
Extracted data were used to calculate weighted means and standard deviations for parameters of TEE, energy
intake, and/or body composition.

Results: From 3589 citations, 321 articles were identified as potentially relevant, with 82 meeting all of the inclusion
criteria. TEE of endurance athletes was significantly higher during the competition phase than during the preparation
phase (p < 0.001) and significantly higher than energy intake in both phases (p < 0.001). During the competition phase,
both body mass and fat-free mass were significantly higher compared to other seasonal training phases (p < 0.05).
(Continued on next page)
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phases has to be discussed.

Conclusions: Limitations of the present study included insufficient data being available for all seasonal training phases
and thus low explanatory power of single parameters. Additionally, the classification of the different seasonal training

Male and female endurance athletes show important training seasonal fluctuations in TEE, energy intake, and body
composition. Therefore, dietary intake recommendations should take into consideration other factors including the
actual training load, TEE, and body composition goals of the athlete.

Key Points

e Endurance athletes show training seasonal
fluctuations in TEE, energy intake, and body
composition.

e Dietary recommendations should consider the actual
training load, TEE, and body composition goals.

Background

Total energy expenditure (TEE) is composed of the energy
costs of the processes essential for life (basal metabolic
rate (BMR), 60—-80% of TEE), of the energy expended in
order to digest, absorb, and convert food (diet-induced
thermogenesis, ~10%), and the energy expended during
physical activities (activity energy expenditure, ~15-30%)
[1, 2]. Elite endurance athletes are characterized by high
fluctuations of TEE, mainly due to the variability of the
energy expended during sporting activities. Among elite
senior endurance athletes, training loads from 500 h/year
[3, 4] up to 1000 h/year [5-7] have been reported,
depending on the specific muscular loading characteris-
tic of the sport. During heavy sustained exercise (e.g.,
during the Tour de France), TEE can be as high as five-
fold the BMR over several weeks [8]. On the other
hand, during recovery days, pre-competition tapers, or
during the off-season, the energy expended in activities
is far less. Therefore, TEE is expected to be much lower
and may even reach levels comparable to that of seden-
tary behavior.

An appropriate energy intake supports optimal body
function, determines the capacity for intake of macronu-
trients and micronutrients, and assists in manipulating
body composition in athletes [9]. It is a challenge for
each endurance athlete to appropriately match energy
intake and TEE in order to achieve energy balance and
thus, weight stability, both on a micro level (ie., over
1 day or several days) and through the training and
competitive season. Furthermore, endurance athletes in
general strive for a low body mass and/or body fat level
for various advantages in their sports, specifically during
the competition season [10]. This allows runners and cy-
clists to reach greater economy of movement and better
thermoregulatory capacity from a favorable ratio of weight
to surface area and less insulation from subcutaneous fat

tissue. Elite endurance athletes are therefore characterized
by low body mass and body fat content. For example, in
elite Kenyan endurance runners, the body fat percentage
was 7.1% [11], which is only marginally above the recom-
mended 5% minimum for males [12]. In the same athletes,
body mass index (BMI) was 18.3 l(g/m2 [11], which is gen-
erally classified as being underweight [13]. However, these
athletes were in peak physical conditions as the investiga-
tions were undertaken and a low body fat percentage and
body weight might be an advantage for competition.
Achieving a negative energy balance and a concomitant
loss of body and fat masses in preparation for competition
can be accomplished in phases with high daily TEE solely
by the reduction of energy intake, since any further
training load increases could cause overtraining [12].
Therefore, the nutritional goals and requirements of
endurance athletes are not static over the training year.
Since endurance athletes undertake a periodized training
program and follow periodized body composition goals,
the nutritional support also needs to be periodized [9].
Usually, the annual training schedule of an elite endur-
ance athlete is divided into distinct phases, each with
very specific objectives. This is necessary to maximize
physiological adaptations for improved performance,
usually scheduled to peak around the main competitions
of the year [14]. The principle of training periodization
was first introduced in the 1960s by the Soviet trainer
Leo Matveyev [15] and has not fundamentally changed
since then [14]. The basis of this model is to prepare the
athlete for one or more major competitions during the
year by separating the training into the following three
main phases (macrocycles): preparatory, competitive,
and transition phases [15]. An example for a “one-peak
annual plan” for a runner is shown in Fig. 1. The pre-
paratory phase is characterized by predominantly high-
volume training at moderate intensities, which improves
endurance capacity and provides a more efficient use of
fuel substrates. During the late preparatory phase, training
volume is reduced while intensity is gradually increased.
The goal of this phase is to reach peak performance and
to transfer the training effects into the competitive phase,
where exercise intensity is the highest. In the week before
an important competition, volume and intensity are typic-
ally decreased (taper phase) to allow the body to optimally
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Fig. 1 Periodization of the training year for a “one-peak annual year” of an elite runner. Adapted from Bompa & Haff [16]

recover for competition. The days and weeks after a main
competition are characterized by low-intensity and low-
volume training, with goals to induce regeneration and to
prepare the athlete mentally and physically for the next
training cycle (transition phase) [14, 16].

Although the concept of training periodization in elite
endurance sports has been established for a long time,
the coupling of periodized training with nutrition and
body composition has gained scientific awareness only
recently [17]. Stellingwerft’s group was one of the first to
publish periodized nutrition guidelines for middle-
distance athletes [17], they then expanded these recom-
mendations for a multitude of power sports [18].
Nowadays, there are guidelines for carbohydrate, pro-
tein, and fat intake during training and competition
phases, not exclusively focusing on endurance sports
[19-21]. Meanwhile, for endurance athletes, sport-
specific dietary intake recommendations were developed
only for a few endurance disciplines (e.g., swimmers
[22-25], distance runners [26], marathon/triathlon/road
cycling [27]). But it remains unclear whether endurance
athletes are actually following these nutrient guidelines
across all seasonal training phases.

The validity of either body composition, energy intake,
or TEE-determination in athletes strongly depends on
the methods used. The measurement of body compos-
ition in general is prone to error. It has been shown that
acute food or fluid ingestion [28], subject positioning
[29], previous physical activity [30], and hydration status
[31] have an impact on reliability of body composition
measurement. Since endurance athletes often train sev-
eral times per day, it might be difficult to assure best
conditions for body composition assessment. According
to a recent methodology review performed by Nana et
al, only few of the studies, where body composition of
athletes was measured with dual X-ray absorptiometry

(DXA), provided details about their subject and device
standardization [30]. However, other methods like skinfold
measurements require highly experienced investigators
[32] and strongly depend on the number of measurement
sites and the formula used to calculate the percentage of
body fat [33]. Therefore, it is important to report
standardization protocols in order to evaluate the quality
of data assessment. One main issue in assessing energy in-
take in athletes is the magnitude of under-reporting, which
can amount to 10-45% of TEE [34]. It was shown that the
magnitude of under-reporting increases as energy require-
ments increase [34]. Since endurance athletes are often
characterized by high TEE, we must assume that these ath-
letes are very prone to a high percentage of under-
reporting. For determination of TEE objective methods
such as doubly labelled water (DLW) or heart frequency
measurements are available. However, in many studies
subjective methods such as activity records and activity
questionnaires are used in order to assess the activity level
and TEE of subjects. These methods estimate TEE or ac-
tivity level and their validity strongly depends on the
breadth of the activity dimensions analyzed.

There exist some longitudinal studies that have
assessed fluctuations in body composition, dietary intake,
and/or TEE of endurance athletes across the training sea-
sons [35-52], but no systematic reviews have been per-
formed. Therefore, the purpose of this study was to (1)
systematically analyze TEE, energy intake, and body com-
position in highly trained athletes of various endurance
disciplines and of both sexes with focusing on objective
assessment methods and (2) analyze fluctuations in these
parameters across the training season. We hypothesized
that endurance athletes show large fluctuations of TEE
during different seasonal training phases due to differing
exercise loads, and concomitant alterations in energy
intake and body composition.
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Methods

The review protocol was developed according to the
Meta-analysis of Observational Studies in Epidemiology
Guidelines for meta-analyses and systematic reviews of
observational studies [53].

Search Strategy

A systematic literature search was performed to retrieve
articles pertaining to body composition, energy intake,
and TEE in endurance athletes across the training sea-
son. One researcher (JH) conducted the search for publi-
cations on 31 January 2015 in the electronic databases
MEDLINE (via PubMed) and SPORTDiscus with Full
Text (via EBSCOHost). A hand search of relevant re-
views was performed to obtain additional articles missed
by the database search. No individual or organization
was contacted to receive further publications. To identify
the population of endurance athletes, the following key-
words connected with the Boolean operator “OR” were
searched: endurance athletes, endurance-trained, endur-
ance trained, aerobically trained, runners, swimmers, tri-
athletes, skiers, cyclists, and rowers. To identify the
outcome of body composition, TEE, and energy intake,
the following keywords connected with the Boolean op-
erator “OR” were searched: body composition, fat mass,
fat-mass, fat free mass, fat-free mass, body fat, metabolic
rate, energy expenditure, dietary intake, food intake, en-
ergy intake, food consumption, and macronutrient*.
Terms for the study population and outcomes were
combined by the use of the Boolean operator “AND”.
Limits included articles published in the English lan-
guage, human studies, and publishing date limits be-
tween 1990 and January 2015. Keywords were searched
as free text in the title, abstract, and subject heading. A
detailed overview of search strategies in the two data-
bases can be obtained in Additional file 1: Table S1.

Literature Selection
Two researchers independently assessed the eligibility of
the records by screening the title, abstract, and keywords
for inclusion and exclusion criteria. An agreement be-
tween the two researchers was quantified by kappa statis-
tics [54]. The full texts of all abstracts meeting the
eligibility criteria were retrieved and subjected to a second
assessment for relevance performed by one author (JH).
The inclusion criteria included (1) articles reporting
original data in peer-reviewed journals; (2) in vivo, hu-
man analyses; (3) adult endurance athletes (highly aerobic-
ally trained individuals who were engaged in a competitive
endurance sport) with a mean age of 18-40 years; (4)
reporting of training seasonal phase of data assessment;
and (5) assessment of body composition and/or ad libitum
daily energy intake and/or daily TEE. Articles were
excluded from the review if (1) the article was only in
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abstract form or a case report, (2) data could not be split
between the sexes (where both male and female subjects
were analyzed), (3) body composition was assessed by
skinfold measurements, (4) daily TEE was assessed by the
use of questionnaires, and (5) descriptive quantitative
results were not reported in a text or tabular form. Any
difference in assessments between the two researchers
was discussed in the first instance or resolved by a third
author (KM).

Methodological Quality Assessment

All relevant articles were examined for full methodo-
logical quality using a modified version of the Downs
and Black [55] checklist for the assessment of the meth-
odological quality of randomized and non-randomized
studies of health care interventions. According to Fox et
al. [56], 10 of the 27 criteria that logically applied to all
of the types of studies included in this review were used.
The maximum possible total score was 10. Two re-
searchers assessed the study quality independently, with
differences resolved by consensus or by a third author
(KM). The agreement between the two researchers was
quantified by kappa statistics [54]. Based on the
assessment of the methodological study quality, no studies
were excluded and no additional analyses were under-
taken. The methodological quality of the included studies
is shown in Additional file 2: Table S2.

Data Extraction

Body composition, energy intake, and/or TEE data were
extracted from all studies included in the review by the
first author (JH). Demographic and methodological data
were also extracted for the following confounding factors:
age, sex, sports discipline, competition level, seasonal
phase, and methods for assessing body composition,
energy intake, and/or TEE. If the same subjects were ana-
lyzed during different time points in the same seasonal
phase (e.g., energy intake before three different races, or
assessment of energy intake at three time points during
the training period), the first time point was chosen for
data analysis to facilitate data entry and to avoid selection
bias. If studies reported any intervention leading to a non-
habitual behavior of athletes’ nutrient intakes (e.g., dietary
supplementation), the baseline and/or control group data
were used. To enable comparisons between studies,
reported units were converted into standard units. These
conversions were performed by using the reported mean
values of the outcomes. Energy intake and TEE were
reported in either absolute (kcal/day) or relative values
(energy intake or TEE in relation to body weight [kcal/
kg-day]). Body composition was converted into fat mass
(%, kg) and fat-free mass (kg). According to the definition
by Wang et al. [57], the terms lean body mass and fat-free
mass (FFM) were considered synonymous. Duplicate
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publications from the same data set were identified ac-
cording to the criteria published in the Cochrane Hand-
book for Systematic Reviews of Intervention [58]. The
most complete record was then used for data extraction.

According to the traditional periodization model, the
reported seasonal training phases of data assessment
were clustered into three groups that included the prep-
aration phase, the competition phase, and the transition
phase [14-16]. A detailed overview of the clustering can
be obtained in Table 1.

Statistical Analysis

The main outcome measures were body composition
(fat mass, FFM), energy intake, and TEE of endurance
athletes across the season. Once all of the relevant data
were extracted, the weighted mean and standard devi-
ation of the weighted mean were calculated for the main
outcome variables. Based on the number of subjects
examined within the study, relative to the total number
of subjects examined for the specific variable, a percent-
age weight (w) was allocated to each result within each
outcome variable and used for the calculation of the
overall weighted mean (X,,) and standard deviation of
the weighted mean (SD,,) for each variable [59]. A cap-
ital “N” denotes the number of separate studies, while a
small “n” denotes the number of included individual
subjects.

Statistical analyses were performed using the statistical
software SPSS statistics version 22 for Windows (IBM
Corp., Chicago, IL, USA). p values < 0.05 were consid-
ered statistically significant. Kolmogorov-Smirnov tests
were performed to check for normal distributions. All
parameters were normally distributed except body mass,
fat mass, and FFM. To test for comparisons of sub-
groups, one-factorial analyses of variance (ANOVAs)
with Scheffé post hoc tests (parametric) and Kruskal-
Wallis tests (H-test) with Mann-Whitney U post hoc
tests (non-parametric) were performed. When multiple
non-parametric post hoc tests were applied, Bonferroni-
adjusted alpha levels were applied. Since parameters for
body composition were not normally distributed, we
abstained from multiple statistical comparisons between
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seasonal training phases and endurance disciplines to re-
duce the risk of type I errors. For comparisons of energy
intake and TEE during different seasonal training
phases, paired t-tests were used. The separate analysis
of studies, where energy intake and TEE were assessed
in parallel, and longitudinal studies that reported en-
ergy intake during different training season phases,
were performed using the free software for meta-
analysis Review Manager 5 version 5.3.5 for Windows
(Cochrane Collaboration, Copenhagen, Denmark). The
results were then presented as means and 95% confi-
dence intervals (95% CI).

Results

Description of Studies and Assessment Methods

The flow chart for the study selection process is shown
in Fig. 2. Data were extracted from 82 studies in endur-
ance athletes, with 53 studies assessing body compos-
ition, 48 energy intake, and 14 TEE. The kappa value of
0.47 for the agreement between the two researchers who
assessed the eligibility of records was considered to re-
flect a “fair agreement”, whereas “excellent agreement”
(kappa value of 0.96) was obtained for the assessment of
the methodological quality of included studies [54].

The characteristics of the included studies for body
composition, energy intake, and TEE are shown in Table 2.
In Additional file 3: Table S3, an overview of excluded
studies and the reasons for their exclusion can be found.

The cumulative number of subjects included in the
analysis was 1674 (71.4% male). Runners (27.8%), cyclists
(18.7%), and swimmers (16.4%) comprised the largest
proportion of subjects. All athletes for whom an endur-
ance sports discipline was not described or for whom
multiple endurance disciplines were mentioned were
grouped into “other endurance athletes” (13.5%). On
average, the mean age, VOy,,,, and training volume of
study estimates were 26.3+6.7 years, 61.8+6.0 mL/
kg min, and 12.0 £ 6.9 h/week, respectively (X,, + SD,,).
A detailed overview of physical characteristics of in-
cluded study estimates is shown in Table 3.

Body composition was assessed by DXA in 32.1% of
studies, by bioelectrical impedance analysis (BIA) in

Table 1 Clustering of seasonal training phases for body composition, energy intake, and total energy expenditure

Preparation phase

Competition phase

Transition phase

Training/preparation/conditioning/peak training period
Beginning/early/middle/ end of training season
Beginning of season

Before/pre-season

High/low volume weeks

Before/during/after high intensity/exhaustive training
periods/training camps

Intensified/overloaded/heavy training

End of preparatory training phase
Habitual/basic/normal training phase
Non-competitive season

Before/during/after race/competition

Taper phase

Peak-season, in-season

Top of performance

Early/start/during/end of competitive season
Pre-competition

Mid/late season

Beginning of competition preparatory period

Detraining

Off-season
Post-season
After/between season
Recreation

Resting period
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Systematic review protocol

Systematic database search

- Inadequate assessment methods (N = 2)

- Seasonal training phase NR (N = 164)

- Age limit/ age NR (N =11)

- No sex differentiation/ sex NR (N = 26)

- Multiple publications (N = 4)

- Data extraction not possible (N = 6)

- Inadequate study design (N = 1)

- Inadequate subjects (N =1)

- No habitual 24h energy intake or TEE (N = 11)

MEDLINE SPORTDiscus
N=3,154 N=1,061
Duplicates
N =629
Total studies

N = 3,583 (+6 articles snowball)

Full-text articles to be retrieved based
on title and abstract
N=321
Inclusion/exclusion of studies based on
Excluded studies full-text article
N =226

in certain studies. N =number of studies

Fig. 2 Flow chart for the present systematic review. NR = not reported. *Sum of studies not equal to total as multiple parameters were assessed

Included studies
N=82
- Body composition (N = 53)*
- Energy intake (N = 48)*
- Total energy expenditure (N = 14)*

25.6% of studies, and by hydrostatic weighing in 25.6%
of studies. In 71.7% of the studies, where body composition
was measured, no details of standardization were provided.
Ten studies (18.9%) reported some standardization details,
whereas only three studies (5.7%) reported satisfactory
details about their standardization. For determination
of energy intake, dietary records (95.1%) with a mean
observation time of 4.7 + 4.1 days were most often utilized.
Dietary recall (3.3%) and food frequency questionnaires
(FFQs, 1.6%) played secondary roles in energy intake as-
sessments. Half of the studies (50.0%) used DLW for
determination of TEE. Other methods included heart
rate monitoring (33.3%) and accelerometers (16.7%).
The studies using heart rate monitoring for estimation
of TEE used individual derived linear relationships be-
tween heart rate and oxygen consumption (HR-VO,)
during different tasks to estimate the oxygen cost and
energy expenditure during the observation period. Two
third of the studies used the 24-h heart rate recordings
and the individual HR-VO, relationship to estimate
TEE (gross calculation). Two studies calculated TEE by
summation of activity energy expenditure (based on in-
dividual HR-VO, relationship) and resting metabolic
rate (RMR; net calculation).

Total Energy Expenditure and Energy Intake
In total, 14 studies where TEE was assessed during vari-
ous seasonal training phases were identified by the lit-
erature search. Since no study assessed TEE during the
transition phase, only data during the preparation phase
(N = 8) and the competition phase (N = 6) are shown. In
addition, due to limited data, no separations between the
sexes and endurance disciplines of TEE were performed.
Absolute and relative TEE were significantly higher
during the competition phase than during the prepar-
ation phase (9869 + 4129 vs. 4345 + 1062 kcal/day, and
98.9+46.5 vs. 68.5+11.4 kcal/kg-day, respectively, all
»<0.001). Most of the studies assessing TEE during
the competitive phase were conducted during an
ultra-endurance competition (N =5), such as during a
24-h team relay cycling race [60], during a 6-day cycling
stage race [61], or during a 4851-km team relay cycling
race [62]. The maximum TEE amounted to 13,862 kcal/
day and 156.0 kcal/kg-day, respectively, observed in male
ultra-endurance runners during a 24-h ultra-marathon
[63]. The absolute and relative TEE were significantly
higher than the energy intake in the preparation phase
(4345 £ 1062 vs. 2915 + 761 kcal/day, and 68.5+11.4 vs.
42.8+10.5 kcal/kg-day, respectively, all p<0.001) and



Page 7 of 24

Heydenreich et al. Sports Medicine - Open (2017) 3:8

Apnis
8 4 ¥a pe VSN 4N (74 2ANSAWOD ‘SIR|YIeLY/SISIPAD (W) 9 [PUOND35-5501D [68] €£10¢ '[e 12 Joyuig
Apnis
8 L YH VSN ‘YN YEFET YN ‘s213|yie adueinpul  (N) SL [PUONRAISSTO [88] €107 "[e 1@ ZiLMOUI]
Apnis
8 L 044 podpog VSN UN reFoeC 4N '3N/Q7) s91e|yre sduRINpUT - (IA) SL [BUORRAISSTO [£8] Z10T |8 12 ZiIeMOURIQ
Apnis
L L da pe aouely ‘YN 80FG'Lc dN ‘s1lomoy - (W) €1 [BUORRAISSTO [98] 800¢ '[e 39 sa210659Q
Apnis
L €l da pe Sduel YN 80FGlc gN ‘SIomoy - (W) L1 [eUORRAISSAO [Sv] ¥00C '|e 39 sa210659Q
(NOD)
60F /6l
(V1d)
8 L da ps VSN dN I'LF861L dN ‘slomoy  (4) 8¢ 104 [S8] ¥10C seeH 73 9|[eAe|leg
Apns
8 | d4d Pyl PUBLSZIMS YN YLF LY YN 'sispjs eoueInpu3 () L1 [BUORRAISSAO [¥8] T661 '|e 12 Zequuodad
Apnis
8 [ 4a P 2ouely ‘YN LO0FSLZ  [euoneussiul/leuoneu ‘(JA) sisuuny () 9 [BUORRAISSTO [r¥] 0661 ‘e 39 Aznod
lle2au @9 Apras
8 ¢ Answossey Y e IR LF6€ 4N ‘@N) sisuuny - (A) 61 [PUOND35-5501D [€9] ¥10T '[e 12 e150D
Apnis
6 €'l vxd VSN 4N L+61 Arenay ‘sisuuims — (4) 91 [BUORRAISSTO [9€] 010T |8 39 uynqued
1A 4 4d ellensny "IN £CF90¢ [euonewa1ul 'sismoy - (4) 9 10y [€8] Z00T “[e 1 yuomyuug
8 4 vXxd eljensny ‘YN YLF9CE YN SISIPAD (M) 6 154 [¢8] €10C [e 12 Jomalg
|euoneu Apnis
8 L 4H 4a pe MN epeued ‘YN S¥IC /leuinoid ‘siaps Aunod-sso1y (W) £ [BUOID95-55013 [99] ¥661 ‘e 39 Aejnog
Jeuolssajoud Apnis
8 4 gH 4d uteds YN LY+ /9¢ -uou ‘(g) sa1v|yren (9) sisipAD () 8 [BUORRAISSTO [09] TLOT [ 19 s92s8g
Apnis
8 4 dH UsSpams ‘4N [6e-sdd 2T Q2 ‘@N) sy (A) 9 [BUORRAISSTO (18] 800¢ 'fe 10 biag
() [ev—97] ¢
) e Apms
8 14 vig uspams N [S€-57] /¢ QPR ‘AN swRIY - (W) 6 [euoReAISSqO (18] 800€ ‘[e 10 biag
Apnis
8 €'l 4d pg vxa VSN UN yOFS6l Aleiual ‘sisuuns Anunod-ssor)  (d) L1 [eUONEAISSO [S€] #00T ‘e 19 usquiag
Apnis
8 [ d4a pc VSN 4N YOF Y6l Arenuay ‘sisuuims — (N) ¢ [pUORRAISSTO [€¥] C661 11nS0D 7 Lieg
Apnis
8 4 d4a Y ve VSN 4N 9¥8¢ a)[pUOU SISIPAD (N T [eUOReAISSO [08] 20T '[e 32 Buonswuy
Bunel Loseyd L 3 4 Anunod
Avjenp [BUOSESS SPOYIDW JUDWISSISSY ‘ApIuyI3 (s1e3K) 2By |9A3] ‘(due1SIp) auldidsiq  (X9S) U ubisap Apnis ERIEIETEN

(331) 2inypuadxa ABisus (2101 pue (|9) axelul ABJaua ‘(Dg) uoiisodwod Apog JO M3IARI SU3 Ul PIPN|DUL SIIPNIS SY1 JO SDlsHaIdeIeyD) ¢ dlqeL



Page 8 of 24

Heydenreich et al. Sports Medicine - Open (2017) 3:8

vId
vId
wm1d
dd pe
dd ps
Mmid dd pPs9
Mmia dd Py mid
d4a pe MN
vId
vid
vid
dad pe
dd pz
dd pz
MN
podpog
dad pe
dad pe
d4d Ps vIg
M1d 4a ps ke
vig

BIUOIST ‘YN

BIUOIST ‘YN

epeued) ‘YN

VSN "N

VSN 4N

eljensny ‘IN

VSN 4N

puejuly ‘YN

puejuld "gN

puejuld "gN

ey 4INOS ‘YN

909919 ‘YN

909919 YN

VSN 4N

VSN 4N

uteds YN

uteds YN

eAuY "IN

eAuay ‘ulfus|ey|

UsPoMG YN

SYFSLT
rFolC

() L0z

(N) 861
YIF L€
vFLE
I'LF00C
YTF6ST
TEFELT
L[SFOYC
LEFEET

0l F6¢
LTS8l
TFLTC

8C

@) ¥0F66L
W) ¥OF 6l
6'LF0LC

0C+9/¢C

V¥1e

A1e1a) ‘siamoy

AIe1a) ‘siamoy

AIBI1IS) ‘SIBWWIMG

Kierual ‘s1s119AD
[euolssajoid-uou ‘(3n) SISIPAD
39 ‘siamol 1ybramiybi

YN ‘Sisuuni asueinpuy

YN ‘SIas AUNod-5501D

YN ‘S3sIPAD

YN ‘SI931U31O

UN ‘S1s1PAD

[PUOIB3I ‘SISUWIMS

[euoibal (@) sisuuny

YN ‘S919|y1e aourINpUT
AJea) ‘slsuuni A1UN02-5s01D)
|euoneUIRIUL ‘SISIPAD
[PUORRUIIUI ‘SISI|DAD

_mco_pmr:gc_
/leuolieu ‘(1/aw) sieuuny

|euoneUIRIU
/|RUORRU (QT/AW) Siauuny

YN ‘(3N) $319|L1e SdURINPUT

Apnis
[PUO[}235-550.1D)

Apnis
[PUOI}295-5501D)

Apnis
|BUOID3S-5501)

Apnis
[BUONPAIDSGO

Apnis
[UOID35-5501)

Apnis
[BUOI1D35-5501)

Apnis
[PUONBAIDSTO

Apnis
|BUOIID3S-5501D)

Apnis
|BUOID3S-5501)

Apnis
[BUOID35-5501)

Apnis
[eUONBAIRSTO

Apnis
[eUONEAISSTO

Apnis
[PUONBAISSTO

Apnis
[BUONBAISSTO

104

Apnis
[eUONRAISSTO
Apnis
[PUOID35-5501D)
Apnis
[PUOIID35-5501D)
Apnis
[PUOIRAISSGO

Apnis
[PUOIRAISSTQ

[001] 9007 ‘|e 12 sewnf

(66] 6661 |8 19 Sewunf

[86] €661 Y217 18 Ssuor

[8%7] 2661 ‘e 19 udsusr

[29] 0L0T '[e 33 UOYNH

(69] T00T s=ineq 7 |IIH

[£6] 7661 ‘|e 19 Bulliay

[96] €661 '|e 32 USUOUISH

[96] €661 ‘|6 12 UBUOUIRH

[96] €661 ‘[e 19 USUOUIRH

[S6]
800C S29Pa0D) 1§ UuUeUISARH

Va7

100 luoluesuUel 1§ nopidesse

Va7

100 luoluesuely 1§ nopidesseH

[¥6] 0661 18 39 YUHHD

[€6] €107 '[e 12 yonsion

[9¥] 000 ‘[e 13 SaA0Y-eIDIED)

[26] 8661 ‘e 19 SaA0Y-enIeD

[16] 8007 e 1 aBpn4

(111 9007 e 10 36pn4

[06] 0107 "fe 12 1siAbug

(panunuod) (331) 2inupuadxa ABIsud |10} pue ‘(13) axeiul Abiaus ‘(Dg) uoisodwod Apog JO MIIASI Y1 Ul PIPN|DU SAIPNIS SY3 JO SDIISURIDeIRYD) Z dlqel



Page 9 of 24

Heydenreich et al. Sports Medicine - Open (2017) 3:8

dH vig
da pe
da pe

vXd
dd P68
dd
pYL/P8c

vXd

vXd

vXd

vXd

vXd

vXd

MN

vig

vXd

dd pe podpog

vig

dd pPe vXd

vig

vXd

uedef ‘YN
VSN 4N
VSN "N
2ouel4 YN
elleasny ‘YN
2duel4 YN
2duel4 YN
2duel4 YN
2ouel4 YN

EREET])
‘ueiseoned)

92930
‘Ueisednen)
BIUOIST ‘YN
VSN YN
Ajey N
eljensny ‘YN
ueder ‘YN
903319 YN
BIUOIST ‘YN

ejuolsy ‘YN

elu0Is3 ‘YN

L6l

9F8YE

6'€F /ST

6'€FS58C

0v 'S¢

S0l F9C¢E

SOFVSC

99F /ST

8GF¥/C

8EFIEC

6'lF¥6l

OL+/6l

(4) 81 F80C

(W) I'L 80T

7L F 8¢

LYFLEC

YeEFSIC

CLFY8L

9LF10C

€F80¢

ILFY6L

3)I[3-gNs ‘sisuuny

YN ‘sisuuny

2)J2 ‘(@) slauuny
[eUORUIRIUL ‘SISIPAD
[eUOnRUIRIUL ‘SISIPAD

gN (@) se1ejupen

Aieiuay (@W/AULdS) SIBUUWIMS
|euoIBal ‘s219|Ylen |

[eUOIRU ‘S1SI|DAD

|eUOIRUISIUI
/leuoiieu ‘sisuuns axueinpuy

|eUORUIRIU
/|PUOIIRU SISWIWIMS 3dURINPUT
[PUOIRUIDIUI ‘SIDMOY

Aleua1 ‘siauuni A1unod-ssoi)
Inajewe ‘(3n) siauuny

YN ‘s219|y3e duRINpU]

3|2 's312|Y1e aduURINpUT
[pUORRUIRIUL (QWN/AULdS) SIBUIUIMG
[RUOIIBU ‘SIDMOY

[PUOIIRUISIUI/|PUONEU ‘SIOMOY

K1e113} 'slamoy

(ol

Apnis
[PUO[1D95-5501D)

Apnis
[PUOIIRAIDSTQ

Apnis
[PUOIIBAISSTO
Apnis
[PUOID35-5501D)
Apnis
[PUOIBAISSTO
Apnis
[PUONPAISSTO

Apnis
[PUOI1D95-5501D)

Apnis
[PUOI195-5501D)

Apnis
[PUOND3S-5501D)
Apnis
[PUOND3S-5501D)
Apnis
[PUOND3S-5501D)
Apnis
[PUOIIBAISSTO
Apnis
[PUOIRAISSQO
Apnis
[PUOI1D95-5501D
Apnis
[PUOIIRAISSTO
Apnis
[PUOID35-5501D)
Apnis
[PUOIIBAISSQO
Apnis
[PUOND3S-5504D)
Apnis
[PUONRAISSQO

Apnis
[PUOIID35-5501)

[211] 900¢ ‘e 12 ebeuolon
[LLL] 1661 DI0UBN 1§ SISO
[LLL] 1661 2I0UBN 73 SISO

[0LL] 600C e 12 l||oP3y
[601] 00T

HERERVIEEY

[6%] £00T ‘[e 19 Shuebiepy

[801] £00T ‘e 18 unowley

[801] 00T ‘[e 32 UNowiep

[801] £00T ‘e 12 unowley

[01] £00T

‘e 19 soxbep

[£01] £00T ‘e 13 so%Bep
[901] 0LOT ‘e 19 nisse
[6€] 7661 e 19 unjo
[SOL] 10T ‘|e 19 JozzeT
[8€] 6661 e 19 eibiode
[¥0L] 10T ‘e 39 NZIWIYSOy|
[£€] £00Z e 12 Sljexeseqey
[€0L] L1LOC "[e 19 2ewunf

[01] £00T ' 32 Sewns

[101] #00Z ewun( 3 sewun(

(panunuod) (331) 2inupuadxa ABIsud |10} pue ‘(13) axeiul Abiaus ‘(Dg) uoisodwod Apog JO MIIASI Y1 Ul PIPN|DU SAIPNIS SY3 JO SDIISURIDeIRYD) Z dlqel



Page 10 of 24

Heydenreich et al. Sports Medicine - Open (2017) 3:8

d4d Pz

d4d Pz

da pL

da pL

da pe

da pc

Mmid da po

da Y v

da py

d4a pl/pe

da ps8c

d4d pr

da py

v

g

vig

vXd

vXd

vXd

vXd

MN

vXd

v

|

vXd

MN

MN

elIsny

ueyey|

ueyley

uelley

ueljel]

ueder

|lebnuod

|ebnuod

|ebnuod

epeued

‘UN

"IN

"IN

"IN

"IN

"dN

"IN

"IN

"IN

"IN

puejesz

MON

epeued

B2y 4Inos

lizeig

EBEEY)

e|u01S]

3ouel4

VSN

vsn

vsn

"IN

"dN

"IN

"IN

"dN

"IN

"IN

"IN

"dN

"dN

0l +8¢

I'SF10¢

LEF8

LY F9GC

€FOT
) 67 FOET
(W) 6€FEET

L0F 1T

IN31eWE ‘SI3YIg URIUNOW

YN S3sI[2AD

YN ‘slauuny

UN ‘SIapfs 910y

YN ‘SIaBfs A13UN0d-5501)

KIRIUa1 ‘SIDWWIMG

N ‘s313]u1e 29|y

YN ‘sa13]upen

UN ‘SISUILIMS

[PUOIRUIDIUI ‘SIDUILIIMS

[PUORUISIUL/|RUONRU ‘SISIDAD

A1e1ay ‘sisuuny

4N ‘3@n) sisuuny

UN ‘s1s1PAD

[PUOIRUISIUI ‘SIS AIIUNOD-5S01D)

[PUONEU ‘SIDMOY

NS EEN]

AIRII3) ‘SIBUIUIMG

AIB1IS) ‘SIBWIWIMG

AIeIJa} (@) slauuny

(W) 9

Apnis
[PUOID35-5501D)
Apnis
[PUOND35-5501D)
Apnis
[PUOND35-5504D)

Apnis
[PUOI195-5501D)

Apnis
|PUOI1D35-5501)

Apnis
[PUOIPAISSTO
Apnis
[PUO[ID35-5501D)
Apnis
[PUOIID35-5501D)
Apnis
[PUO[ID35-5501D)
Apnis
[PUORPAISSTO
Apnis
[PUOIRAISSTO
Apnis
[PUOIID35-5501)

Apnis
[PUOIRAISSQO
Apnis
[PUOI1D95-5501D)
Apnis
[PUOIIBAIDSTQ
Apnis
[PUOND35-5501D)
Apnis
[PUOIIBAISSTO
Apnis
[PUOND3S-5501D)
Apnis
[PUOIRAISSQO

Apnis
[PUOIID35-5501)

[€21] 0107 " 319 3udyds
[cz1] S661 ‘[e 19 euayds
[cz1] 5661 ‘e 12 BURYDS
[cz1] S661 e 19 euayds
[cz1] 5661 ‘e 32 BUBYDS
[LZl] 110z e 19 oes
[021] #710Z ‘[e 19 solues
[0Z1] ¥10C ‘e 39 sowues
[0Z1] ¥10z ‘|e 39 sowes
[6L1] 2661 YUWS 13 sU2qoy
[19] 010T [e 12 42142y

[8L1] €661 "[e 32 sdijjiyd

[1G] /661 9Yd52190D) 1 51919
[£11] 010 ‘e 19 Oopealuad

[0S] Z10z ‘|e 1@ nojnodopedeq
[911] SO0 '[e 12 wied

[SLL] #00T ‘[ 12 mazzejed
[7L1] LOOT 'l 39 uyed-A3|snO
(0] LOOT e 12 pue|ON

[€LL] ¥66L "B 12 OloNW

(panunuod) (331) 2inupuadxa ABIsud |10} pue ‘(13) axeiul Abiaus ‘(Dg) uoisodwod Apog JO MIIASI Y1 Ul PIPN|DU SAIPNIS SY3 JO SDIISURIDeIRYD) Z dlqel



Page 11 of 24

Heydenreich et al. Sports Medicine - Open (2017) 3:8

aseyd uonisuen = () ‘aseyd uonnadwod = (7) ‘aseyd uoneiedaid = (1),

191eMm pajjaqe| Algnop

M1d ‘Butioyuow d3es Ueay YH ‘ireuuonsand Adusnbai4 pood D44 ‘p10d31 Aielalp ya ‘Buiybiam deisolpAy/isremispun M ‘sisAjeue scuepadw [ed1323]901q Vg ‘Aixdwondiosge Aei-X ABisus-lenp yxg ‘dnoib jo1uod
NOD ‘dnoib ogadeld 74 ‘Uonduny [eniysuaw Jejnballl ¥y ‘uoiduny [enisuaw Jejnbal y ‘el pa|jouo) paziwopuey DY ‘pauodal Jou Y ‘@duelsip Buo| g7 ‘@duelsip S|ppIW @i ‘@dueINpua-eiyn 3/ ‘Sjew py ‘Ojewsy 4
[abues] py 1o gs F W se uanib s| aby 230N

dd pPe

da pe

dH da pe

da pe

Mmid dd pc

dd pe

d4d Pz

(4) ¥a ps
M1d (W) ¥a Py

Mmid da po

podpog

vig

MN

MN

vXd

vXd

podpog

mid

paseyul

JEEN

MN

MN

MN

MN

MN

[Izeig "IN
puejod "IN
VSN dIN

MN "IN

VSN ‘Uelsedned

eluo1Sy
‘uejseoned)

VSN "N
KemIoN
‘Uelsesned
2LV YINos "IN
VSN 4N
uspams ‘YN
AurwiIaD ‘YN
VSN 4N

VSN N

VSN N

VSN 4N

VSN YN

(4) 82 F€0¢
(W) 8'S F60¢

6'€ F €8¢

[oe-8ll 1z

8F/LC

L'LFL161

6l F¥8l

L¥6l

() 81 F09C
() L1 F8¥€

€EF09C

|PUONBUIIUI
/|PUOIIRU 'S12DBI 2INIUSAPY

YN S3s1[2AD

Ale1Ja1 ‘slsuuni AIUN02-5s01D)

YN ‘sIsIPAD

Alefua) (@) sisuuny

[euoileU ‘SISMOY

[PUOIIRUIDIU ‘SISWILIMS

|_UONIEU/[PUOIRRID3I ‘SIaUUNY

[PUONEU ‘SIDWIWIMG

Aleay ‘sisuuny

|RUOIIRUIDIUI ‘SIS A1IUNOD-SSOID)

YN ‘siomoy

AJeua1 ‘(Quuds) SISWIWIMS

A1BL9) ‘SIDWIWIMG

YN ‘siauuny

4N ‘s1s1PAD

[PUOIIBUISIUI/[RUONRBU (JT) SISUUNY

Apnis
[PUOND3S-5501D)
Apnis
[PUOIIBAISSTO
Apnis
[PUONDDS-5501D)

Apnis
|PUOND3S-5501)

Apnis
[PUOND3S-5501)

Apnis
[BUONBAIDSTO
Apnis
[PUOND3S-550.D)
Apnis
[PUOND3S-550.D)
Apnis
[BUONBAIDSTO
Apnis
[PUONDIS-550.)
Apnis
[PUOND3S-5501D)
Apnis
|PUOND3S-5504D)
Apnis
[PUOIIBAISSTO
Apnis
[PUOIIBAISSTO
Apnis
[PUOND3S-5504D)
Apnis
[PUONDSS-550D)

Apnis
|PUOI1D35-5501)

[cel] £00T ‘e 19 uewdjez

[LEL] 10T ‘|e 13 dele7

[0€1] 9661 ‘[ 13 49189

[6C1] 110 "[e 39 pIeum

[1£]1 9661 '|e 13 SIRUIM

[8C1] LLOT '[e 19 Jeesyiep

[0/] 2661 ‘|6 19 addei|.

[£Z1] 900T eUISOH g U)o |

[2S] 2661 '[e 3o Jojhe

[921] ¥10¢ #2119109 18 Agpung

[£9] ¥661 "[e 12 uIpols

[Sc1] 200T ‘e 38 ydswis

[cy] €661 I8 39 SIopIS

[1¥] 1661 e 12 SiapIS

[el] €661 |e 19 uewiays

[PTl] €661 ‘[ 19 UBULIBYS

[89] 7661 I8 19 ZINydS

(panunuod) (391) 2inupuadxa ABIsud |10} pue ‘(13) axeiul Abiaus ‘(Dg) uoisodwod Apog JO MIIASI Y1 Ul PIPN[DU SAIPNIS SY3 JO SDIISURIDeIRYD) Z dlqel



Heydenreich et al. Sports Medicine - Open (2017) 3:8

Table 3 Physical characteristics of included study estimates
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Endurance discipline (N) n Age [years] Height [cm] Body mass [kg] BMI [kg/mz] VO,max [mL/kg min] Train load [h/week]®
Cyclists
Total (18) 313 309+6.1 1775 754+59 234+16 624+6.2 140+85
Male (16) 276 318+56 179+3 744+55 236+16 650+438 152+96
Female (2) 37 242+05 166+ 1 612+ 1.1 221 £06 55840 -
Runners
Total (23)° 465 303+ 7.1 172+5 641174 203+13 61.7+72 86+42
Male (16) 330 314£69 175+3 679+£55 20614 643 £6.7 86+43
Female (13) 135 274+67 167+3 556+22 199+10 573+58 87+40
Swimmers
Total (16)° 275 199+15 176 £6 695+59 224+0.7 - 172£103
Male (10) 141 20319 181+£3 743+32 22707 - 134+56
Female (10) 134 194+ 04 170+4 639+25 220+05 - 231+£128
Rowers
Total (14) 151 202+£10 180+9 76.1+103 235+£10 546+85 72+24
Male (9) 89 206+1.0 188+3 854+50 240+09 - 72+24
Female (5) 62 196+06 171+2 663 +2.2 229+0.7 - -
Cross-country skiers
Total (6)° 166 250+43 175+5 659+ 45 21507 619+43 11.5+05
Male (5) 124 262 +42 177 £2 68.1+£14 21.7£06 - 11.7+04
Female (3) 42 213+£13 168+2 592+35 21.0+£08 - -
Triathletes
Total (4)* 78 251+42 175+3 66.2£3.6 216 £0.7 653 +04 114+20
Male (4) 68 258+40 176 £0 675+ 1.8 21805 653 +04 11.6£2.1
Female (1) 10 - - - - - -
Other endurance athletes
Total (13)° 226 252+40 176 £6 69.1 £6.7 225+1.1 61.7 4.7 10.5+338
Male (12) 167 255+40 178+3 727+34 229+09 638+38 112+45
Female (4) 59 245+3.7 168+ 1 593+18 21.3+£06 56.8+23 9.1+0.7
Total
Total (82)° 1674 263+6.7 176 +£6 68.7+80 222+15 61.8+6.0 120£69
Male (63) 1195 27.7£68 179+ 4 721£65 226+15 644 +48 11.6£56
Female (34) 479 229+5.1 169+3 60.5+4.5 214+12 56.6 4.6 128 +90

Note. Data are shown in weighted mean and standard deviation of the weighted mean (X,, = SD,,)
N =number of studies, n = cumulative number of subjects, BMI body mass index, — = insufficient data
2Sum of male and female studies not equal to total as in certain studies both sexes were assessed
PCalculated as the following: 1 h of training = 25 km cycling or 10 km running or 2 km swimming

competition phase (9869 +4129 vs. 3156 + 967 kcal/day,
and 98.9 £+ 46.5 vs. 43.5 + 11.3 kcal/kg-day, respectively, all
p<0.001).

Absolute and relative energy intake was higher in
males compared to females in the preparation phase
(3111 £ 717 wvs. 2291 + 525 kcal/day, and 44.0 + 10.6 vs.
39.0+9.1 kcal/kg-day, respectively, all p<0.001) and
competition phase (3405 + 940 vs. 2337 + 483 kcal/day,
and 44.8 £ 11.9 vs. 39.3 + 7.9 kcal/kg-day, respectively, all
p <0.001, Figs. 3 and 4).

In males, the absolute energy intake was higher during
the competition phase compared to the preparation
phase (p <0.001), whereas relative energy intake was un-
changed (p=0.553). In females, neither the absolute
(p=0.735) nor relative (p =0.951) energy intake was dif-
ferent between the two seasonal training phases.

Table 4 provides a detailed overview of the absolute
and relative energy intakes differentiated by sex, endur-
ance discipline, and seasonal training phase. Energy in-
take was significantly higher in male runners, swimmers,
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14,000
12,000
10,000

8,000

kcal/d

6,000
4,000

2,000

a,c
i

males
(EI: n=546
TEE: n=41)

0
females
(EI: n=171

Preparation phase

TEE: n=25)

Fig. 3 Energy intake (El) and total energy expenditure (TEE) in kcal/day of endurance athletes. Data are shown in weighted mean and standard
deviation of the weighted mean (X,, = SD,,). n = number of cumulative subjects

WE] OTEE

females
(EI: n=124
TEE: n=16)

males
(EIL: n=407
TEE: n=41)

Competition Phase

and rowers compared to their female counterparts dur-
ing both the preparation and competition phases (all
p<0.01). In male and female runners, male endurance
athletes, and combined male and female rowers and
cross-country skiers, the energy intake was higher
during the competition phase compared to the prepar-
ation phase, whereas for male and female swimmers,
energy intake was higher during the preparation phase (all
p <0.01). The energy intake of female runners and rowers
during the preparation phase was significantly lower
than that of all other endurance athletes (all p < 0.05). Rea-
sons for the lower energy intake in female rowers might be
that during preparation phase the athletes often reduce
their energy intake in order to reduce concomitantly their
body weight to start in the lightweight category. During

pre-season, body mass may reduce by as much as 8%
among lightweight rowers [64]. Runners, in general, profit
from a low body mass since greater economy of movement
and better thermoregulatory capacity from a favorable ratio
of weight to surface area and less insulation from subcuta-
neous fat tissue is reached [10].

A separate analysis of energy balance was performed
by including only studies where both energy intake and
expenditure were assessed in parallel. Male endurance
athletes showed a significant energy deficit of 304 kcal/
day (95% CI -549, -58, p=0.02) during the prepar-
ation phase and 2177 kcal/day (95% CI -2772, —1582,
»<0.0001) during the competition phase (Fig. 5). In female
endurance athletes, a negative energy balance was also
observed during the preparation phase (-1145 kcal/day,

180

160

140

120

keal/kg -d

females
(EI: n=171
TEE: n=25)

males
(EI: n=546
TEE: n=41)

Preparation phase

3significantly different from competition phase (p <0.001)

bsignificantly different from females in the same seasonal training phase (p < 0.001)
csignificantly different from EI of the same sex and seasonal training phase (» < 0.01)

Fig. 4 Energy intake (El) and total energy expenditure (TEE) in kcal/kg-day of endurance athletes. Data are shown in weighted mean and standard
deviation of the weighted mean (X,, + SD,,). n = number of cumulative subjects. No data for TEE of females during competition phase available

c
BEl OTEE
males females
(EI: n=407 (EI: n=124)
TEE: n=41)
Competition phase
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Table 4 Energy intake in kcal/day and kcal/kg/day of endurance athletes in preparation and competition phase

Endurance discipline

Preparation

Competition

n

Energy intake [kcal/day]

Energy intake [kcal/kg-day] n

Energy intake [kcal/day]  Energy intake [kcal/kg-day]

Cyclists
Total
Male
Female

Runners
Total
Male
Female

Swimmers
Total
Male
Female

Rowers
Total
Male
Female

Cross-country skiers
Total
Male
Female

Triathletes
Total
Male

Female

46
46

278
207
71

73
39
34

70
24
46

138
124
14

16
16

Other endurance athletes

Total
Male

Female

Total
Total
Male

Female

96
90

717
546
171

3789 + 764%¢f
3789 + 764%¢

2489 + 4257
2640 + 36670
2046 + 230°

3366 + 90279
3963 + 762*°
2683 + 45079

2426 + 448°
2021 + 326°F
2168 £330

3224+ 917°9°9
3287 + 876779
2663 + 11074¢

3162+ 159%¢
3162+ 1599

3261 + 282%%€9
3274+ 28619

2915 +761°
3111 +£7172P
2291 + 525

523+ 133%¢
523+133%¢

382+78°
383+ 86"
380+ 4.6°

487 + 9.6>%¢
532+ 9.5%Pde
436+ 69

339+45°
360+0.1°
328+52°

483+ 12729
483+ 116%
4914203

457 +26°
457 +26

465 + 5,124¢
463 +52%9f

428+105
440+ 106°
390+9.1

133 3600+ 1102¢ 469 +17.7%
125 3603+1137 459+180
272 3042+788 427+47
203 3298+713° 438+32°
69  2291+443 394+ 64
55 2769+6819" 401 +779
24 3462 +341° 462 +65°
31 2234+256 354+47
15 36331097 468+109
33 2091+ 532%f9 327 +29°
14 4656+ 1070 -

14 dfgh _

- 4656 + 1070° -

531  3156+967 435+113
407 3405 +940° 448 +119°
124 2337+483 393+79

Note. Data are shown in weighted mean and standard deviation of the weighted mean (X,, = SD,,)

n = cumulative number of subjects, — = insufficient data

Significantly different from athletes of the same endurance discipline and sex during competition phase (p < 0.01)
PSignificantly different from females of the same endurance discipline and seasonal training phase (p < 0.01)
SSignificantly different from all other endurance disciplines of the same sex and seasonal training phase (p < 0.05)
dSigniﬁcantly different to runners of the same sex and seasonal training phase (p < 0.05)

€Significantly different to rowers of the same sex and seasonal training phase (p < 0.05)

fSignificantly different to swimmers of the same sex and seasonal training phase (p < 0.05)

9Significantly different to cyclists of the same sex and seasonal training phase (p < 0.05)

hSignificantly different to cross-country skiers of the same sex and seasonal training phase (p < 0.05)

95% CI —1404, —887, p <0.0001) and the competition phase
(-1252 kcal/day, 95% CI -1778, -727, p <0.0001, Fig. 6).
The relative energy deficit was 6.6% of TEE during the prep-
aration phase and 18.9% during the competition phase in

males, and 29.0% of TEE during the preparation phase and
22.0% during the competition phase in females. When com-
paring energy intake during the preparation and competi-
tion phases by solely including studies where energy intake



Heydenreich et al. Sports Medicine - Open (2017) 3:8

Page 15 of 24

Energy intake (kcal/d) Total ene(ll‘i)z"le/);}))endlture Mean difference Mean difference
i o ! Fi o,
Study or subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% C1 1V, Fixed, 95% C1
1.1.1 Preparation phase
Sjodin et al. 1994 7,218 1,099 4 7218 1,004 4 2.4% 0[-1,459, 1,459] —
Boulay et al. 1994 3,872 382 7 4,063 956 7 8.9% -191 [-954, 572] =
Fudge et al. 2006 3,165 318 9 3,492 249 9 74.1% -327[-591, -63] -
Subtotal (95% CI) 20 20 85.4% -304 [-549, -58] ¢
Heterogenity: Chi® = 0.28, df=2 (p = 0.87); ' = 0%
Test for overall effect: Z=2.42 (p = 0.02)
1.1.2 Competition phase =
Bescos et al. 2012 5,549 2,127 8 10,253 1,625 8 1.5% -4,704 [-6,559, -2,849] ¢
Costa etal. 2014 5,497 2,868 19 13,862 2,390 19 1.8% -8,365 [-10,044, -6,686]
Rehrer et al. 2010 6,525 908 4 6,549 478 4 5.1% -24[-1,030, 982]
Hulton et al. 2010 4,918 810 4 6,420 470 4 6.1% -1,502 [-2,420, 584] -
Subtotal (95% CI) 35 35 14.6% -2,177 [-2,772, -1,582] ‘
Heterogenity: Chi* = 79.02, df=3 (p < 0.00001); > = 96%
Test for overall effect: Z = 7.17 (p < 0.00001)
Total (95% CT) 55 55 100% 577 [-804, -349] ¢
Heterogenity: Chi® = 111.80, df= 6 (p < 0.00001); > = 95%
Test for overall effect: Z =4.97 (pﬂ< 0.00001) X 8,000 -4,000 0 4,000 8,000
Test for subgroup differences: Chi* = 32.50, df= 1 (p < 0.00001); I* = 96.9%
Favours negative EB Favours positive EB
Fig. 5 Energy balance (EB) of male endurance athletes during preparation and competition phase

was assessed in both phases (N = 8), the energy intake was
higher during the competition phase, being significant in
males (+106 kcal/day, p = 0.03), but not in female endurance
athletes (+134 kcal/day, p = 0.20, Fig. 7).

In more than half (53.7%) of the female study popula-
tions, where TEE was assessed, the menstrual status was
not reported. 24.4% of the female study populations
were eumenorrheic, whereas in 22.0% menstrual irregu-
larities were reported. However, a separate statistical
analysis assessing seasonal training phase differences of
TEE between eumenorrheic and amenorrheic athletes
could not be performed, since the cumulative number of
subjects was too low in the single training phases.

Body Composition

For the total sample during the competition phase, both
body mass and FFM were significantly higher compared
to the preparation and transition phases (p<0.05,
Table 5). For the percentage of fat mass, no differences
were detected between the seasonal training phases
(p>0.05). Since the percentage of female data on
total data varies between the seasonal training phases,
we further split the data by sex. In males, the body

mass was lowest during the transition phase (p <0.05)
and absolute and relative fat mass were highest dur-
ing the competition phase (all p<0.05). FFM was
lowest during the transition phase (p <0.001, Fig. 8).
For females, absolute and relative body fat were
higher during the preparation phase compared to
those during the transition phase (p<0.01, Fig. 8).
Neither body mass nor FEM differences between sea-
sonal training phases were observed (all p >0.05). When
separately analyzing the few studies where body mass and
composition were assessed during both the preparation
and competition phases (N=5), male and female endur-
ance athletes showed a significantly lower percentage of
body fat and higher absolute FFM during the competition
phase compared to the preparation phase (18.2 + 5.0% vs.
19.6 £5.0%, and 56.6 +8.7 kg vs. 54.0+8.7 kg, re-
spectively, all p <0.0001).

In more than one third (34.5%) of the female study
populations, where body composition was assessed, the
menstrual status was not reported. 39.7% of the female
study populations were eumenorrheic, whereas 16.4%
menstrual irregularities were reported. However, a separate
analysis between eumenorrheic and amenorrheic athletes

Energy intake (kcal/d) Total energy expenditure (kcal/d) Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
1.2.1 Preparation phase
Hill & Davies 2002 2214 313 7 3,957 1,219 7 6.2% -1,743 [-2,675, -811] —=
Sjodin et al. 1994 4,350 454 4 4,374 526 4 11.6% -24[-705, 657] -
Trappe et al. 1997 3,131 239 5 5,593 502 5 22.6%  -2,462[-2,949, -1,975] -
Schulz et al. 1992 2,193 466 9 2,826 312 9 40.1% -633 [-999, -267] -
Subtotal (95% CI) 25 25 80.5%  -1,145 [-1,404, -887] *
Heterogenity: Chi® = 47.55, df=3 (p < 0.00001); I> = 94%
Test for overall effect: Z = 8.68 (p < 0.00001)
1.2.2 Competition phase <«
Costa et al. 2014 3,107 1,195 6 10,755 1,912 6 1.7%  -7,648 [-,9452, -5,844] -
Winters et al. 1996 2,013 418 10 2,673 781 10 17.8% -660 [-1,209, -111]
Subtotal (95% CI) 16 16 19.5% -1,252 [-1,778, -727] ’
Heterogenity: Chi® = 52.75, df= 1 (p < 0.00001); I* = 98%
Test for overall effect: Z = 4.67 (p < 0.00001)
Total (95% CT) 41 41 100%  -1,166 [-1,398, -934] L3
Heterogenity: Chi’ = 100.43, df= 5 (p < 0.00001); I* = 95%
Test for overall effect: Z = 9.85 (pﬁ< 0.00001) 5 -8,000 -4,000 0 4,000 8,000
Test for subgroup differences: Chi®=0.13, df=1 (p =0.72); I' = 0%
Favours negative EB Favours positive EB
Fig. 6 Energy balance (EB) of female endurance athletes during preparation and competition phase
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Preparation phase (kcal/d) Competition phase (kcal/d) Mean difference Mean difference
Study or subgroup Mean SD Total Mean Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
2.1.1 Males
Margaritis et al. 2003 3,298 717 9 3,155 693 9 1.7% 143 [-509, 795]
Jensen et al. 1992 4,162 703 14 4,460 681 14 2.8% -298 [-811, 215] e —
Garcia-Roves et al. 2000 5354 406 6 5473 359 6 3.9% -119[-553, 315] —_—
Papadopoulou et al. 2012 2,255 790 23 2,125 639 23 4.3% 130 [-285, 545] —_—
Barr & Costill 1992 3,609 287 13 3,155 215 13 19.4% 454 (259, 649] ——
Couzy et al. 1990 2,935 46 6 2,791 227 6 21.4% 144 [-41, 329] _—
Barr & Costill 1992 3,729 215 11 3,824 167 11 28.5% -95 [-256, 66] —.
Subtotal (95% CI) 82 82 82.0% 106 [11, 201] 2 2
Heterogenity: Chi’ = 21.85, df= 6 (p = 0.001); I = 73%
Test for overall effect: Z=2.19 (p = 0.03)
2.1.2 Females
Hassapidou & Manstrantoni 2001 2,015 542 9 1,890 709 9 22% 125 [-458, 708]
Taylor et al. 1997 3,170 199 7 2,586 618 7 3.2% 584 [103, 1065]
Hassapidou & Manstrantoni 2001 1,816 549 11 1,679 546 11 3.5% 137[-321, 595]
Papadopoulou et al. 2012 1,988 319 10 2,011 330 10 9.1% 23 [-308, 262] T o
Subtotal (95% CI) 37 3 18.0% 134 (69, 336] ——
Heterogenity: Chi’ =4.53, df=3 (p = 0.21); I = 34%
Test for overall effect: Z = 1.29 (p = 0.20)
Total (95% CI) 119 119 100% 111 [25,197] ‘
Heterogenity: Chi> = 26.44, df= 10 (p = 0.003); I’ = 62%
Test for overall effect: Z=2.53 (p = 0.01) -1,000 -,500 0 ,500 1,000
Test for subgroup differences: Chi> = 0.06, df=1 (p = 0.81); I = 0%
Favours preparation phase Favours competition phase
Fig. 7 Forest plot for comparison of energy intake during preparation and competition phase in endurance athletes

could not be performed, since the cumulative number of
subjects during the different seasonal training phases was
too low.

Discussion

In this systematic review, we examined fluctuations in
TEE, energy intake, and/or body composition in endur-
ance athletes across the training season. We found that
some, but not all, of the investigated outcomes depended
on the time point of data assessment during seasonal
training. TEE was highest during the competition phase
and higher than energy intake in all seasonal training
phases. Alterations in TEE did not lead to adaptations of
energy intake in females, whereas in males, a higher
absolute energy intake during the competition phase was
observed. The finding that male endurance athletes
demonstrated the highest fat mass values during the
competition phase and the lowest FFM during the tran-
sition phase seems to be an anomaly from the pooling
of data.

Our systematic search initially yielded many studies
where TEE, energy intake, or body composition in
endurance athletes were investigated. Only a few (2%)
reported the time point of data collection with regard to
the training season and could thus be included in this
review. This is unfortunate since our analysis clearly
illustrates how training volume and related TEE vary im-
portantly with seasonal training phases. Specifically and
expectedly, both absolute and relative TEEs were signifi-
cantly higher during the competition phase compared to
the preparation phase. Interestingly, these differences
were only partly in agreement with alterations in energy
intake and/or body composition of endurance athletes.

During the transition phase, limited data for TEE and
energy intake of endurance athletes was available. Only
for body composition, it was possible to compare with

other seasonal training phases, although the number of
study estimates and therefore, explanatory power, was
weak. Future research on elite athletes should focus on
the effects of a sudden stop or reduction in TEE on body
composition (e.g., because of injury). There exist only a
few studies (with conflicting results) where this question
has been examined. Ormsbee and Arciero investigated
the effects of 5 weeks of detraining on body composition
and RMR in eight male and female swimmers [65]. RMR
decreased, whereas fat mass and body weight increased
with detraining. In contrast, LaForgia et al. showed that
after 3 weeks of detraining, no differences in RMR and
percentage of fat mass occurred in male endurance ath-
letes [38]. Unfortunately, energy intake was not reported
in either of these studies. Thus, it remains unclear when,
whether, and to what extent the body adapts (through
changes in energy intake and/or body composition) for
the decrease in TEE caused by detraining.

Our analysis highlights an important apparent negative
energy balance in endurance athletes, both in the prep-
aration and competition phases, when separately exam-
ining the energy balance in articles where both energy
intake and TEE were assessed (N =11). Negative energy
balance was reported during the preparation phase in
male [66, 67] and female [67] cross-country skiers, male
[11] and female [68] runners, and female lightweight
rowers [69] and swimmers [70], and amounted to a
mean of 304 kcal/day (4.7% of TEE) for males and
1145 kcal/day (27.8%) for females. During the competi-
tion phase, a negative energy balance was reported in
male cyclists and triathletes [60], male [63] and female
[63, 71] runners, and male cyclists [61, 62], averaging
2177 kcal/day (32.5%) for male and 1252 kcal/day
(47.9%) for female endurance athletes. The most obvious
explanation for these energy deficits is likely the classical
issue of under-reporting energy intake through self-
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Fig. 8 Fat-free mass and fat mass of endurance athletes during preparation, competition, and transition phase. Data are shown in weighted mean and
standard deviation of the weighted mean (X,, = SD,,). n = number of cumulative subjects
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assessment in human studies. A review of nine studies
using DLW to validate self-reported energy intake in
athletes revealed that under-reporting can amount to
10-45% of TEE [34]. Since under-reporting increases in
magnitude as energy requirements increase [34], we
must assume that under-reporting in the present study
estimates was more important during the competition
phase. Even when 45% was added to the energy intake of
all athletes included in our review, there still remained a
negative energy balance of 118 kcal (2.7% of TEE) in the
preparation and 5293 kcal (53.6%) in the competition
phase. Another explanation for the negative energy
balance might be the low accuracy and precision of
methods used to estimate energy intake in athletes in
the articles included in our review. For example, mostly
dietary records with a mean observation time of 4.7 +
4.1 days were used. According to Magkos and Yannakoulia,
for athletes, a 3-7-day diet-monitoring period would be
enough for reasonably accurate and precise estimations of
habitual energy and macronutrient consumption [34].
However, other methods like FFQs and dietary recalls were
also used for energy intake estimations. These
methods are both memory-dependent and show lower
accuracy and precision than prospective methods like
dietary records [72]. However, even when only articles
were considered where energy intake was assessed by
the use of dietary records, the error remained high
(2.5% of TEE during the preparation phase and 54.9%
during the competition phase). Finally, the high nega-
tive energy balance during the competition phase may
also be explained by the fact that, apart from one

study, all included studies investigated the TEE during the
days with actual competition and not during habitual
training days in the competition phase. Thus, it is likely
that the TEE during this phase was over-estimated. During
the preparation phase, a negative energy balance leading
to increased energy store utilization might be desirable by
coaches and athletes to reach a sport-specific body
composition, but during the competition phase, body
composition should not be modified anymore since it is
typically already at its optimum. There was one study in
which dietary intake was strictly controlled since the sub-
jects were in confinement. Brouns et al. simulated a Tour
de France race in a metabolic chamber and calculated the
daily energy balance from the energy expended and energy
intake as calculated from daily food and fluid consump-
tion [73]. They found a positive energy balance during
active rest days whereas during the exercise days, a signifi-
cant negative energy balance was observed. The authors
concluded that if prolonged intensive cycling increases
energy expenditure to levels above a certain threshold
(probably around 20 MJ or 4780 kcal), athletes are unable
to consume enough conventional food to provide
adequate energy to compensate for the increased energy
expenditure. The authors of a recent review address-
ing the criticisms regarding the value of self-reported
dietary intake data reasoned that these should not be
used as a measure of energy intake [74]. Our analysis
supports this statement since, for athletes, relative
energy deficits amounted up to 48% of TEE in female
athletes and 33% in male athletes during the competi-
tion phase. Thus, there is an urgent need for better
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methods of dietary intake quantification, such as diet-
ary biomarkers and automated image analysis of food
and drink consumption [74]. The classical concept of
energy balance, defined as dietary energy intake
minus TEE, has been criticized, since according to this
definition energy balance is the amount of dietary energy
added to or lost from the body’s energy stores after the
body’s physiological systems have done their work for the
day [75]. Thus, energy balance is an output from those
systems. In contrast, energy availability, defined as the
dietary energy intake minus the energy expended during
exercise, is an input to the body’s physiological systems,
since energy availability is the amount of dietary energy
remaining for all other metabolic processes [75]. Endur-
ance athletes, especially female athletes, show low energy
availability (<30 kcal/kg FFM/day) [76] and increased risk
for changes of the endocrine system affecting energy
and bone metabolism, as well as in the cardiovascular
and reproductive systems [77]. In healthy young adults,
energy balance =0 kcal/day when energy availability =
45 kcal/kg FFM/day [75]. Since the results of the
present study indicate a high negative energy balance in
endurance athletes, we must assume that the athletes
also demonstrate low energy availability. However, due to
the limited data, it was not possible to account for other
clinical markers (e.g, bone mineral density), menstrual
status, or prevalence of eating disorders in the athletes.
We recommend that energy balance-related studies in en-
durance athletes should also assess and report clinical
markers, such as bone mineral density and menstrual sta-
tus, in order to assess the clinical consequences of the
mismatch of TEE and energy intake.

The aggregate analysis yielded a surprising finding. In
male endurance athletes, the absolute and relative fat
mass was highest during the competition phase. In con-
trast, during the transition phase, FFM was lowest,
which goes along with our expectations with a decrease
in exercise volume and intensity. For the female athletes,
we did not find these fluctuations in body composition,
except for a higher body fat content during the prepar-
ation phase compared to the transition phase. We be-
lieve that these findings are due to the paucity of data
and to the fact that the number and type of athletes var-
ied between seasonal training phases. Indeed, when sep-
arately analyzing the few studies where body mass and
composition were assessed during both the preparation
and competition phases (N = 5), both male and female en-
durance athletes showed a significantly lower percentage
of body fat and higher FFM during the competition phase.
Further studies with longitudinal assessments of body
composition are required to support these findings. How-
ever, in only 5.7% of the studies, where body composition
was assessed, satisfactory details about standardization
were provided. According to Nana et al., studies involving
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DXA scans of body composition should report details of
the DXA machine and software, subject presentation and
positioning protocols, and analysis protocols [30]. It has
been shown that the use of a non-standardized protocol
increased the variability for total and fat-free soft tissue
mass compared to a standard protocol, which might in-
clude a loss in ability to detect an effect of an intervention
that might have relevance for sports performance [78].
The use of non-standardized protocols and the concomi-
tant higher variability might explain some of the unex-
pected findings of body composition changes in athletes
of the present study.

In male endurance athletes, absolute energy intake was
higher during the competition phase compared to the
preparation phase. The relative energy intake was not
different, which can be explained by the apparent signifi-
cant increase of body mass during the competition
phase, and is likely an artifact of the aggregation of data
from various studies. In female athletes, neither absolute
nor relative energy intake was different between seasonal
phases. When focusing on longitudinal studies that
assessed energy intake during different training seasons
in the same cohort, there was a tendency for male ath-
letes to show greater fluctuations in energy intake. In fe-
male cross-country skiers, the energy intake was higher
during the preparation phase [50], whereas in female run-
ners and swimmers, the energy intake was higher during
the competition phase [47]. However, summing up both
studies, no significant differences between training season
phases were found. In contrast, male endurance athletes
showed a significantly higher energy intake during the
competition phase, as seen in male runners [44], cross-
country skiers [50], swimmers [43], and triathletes [49].
Although some of the included studies showed greater en-
ergy intake in male endurance athletes during the prepar-
ation phase (cyclists [46, 48], swimmers [43]), the power
of these studies was too low to change the results. How-
ever, since energy intake varies in male endurance athletes
depending on the training season phase, it indeed seems
appropriate to adapt dietary recommendations according
to the different training season phases, as proposed by
Stellingwerff et al. [17, 18].

Strengths and Limitations

This is, to our knowledge, the first systematic review
focusing on fluctuations in TEE, energy intake, and body
composition in endurance athletes. To increase the ro-
bustness of the outcomes of our systematic review, we
excluded articles where body composition was estimated
by skinfold measurements and equations. The accuracy
of skinfold measurements depends on the number of
measurement sites and the formula used to calculate the
percentage of body fat [33]. Since there are many differ-
ent techniques [79], it is impossible to compare results
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accurately between studies. Furthermore, skinfold mea-
surements cannot be used to assess intra-abdominal adi-
pose tissue and are highly variable when assessors with
limited training and experience perform the measure-
ments [32]. Of course, since skinfolds are very often
used for body composition assessments, the exclusion of
these articles reduced the total number of articles meas-
uring body composition, which were included in the
present systematic review. The inclusion of articles with
skinfold body composition determination would have
led to a higher number of study estimates and compari-
sons of different seasonal training phases would have a
higher explanatory power. The same is true for estima-
tions of TEE. We included only articles measuring TEE
in a more objective way (such as DLW) and excluded
articles where TEE was assessed by questionnaires or
activity records. This led to the inclusion of a limited
number of high-quality studies.

Limitations of the present study relate to the limited
cumulative number of subjects, which provided a low
explanatory power, and the classification of the different
seasonal training phases. In the literature, several
similar-sounding terms have been used to describe time
points of data collection in athletes. However, assigning
the appropriate classification into one of the three sea-
sonal training phases is essential and has a great impact
on the final analysis. Furthermore, if articles reported
several time points of data collection within one sea-
sonal training phase, we included only the first time
point into the analysis in order to assure standardization
and avoid selection bias. The exclusion of other time
points might have led to the loss of interesting data.

Conclusions

Our analysis highlights the important seasonal fluctua-
tions in TEE, energy intake, and body composition in
male and female endurance athletes across the training
season. Therefore, dietary intake recommendations
should take into consideration other factors including
the actual training load, TEE, and body composition
goals of the athlete. The present review supports the
statement of the current position stand of the American
College of Sports Medicine (ACSM) that energy and
nutrient requirements are not static and that periodized
dietary recommendations should be developed [9].
Importantly, our analysis again shows the uselessness of
self-reported dietary intake, a well-known limitation to
energy balance studies, in endurance athletes. The im-
portant underreporting suggested by our analysis again
raises the question of whether self-reported energy in-
take data should be used for the determination of energy
intake and illustrates the need for more valid and applic-
able energy intake assessment methods in free-living
humans [74]. Since we observed a lack of data during
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the transition phase, future research should focus on the
assessment of TEE, energy intake, and body composition
on a reduction in training intensity and volume, such as
at the end of the competitive season. In addition, future
studies dealing with energy balance and nutrient intake in
elite endurance athletes should always mention the time
point of data assessments (e.g., seasonal training phase).
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Abstract: Micronutrient requirements do not scale linearly with physical activity-related energy
expenditure (AEE). Inactive persons may have insufficient micronutrient intake because of low
energy intake (EI). We extracted data from NHANES 2003-2006 on 4015 adults (53 + 18 years
(mean + SD), 29 + 6 kg/m?, 48% women) with valid physical activity (accelerometry) and food
intake (2 x 24 h-dietary recall) measures. Total energy expenditure (TEE) was estimated by summing
the basal metabolic rate (BMR, Harris-Benedict), AEE, and 10% of TEE for the thermic effect of
food, to calculate the physical activity levels (PAL = TEE/BMR). Energy intake (EI) was scaled
to match TEE assuming energy balance. Adjusted food intake was then analyzed for energy and
micronutrient content and compared to estimated average requirements. The NHANES population
was physically insufficiently active. There were 2440 inactive (PAL < 1.4), 1469 lightly to moderately
active (PAL1.4 < 1.7), 94 sufficiently active (PAL1.7 < 2.0), and 12 very active participants (PAL > 2.0).
The inactive vs. active had significantly lower intake for all micronutrients apart from vitamin A, B12,
C, K, and copper (p < 0.05). The inactive participants had insufficient intake for 6/19 micronutrients,
while the active participants had insufficient intake for 5/19 (p < 0.05) micronutrients. Multiple linear
regression indicated a lower risk for insufficient micronutrient intake for participants with higher
PAL and BMI (p < 0.001). Symmetrical up-scaling of PAL and EI to recommended physical activity
levels reduced the frequency of micronutrient insufficiencies. It follows that prevalence of insufficient
micronutrient intake from food in NHANES might be partly determined by low energy turnover
from insufficient PAL.

Keywords: total energy expenditure; physical activity level; micronutrients; adults; energy turnover;
energy intake; minerals; vitamins

1. Introduction

Micronutrients are essential nutrients, required in small quantities for numerous physiological
functions [1,2]. They include trace minerals, such as iron, chromium, cobalt, copper, iodine, magnesium,
manganese, molybdenum, selenium, and zinc, and also vitamins, which are organic compounds that
the organism cannot produce by itself. Micronutrients are essential for health [1,3-5], but sub-optimal
intake of certain minerals and vitamins is common [5,6]. Micronutrient deficiency can impair cognitive
and physical capacities, jeopardize the immune system, and compromise health, in general [1,3,4,7].

Previous studies investigated the adequacy of diet and micronutrient intake recommendations
(RDA: recommended daily allowance) [1-8]. An analysis of 70 diets of athletes and non-athletes
revealed non-compliance with regard to many compounds [5]. In a European census, several
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micronutrient-deficient risk groups were identified, including the elderly, pregnant women, vegans,
people on a weight reduction diet, and some groups of athletes [3]. In addition, hospitalized and
institutionalized people, patients with a chronic inflammatory disorder, participants with chronic
administration of certain drugs, and specific clinically-defined patient groups are also considered to be
at risk [3]. Although more than two-thirds of the US population is overweight or obese, micronutrient
intakes are often found to be below the RDA [9]. Physical activity levels and associated daily energy
turnover are recognized to influence micronutrient intake [8]. Csizmadi et al. found that participants
with higher physical activity levels have a higher micronutrient intake. They hypothesized that the
benefits of higher PALs may extend beyond the usual benefits attributed to physical activity to include
having a more favorable impact on adequate nutrient intake [10].

Analyzing the National Health and Nutrition Examination Survey (NHANES) data, Kimmons
et al. [6] reported that overweight and obese participants had lower micronutrient intake in comparison
with normal weight participants. Since obesity is associated with low physical activity-related
energy expenditure [11], this finding raises the question of whether increased energy expenditure,
in conjunction with increased energy intake, would improve compliance with micronutrient intake
recommendations. Physical activity bouts can, depending on fitness level, increase energy expenditure
up to >20 times the basal metabolic rate (BMR) [12]. Regular physical activity is, therefore, accompanied
by increased total energy expenditure and, in order to achieve energy balance, with increased dietary
intake [1,13-15]. According to Melzer et al. [16], over longer periods, energy intake normally follows
moderate to vigorous physical activity energy requirements for activities cumulatively lasting two or
more hours per day.

Contrary to the energy requirements, the micronutrient requirements of inactive and physically
active persons are quite similar [14]. For athletes, who typically have high energy expenditure and
intake, even though there may be an increased need for some compounds, there is generally no need
for supplementation [14,17]. This is essentially due to greater overall dietary intake, to cover the
increased physical activity-related energy expenditure, coupled with an often enhanced food quality
observed in more active participants [18-20].

In this study, we explored the extent to which physical activity levels of a sample of the US
adult population are associated with compliance with dietary intake recommendations for minerals
and vitamins. We also explored by how much of an increase in physical activity levels, up to levels
recommended for health, combined with a corresponding linear up-scaling of dietary intake without
altering dietary composition, would improve compliance with recommended micronutrient intake.

2. Materials and Methods

We extracted data from NHANES, a continuing population-based survey conducted by the
Centers for Disease Control and Prevention, that uses a complex, stratified, multi-stage probability
sample design in order to create a representative sample of the civilian, non-institutionalized U.S.
population [21,22]. The National Center for Health Statistics ethics review board approved the
protocols, and written informed consent was obtained from all NHANES participants. Anonymous
data are freely available for analysis on the NHANES repository [23]. For our study, we needed
quantification of energy and micronutrient intakes and an objective measurement of physical activity.
Two data collection periods satisfied these conditions and were used for the analysis: NHANES
2003-2004 and NHANES 2005-2006.

2.1. Analytical Sample

We combined NHANES 2003-2004 and NHANES 20052006 data files to obtain a first sample with
20,470 participants. Of this sample, 10,081 participants were asked to wear an accelerometer, and 7139
provided valid measures of physical activity by use of accelerometry. We then excluded participants
younger than 21 years (n = 2778, to exclude any late growth), pregnant women (n = 180) [24,25],
participants without anthropometrical measurements (n = 25), and participants without dietary recall
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(n =129). According to Westerterp [26], in free-living humans, the physical activity level (PAL) ranges
between 1.1 and 2.5. Technical artifacts from accelerometry can lead to erroneously extreme PALs.
To minimize the errors, we excluded 12 participants with a PAL lower than 1.1 and greater than 2.5
from the sample. Thus, the analytical sample contained 4015 participants (53 + 18 years (mean + SD),
81 £ 20 kg, 29 £+ 6 kg/ mz), of which 1945 (48%) were women. The datasets analyzed during the
current study are available from the corresponding author on reasonable request.

2.2. Dietary Intake

The nutritional assessment component of NHANES included two 24 h dietary recalls. The first
was conducted in person by trained dieticians in a mobile examination center using a standard set
of measuring guides to help the respondent report the volume and dimensions of the food items
consumed. Upon completion of the in-person interview, participants were given measuring cups,
spoons, a ruler, and a food model booklet to use for reporting food amounts for a second 24 h
recall through telephone interview. The telephone interviews were collected 3-10 days following the
in-person interview, on a different day of the week. Dietary macro and micronutrient compositions and
quantities were calculated with standard food tables (USDA Food and Nutrient Database for Dietary
Studies, 2.0). The processed data (in SAS format) were downloaded from the NHANES website [23].
The average energy and nutrient intake over the two days for each participant was used for the present
analysis. The NHANES sodium intake included all sources of salt, including that from table salt.

2.3. Energy Expenditure

Activity energy expenditure was measured with an accelerometer (Actigraph AM-7167, Pensacola,
FL, USA) in a one-minute epoch setting. The device was carried on the right hip attached to an elastic
band. Participants were asked to carry the device for seven days, to keep the device dry (i.e., remove it
before swimming or bathing), and to remove the device at bedtime. Data collection occurred between
the first and during and/or after the second 24 h dietary intake recalls. We downloaded the raw
accelerometer count data (in SAS format) from the NHANES website and used the SAS programs
published by the National Cancer Institute to reduce the data [27]. Energy expenditure from physical
activity was then estimated with the Williams transformation [28]:

Kcals = CPM x 0.0000191 x BM 1)

where Kcals = total calories for a single epoch, CPM = counts per minute, and BM = body mass (kg).
The mean wearing time of the accelerometers was 14.3 £ 1.8 h per day (range: 10-23 h per day).

BMR was calculated using the Harris-Benedict equation [29]. We estimated total energy
expenditure (TEE) by summing BMR and daily physical activity energy expenditure estimated
from the accelerometer data, adding a further 10% to account for the thermic effect of food [30].
We then calculated physical activity level (PAL = TEE/BMR). The data were analyzed separating the
participants into groups according to their PAL: inactive (PAL < 1.4), moderately active (PAL 1.4 < 1.7).
and active participants (PAL > 1.7). The chosen classification was adapted from the established
classification provided by the World Health Organization (WHO) [31].

2.4. Micronutrients

We considered 19 micronutrients: 10 vitamins (A, B1, B2, B3, B6, B9, B12, C, E, and K) and nine
minerals (calcium, phosphorus, magnesium, iron, zinc, copper, sodium, potassium, and selenium).

Daily intakes were compared to the dietary reference intakes provided by the Food and Nutrition
Board of the Institute of Medicine in the USA [32-36]. The individual intake was compared to the
estimated average requirement (EAR) for most of the micronutrients. For those micronutrients where
no EAR is established (vitamin K, potassium, and sodium) the individual intake was compared to the
adequate intake (Al). Individual micronutrient intake was also compared to the tolerable upper intake
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levels (UL). Fortification of certain foods with vitamins B12 and E was included in the total vitamin
intake. Any supplements were not taken into account in order to only describe micronutrient intake
from food sources.

2.5. Data Analysis

In a first step, we analyzed original dietary intake data and compared it to US dietary intake
recommendations. Since we found that the reported energy intakes did not, on average, cover the
estimated energy expenditures, we corrected for the estimated energy deficits, assuming energy
balance and under-reporting by NHANES participants, as suggested by Archer et al. [37]. Energy
balance was expressed as energy intake (kcal/day) minus TEE (kcal/day) and as the quotient between
energy intake and BMR. We linearly increased (or decreased) nutrient intake data so that energy intake
matched TEE, without changing diet composition. The corrected values were then compared to the
dietary intake recommendations again. Finally, we increased all individual PALs that were <2.0, up to
a PAL of 2.0. In parallel, we linearly increased dietary intake, without changing diet composition,
to quantify the resulting changes in micronutrient intake and compliance with recommendations for
daily micronutrient intake. For those participants, where the initial PAL was >2.0 (n = 12) the dietary
intake was decreased in order that energy intake matched energy expenditure with a PAL of 2.0.

Lastly, assuming a fixed energy cost of 0.93 kcal/kg per km for level brisk walking, we transformed
the necessary increase in individual energy expenditure to bring PAL up to 2.0 into an increased daily
walking distance, since walking is the principal means for increasing physical activity in inactive
people [38].

2.6. Statistical Analysis

Accelerometer data was transformed using SAS version 9.3 (SAS Institute, Cary, NC, USA)
using the code developed by the National Cancer Institute [27]. All further data analysis was
performed using SPSS Statistics version 23.0 (IBM Corporation, Armonk, NY, USA). Normality was
checked using the Kolmogorov-Smirnov-test. Not all data were normally distributed and their
analysis was performed with non-parametric tests. Mann-Whitney U-tests were used to perform
sex comparisons, and Kruskal-Wallis tests were used to assess differences between PAL groups.
Spearman-Rho correlations were performed to assess the relationships between various variables.
We used multiple linear regression analysis with the forced entry method in order to quantify the
relationship between chosen independent (number of insufficient vitamin, mineral, and micronutrient
intake) and dependent variables (age, sex, PAL, and BMI). The alpha level cut-off was set at 0.05.

3. Results

3.1. Characteristics of the Participants

The participants’ characteristics are described per sex (Table 1) and per PAL (Table 2). The weight,
height, and BMI of males were significantly higher compared to females (p < 0.01).

Table 1. Characteristics of included participants differentiated by sex.

Participants n Age (Years) Weight (kg) Height (cm) BMI (kg/m?)
Males 2070 52.5+17.9 86.5 +£18.72 175+ 842 283 +53
Females 1945 52.8 £17.5 74.8 +£19.0 161 +7 289 £ 6.9
Total 4015 527 £17.7 80.8 +£19.7 168 £ 10 28.6 £6.1

Data are shown as mean & SD. BMI = body mass index;  significantly different to females (p < 0.001).
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The adult NHANES population is on average insufficiently physically active. There were
2440 (very) inactive (PAL < 1.4; 52.7% females), 1469 lightly to moderately active (PAL 1.4 - < 1.7;
43.3% females), 94 sufficiently active participants (PAL 1.7 - < 2.0; 20.2% females), and 12 very active
(PAL > 2.0; 25.0% females). Inactive participants were significantly older than moderately active
and active participants (p < 0.05). There was a significant negative correlation between age and PAL
(r=—0.44, p < 0.0001).

Table 2. Characteristics of included participants differentiated by physical activity level (PAL).

PAL n Age (Years) Weight (kg) Height (cm) BMI (kg/m?)

<14 2440 57.2+18.342 79.4 +20.0Pb 167 +102 284+ 62P
14-<1.7 1469 459 +14.2 83.1 +£19.0 169 £+ 10 284 +5.1

>1.7 106 425+ 139 82.1+19.1 170 £ 9 289 +£ 6.1

Data are shown as mean + SD. BMI = body mass index; ? significantly different to PAL groups 1.4 <1.7and > 1.7
(p < 0.05); ? significantly different to PAL group 1.4 < 1.7 (p < 0.01).

3.2. Energy Balance

Sufficiently and very active participants (PAL > 1.7) showed a greater absolute and relative
negative energy balance compared to inactive and lightly to moderately active participants (p < 0.05;
Table 3). There was a significant negative correlation between PAL and absolute and relative energy
balance (r = —0.15 and r = —0.12, respectively; all p < 0.0001). The ratio of energy intake and BMR
was higher in sufficiently and very active participants compared to inactive and lightly to moderately
active participants (p < 0.05).

Table 3. Energy balance in kcal/day and percentage of total energy expenditure (TEE) differentiated
by physical activity level (PAL).

PAL " Energy Intake Energy Balance EV/BMR
(kcal/Day) kcal/Day % of TEE
<14 2440 1942 4+ 7312 —78 + 6902 —2.5+33.82 1.26 + 0.442
14-<1.7 1469 2286 + 904 —216 + 847 —8.0+33.2 1.37 + 0.50
>1.7 106 2589 +1003®  —574+1041° —169+31.6° 152+058P

Data are shown as mean + SD. Energy balance was calculated as energy intake (EL kcal/day)-TEE (kcal/day).
Basal metabolic rate (BMR) was calculated by use of Harris-Benedict equation [27]. ? significantly different to PAL
groups 1.4 < 1.7 and > 1.7 (p < 0.0001); © significantly different to PAL group 1.4 < 1.7 (p < 0.05).

Obese participants (BMI > 30) showed a higher absolute and relative negative energy balance
and a lower ratio of energy intake and lower BMR compared to all other BMI subgroups (p < 0.0001;
Table 4). There was a significant negative correlation between BMI and absolute and relative energy
balance (r = —0.37 and r = —0.35, respectively; all p < 0.0001). In addition, a significant negative
correlation between BMI and the ratio of energy intake and BMR was observed (r = —0.34, p < 0.0001).

Those participants whose baseline micronutrient intakes were compliant with the
recommendations, defined as having micronutrient intakes above the EAR or Al (n = 130), having
a significantly higher ratio of energy intake and BMR than those participants with at least one
micronutrient intake not meeting the requirements (1.9 4 0.6 vs. 1.3 + 0.5, p < 0.0001).
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Table 4. Energy balance in kcal/day and percentage of total energy expenditure (TEE) differentiated

by Body Mass Index (BMI).
Energy Balance
BMI (kg/m?) n EI/BMR
kcal/Day % of TEE
<185 55 529 + 8162 31.9 + 4692 1.74 + 0.632
18.5- <25 1144 175 £ 712b 9.4 +356P 1.49 + 049"
25- <30 1462 —136 + 693 ¢ —6.0+30.1¢ 1.30 £ 0.43
> 30 1354 —443 + 762 —17.2+£29.2 1.14 + 0.41

Data are shown as mean =+ SD. Energy balance was calculated as energy intake (EI; kcal/day)-TEE (kcal/day).
Basal metabolic rate (BMR) was calculated by use of the Harris-Benedict equation [29]. BMI was classified according
to standard WHO classification [39]. @ Significantly different to all other BMI groups (p < 0.05); ® significantly
different to BMI groups 25 - < 30 and > 30 (p < 0.01); © significantly different to BMI group > 30 (p < 0.01).

A linear up-scaling in energy intake to cover a theoretical increase in PAL to 2.0 for all participants
with a PAL < 2.0 would require an increase of an additional 13.4 & 3.1 km (range: 0.1-23.9 km) of daily
brisk walking, on average.

3.3. Micronutrient Intake

Female participants had a significantly lower intake of all micronutrients, apart from vitamin K,
compared to male participants (p < 0.01, Table 5). Male participants had also a lower total number of
insufficient micronutrient intakes compared to female participants (5.2 £ 3.2 micronutrients (3.5 4+ 2.1
vitamins and 1.6 4+ 1.5 minerals) vs. 5.9 + 3.9 micronutrients (3.9 + 2.4 vitamins and 2.0 + 1.8 minerals);
p < 0.001).

Inactive participants had a lower intake of all micronutrients compared to lightly to moderately
active participants, with significant differences for all micronutrients apart from vitamin A and
vitamin K (all p < 0.05; Table 6). Furthermore, inactive participants had a lower intake of all
micronutrients compared to sufficiently and very active participants, with significant differences
for all micronutrients, apart from vitamins A, B12, C, K, and copper (all p < 0.05). Sufficiently and very
active participants showed a lower total number of insufficient micronutrient intakes compared to
inactive participants (4.9 £ 3.6 micronutrients (3.4 £ 2.2 vitamins and 1.5 £ 1.6 minerals) vs. 5.8 & 3.6
micronutrients (3.9 £ 2.3 vitamins and 2.0 & 1.6 minerals); p < 0.05).

When nutrient intake was adapted so that energy intake matched estimated total energy
expenditure, inactive participants had a lower intake of all micronutrients compared to moderately
active participants, with significant differences for all micronutrients apart from vitamin K (all p < 0.01),
and lower intake compared to active participants, with significant differences for all micronutrients
apart from vitamins K and B12 (all p < 0.01). Inactive participants had less insufficient micronutrient
intakes compared to moderately active and active participants (4.9 £ 2.6 micronutrients (3.4 £ 1.8
vitamins and 1.5 & 1.2 minerals) vs. 3.7 & 2.2 micronutrients (2.8 & 1.6 vitamins and 0.9 & 1.0 minerals)
and 3.1 £ 1.9 micronutrients (2.5 = 1.4 vitamins and 0.6 &= 0.9 minerals); p < 0.05). Male participants
had less insufficient micronutrient intakes compared to female participants (4.3 = 2.4 micronutrients
(3.1 £ 1.6 vitamins and 1.2 + 1.1 minerals) vs. 4.6 4= 2.7 micronutrients (3.2 + 1.9 vitamins and 1.3 4- 1.2
minerals); p < 0.001).
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Table 5. Micronutrient intake (original data without dietary supplement intake) of included participants

differentiated by sex.
Males (1 = 2070) Females (n = 1945)
Intake DRI * Intake DRI *
Vitamin A [ug/day] 677 + 660 2 625 584 -+ 454 500
1tamin [ug/MJ] 71.6 £ 7842 83.2 + 66.8
o [mg/day] 1.9+£093 1.0 19408 0.9
Vitamin BL 1o M) 0.19 40,072 0.20 + 0.07
o [mg/day] 254122 1.1 1.9+08 0.9
Vitamin B2 1o M)] 026 +0.10° 0.26 + 0.10
o [mg/day] 28241292 12 20.1 + 84 11
Vitamin B3 1 o) 29+ 1.0 28+ 1.0
o [mg/day] 224112 1.1 17408 1.1
Vitami Vitamin B6 1o /M) 0.23 + 0.10 024+ 0.11
ttamins Vitamin B9 [ug/day] 446 + 2222 320 354 + 173 320
ttamin [ug/MJ] 458 £ 1852 49.8 £ 22.0
o [ug/day] 64+752 2.0 45442 2.0
Vitamin BI2- o) 0.66 + 0.84 0.63 + 0.59
Vitamin C [mg/day] 96.5 £ 83.5 2 75 86.9 £ 72.6 60
ttamin [mg/MJ] 10.1 £ 8.7 3 12,5 £ 11.1
Vitamin E [mg/day] 76+443 12 6.3 +3.9 12
1tamin [mg/M]] 0.77 +0.352 0.87 & 0.49
Vitamin K [ug/day] 105 + 141 120 99 + 121 90
1tamin [ug/MJ] 112 + 16.82 145 +21.7
Cale [mg/day] 948 + 509 @ 800 789 + 398 800
alcium [mg/M]] 96.2 +40.1 2 110 + 48
[mg/day] 1473 + 586 2 580 1112 + 419 580
Phosphorus % /M| 149 +342 154 + 37
Macnesium  [m8/day] 321 +131°2 350 254 + 105 265
& [mg/M]] 33.0£9.92 357 £ 11.7
I [mg/day] 180852 6.0 13.7 £ 6.3 8.1
ron [mg/M]] 194072 19408
. . [mg/day] 1394903 9.4 10.0 £ 5.3 6.8
Minerals Zinc [mg/MJ] 14409 14407
[mg/day] 15+1.12 0.7 12407 0.7
Copper [mg/M]] 0.15+0.132 0.16 + 0.09
Potassi [mg/day] 2990 + 11522 4700 2365 =+ 878 4700
otassium [mg/MJ] 309 £ 922 334 + 105
Selen [ug/day] 124 £ 554 45 92 + 40 45
elentum [ng/MJ] 12.6 £ 338 12.8 +4.1
Sodi [mg/day] 3781 4 16442 1500 2825 + 1101 1500
odim [mg/M]] 382 £ 1132 392 + 104

DRI = dietary reference intake. Data are shown as mean + SD. * For all micronutrients, apart from vitamin K,
potassium, and sodium the estimated average requirement (EAR) for the age group 31-50 years is displayed.
For vitamin K, potassium, and sodium the average intake is shown. ? significantly different from females (p < 0.01).

Table 6. Micronutrient intake (original data without dietary supplement intake) of included participants

differentiated by PAL.
PAL
Micronutrient Intake
<1.4 (n = 2440) 14 <17 (n=1469) >1.7 (n =106)

Vitamin A [ug/day] 625 + 516 644 + 658 636 + 503

Vitamin B1 [mg/day] 1.6 £0.72 1.8£09 1.9+ 08P

Vitamin B2 [mg/day] 21+10°2 23+1.1 24+1.1
Vitamin B3 [mg/day] 229+11.1°2 26.5 +12.2 27.6 +11.4

Vitamins Vitamin B6 [mg/day] 19+1.0¢° 21+1.1 22+1.1
Vitamin B9 [ug/day] 385+ 1972 424 4+ 215 459 + 219

Vitamin B12 [ug/day] 53+59b 5.8+ 6.8 5.7+39

Vitamin C [mg/day] 88+ 74P 97 + 84 107 £97

Vitamin E [mg/day] 6.6 402 754+45 7.8 +47

Vitamin K [ug/day] 100 4+ 124 104 4+ 135 121 + 220
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Table 6. Cont.

PAL
Micronutrient Intake
<1.4 (n = 2440) 14<1.7(n=1469) >1.7 (n =106)

Calcium [mg/day] 824 +431°2 942 + 502 968 + 555
Phosphorus [mg/day] 1219 £ 496 @ 1412 £ 578 1543 + 703
Magnesium [mg/day] 273 £115% 310 4+ 129 344 + 163

Iron [mg/day] 153 £732 16.9 £ 8.4 17.3 £85

Minerals Zinc [mg/day] 115+832 12.8 £ 6.6 134 £6.5

Copper [mg/day] 1.3+08? 15+12 15+07
Potassium [mg/day] 2580 4994 @ 2831 + 1146 3167 + 1433
Selenium [ug/day] 103 £472 117 + 54 133+ 63P
Sodium [mg/day] 3141 + 13772 3578 + 1598 3766 + 1670

Data are shown as mean =+ SD. PAL = physical activity level. ? significantly different from PAL groups 1.4 < 1.7 and
> 1.7 (p < 0.05); ® significantly different from PAL group 1.4 < 1.7 (p < 0.05).

In Figure 1, the vitamin and mineral intake in percentage of the dietary reference intake
is displayed. The mean intakes of vitamin E (58.3%), vitamin K (98.2%), magnesium (93.9%),
and potassium (57.2%) were below the recommendations. When data were adjusted to reach energy
balance, the mean intake of vitamin E (62.7%) and potassium (62.6%) were still below recommendations.
When data were adjusted to a PAL of 2.0, intakes were still below recommendations for vitamin E
(84.5%) and potassium (83.0%).

600
<]
~
£ 500
v
%—100 : N
&8 300 VRN \ |= N \ E
E v NN T IR I A 1N Tt
G20 E|=|=:~=: S T
8 \ 'l Wy : Y y
y ‘ N IN !\ \ N B R \ |\ N
2 100 I.: N §R I i S - I I! N T UN AR
5 NINER AR AR AN AN AR BN BN BR BN BN BN RN oN AN AR
L
2
NS\ N o BN BN KL AR G <] o S & &
) \j" '5% $‘b '5% '5% .\;b ;Q & S \/;% .oes & @gs & & QQQ é@$ ;§$ &as
SV A AN N s G CF ¥
N o N N N N q’,s 3 A‘N\ & O A N
A KNS A.;\. Q A QQ @w ] &
Vitamins Minerals

B Original data O Adjusted to EB @ Adjusted to PAL 2.0

Figure 1. Vitamin and mineral intake in percentage of dietary reference intake (adequate intake for
vitamin K, potassium, and sodium; estimated average requirement for the remaining micronutrients)
for original data (black bars), data adjusted for energy balance (EB, white bars), and data adjusted for
physical activity level (PAL) of 2.0 (shaded bars). The solid line represents 100% of the dietary reference
intake. Data are shown as mean =+ SD.

For some micronutrients intake greatly exceeded recommendations. For the EB-adjusted dataset,
mean intake of sodium was 3606 £ 1375 mg/day (262% of Al), while it reached 5205 £ 1884 mg/day
(350%) after the adjustment to a PAL of 2.0. More than 80% of participants (85.6%, n = 3436) had an
intake above the UL in the EB-adjusted dataset, whereas when the data was adjusted to a PAL of 2.0
the intake was above UL for 93% of participants (1 = 3715). For vitamin B3, 17% of the participants
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(n = 697) had an intake above UL (EB-adjusted dataset), and when data were adjusted to a PAL of 2.0
intake was above UL for 42% of the participants (1 = 1704).

For vitamin E, vitamin K, magnesium, and potassium only 10.2%, 27.4%, 36.5%, and 4.8% of
participants had sufficient intake, respectively (Figure 2). When original data was adjusted to a PAL of
2.0, intake of vitamin E, vitamin K, magnesium, and potassium was sufficient in 27.0%, 44.2%, 74.4%,
and 26.3% of participants, respectively. There was no sex difference in the average sum of insufficient
micronutrient intakes (p = 0.76).

M L0 O & > & &S & &S &
g S ()
S eSS ITETSTSFTETES S
‘& '& & é(& Q"& '& ’&\ % 3 \Q"s Qrb, %'Q c@ o %0 \?@ Q}@
FFFFTFIFTgLaL & !y% C @
Vitamins Minerals

B Original data O Adjusted to EB @ Adjusted to PAL 2.0

Figure 2. Percentage of participants with sufficient vitamin and mineral intake. Black bars indicate
original data, white bars show adjusted data for energy balance (EB), and shaded bars indicate data
adjusted for physical activity level (PAL) of 2.0.

When energy and nutrient intake was adjusted so that energy intake matched total energy
expenditure, the sum of insufficient vitamin intakes was significantly associated with age ( = -0.04,
p =0.03), BMI (3 = —0.22, p < 0.001), and PAL ( = —0.21, p < 0.001), but not with sex (3 = 0.01, p = 0.47).
The adjusted R? for the model was 0.09. The sum of insufficient vitamin intakes was lowest in older
participants with a higher BMI and a higher PAL. In addition, the sum of insufficient mineral intakes
was significantly associated with sex (3 = 0.04, p < 0.05), age (3 = 0.14, p < 0.001), BMI (3 = —0.27,
p <0.001), and PAL (p = —0.26, p < 0.001), with an adjusted R? for the model of 0.20; and was lowest in
younger, male participants with a higher BMI and a higher PAL.

4. Discussion

The main findings of this study are (1) NHANES nutritional intake data underestimate actual
intake and need to be adjusted before interpretation; (2) NHANES participants with higher physical
activity levels were more in line with recommendations for mineral and vitamin intake compared to
insufficiently active participants; and (3) modeling an increase in physical activity to higher levels,
together with a linear up-scaling of food intake with the same dietary composition, to compensate
for the increased energy expenditure, increased compliance with recommendations for micronutrient
intake. These findings underline how levels of physical activity, through the effect on energy
intake, impact on the intake of non-energy constituents for a given diet composition. The lack
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of physical activity comes with an increased risk of mineral and vitamin deficiencies, as hypothesized.
Our modelling would further suggest that increasing physical activity levels might be protective.

There was a negative correlation between PAL and the number of insufficient micronutrient
intakes (r = —0.14, p < 0.0001). The participants whose baseline micronutrient intakes were compliant
with the recommendations, defined as having an intake above the EAR or Al (n = 130), had a
significantly higher ratio of energy intake and BMR compared to those with at least one micronutrient
intake not meeting the recommendations. Non-compliance with the recommendations might be
related to a higher magnitude of underreporting (low ratio of energy intake and BMR). On the other
hand, those participants with complete compliance of micronutrient intake had PALs ranging from
1.13 to 2.03. This suggests that not only PAL and, hence, energy intake, play a role, but also diet
composition. In that respect, the increased energy turnover due to increased physical activity could
have an additional favorable impact on nutrient adequacy if it is accompanied by changes in dietary
composition and/or supplementation with certain minerals and vitamins. Similar conclusions were
drawn by other large-scale studies as well [10].

In an analysis of NHANES III data (1988-1994), Kimmons et al. [6] reported that participants who
were overweight or obese, particularly premenopausal women, were more likely to report low levels
of micronutrient intake (particularly vitamins E, C, and D, beta-carotene, selenium, and folate) than
were normal-weight participants in the same sex/age category. These results are in line with findings
from other studies that assessed the relationship between obesity and micronutrient intake [6,40-49].

NHANES dietary intake values might not be accurate, because of the data collection method used
a2 x 24 h dietary recall method. This, and other techniques to quantify eating habits, lack accuracy,
with reported underestimations of intake up to 20%, in particular in obese individuals [50]. Briefel
et al. [51] analyzed the NHANES III data (1988-1994) and reported that dietary intake was probably
underestimated in up to 18% of men and 28% of women. Archer et al. [37] analyzed NHANES data
(from 1971 through 2010) by using physiologically-credible energy intake values, and estimated an
average under-reporting of 281 and 365 kcal/day for men and women, respectively, with greater
under-reporting for participants with a greater BMI. In our NHANES data sample, we were able to
actually estimate under-reporting of intake, since the objective measurement of daily physical activity
with accelerometers in NHANES 2003-2006 allowed us to estimate the physical activity-related energy
expenditure and to calculate the energy balance. Our results suggest NHANES 2003-2006 dietary
intake data are underreported by an average of 176 and 109 kcal/day for women and men, respectively,
with greater under-reporting for those with a higher BMI (r = 0.34, p < 0.0001) and higher physical
activity levels (r = 0.12, p < 0.0001).

An increase in physical activity levels is not necessarily immediately compensated by an energetic
equivalent increase in food intake. The type and duration/intensity of physical activity, as well as
the body composition of individuals, when they engage in more physical activity, be it in the form of
physical activity integrated into daily life (walking, cycling, stair climbing), exercise (jogging, working
out), or sports, affect food intake regulation and its changes over time. We previously reported that
overweight or obese untrained participants who engage in a long-term physical activity program do
not necessarily increase energy intake during the first months [16,52]. This absence of an immediate
compensatory increase in food intake in the obese might be due to their excess energy stores. Fully
compensatory responses in intake to altered levels of exercise energy expenditure might not begin
before a certain amount of the excess adipose tissue is depleted. Conversely, more active and lean
individuals would have to increase their energy intake in response to a further increase in physical
activity to prevent weight loss.

We chose to model the effect of a linear up-scaling of dietary intake to cover the energy
requirements of a PAL= 2.0. A PAL of 1.7 identifies participants who can be considered to be
minimally sufficiently physically active while a PAL of 1.9 may be necessary to prevent weight
gain over time [53]. However, a PAL around 2.0 is more representative of typical behavior observed in
modern hunter-gatherers and may reflect habitual Homo sapiens activity for most of its history [54].
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It likely is a level sufficiently high to lead to eventual compensatory responses in food intake, but is
obviously challenging to implement in modern, everyday life. It would imply a change of an entire
lifestyle that is in contrast to the one supported by “modern” life in motorized and food-abundant
surroundings. We calculated that, on average, the NHANES population would need to walk briskly for
an additional 13 &+ 3 km per day, something difficult to envisage in the USA at present. Other means
to increase PAL, such as more non-exercise physical activity into daily occupational, transportation
and household routines, were proven to be a useful strategy for increasing energy expenditure in
otherwise inactive participants [55-57], although it is acknowledged that a meaningful increase in
energy turnover is plausible only at high PALs in lean participants performing physical activity on a
regular basis [16,52].

Increasing PAL to 2.0 increased mean intakes of all vitamins and minerals by 56-66%. However,
the higher energy turnover did not fully correct imbalances of all minerals and vitamins. For example,
the baseline sodium intake of our sample was, on average, more than double that of the EAR [36].
A linear up-scaling of sodium intake further increased the already worrisome sodium intake levels,
which could jeopardize health and lead to an potential increase in cardiovascular risk [58]. More than
90% of the participants would have a sodium intake above the UL after data adjustment. On the
other hand, intake of vitamin E and potassium still remained below recommendations when linear
up-scaling was performed.

Our study has limitations. The participants were not equally distributed when they were divided
into the three PAL subgroups (PAL < 1.4, PAL 1.4 - < 1.7, and PAL > 1.7), but were composed of
60.8% (n = 2440), 36.6% (n = 1469), and 2.6% (n = 106) of the participants, respectively. Furthermore,
the determination of PAL was based on the results from accelerometer data, which are prone to
recording and/or analysis errors. Accelerometers have low sensitivity in low-intensity activities and
are unable to register static exercise nor the activities that do not involve a transfer of the center of mass
at a rate relative to the energy expended (e.g., weight lifting, uphill walking, walking and carrying a
load) [59]. In addition, there is currently no consensus related to the selection of cut-off points to define
activity intensities despite a number of proposed cut-offs for some devices. Furthermore, the TEE was
estimated using formulas and not objectively measured with methods, such as doubly-labeled water.

Published studies using NHANES 2003-2004 data have reported that 5% of adults performed
30 minutes or more of physical activity on a daily basis [60]. Our analyses show that only 2.6% of
participants were compliant with a PAL > 1.7, which corresponds to a daily physical activity of
moderate intensity of approximately 45-60 min, in order to prevent unhealthy weight gain [53].

Evaluation of nutritional intake has some methodological weaknesses, such as misreporting or
under-reporting, that limit the interpretation of dietary record data. The NHANES dietary intake was
analyzed using the 2 x 24 h dietary recall technique, which is subject to bias. In order to be able to
exclude data that might not be authentic, Archer et al. [37] suggested using a ratio of energy intake
and BMR that is less than 1.35 to identify the values that seem implausible. Our analyses showed
energy intake to BMR ratios of 1.26 & 0.44, 1.37 £ 0.50, and 1.52 + 0.58 for inactive, moderately
active, and active participants, respectively. However, 59.8% of all participants had a ratio of energy
intake and BMR of less than 1.35. This, again, raises the question of whether memory-based dietary
assessment methods should be used for the assessment of energy and nutrient intake [61-63].

We further did not take into account that under-reporting of dietary intake is not necessarily
consistent across the various constituents of a diet. For instance, it was reported that fat may be more
under-reported than other food constituents [64], which would be of relevance for fat-soluble vitamins.
In addition, the nutritional analysis in NHANES derives mineral and vitamin intake from food tables
according to the declared intake and not from a direct analysis of daily food intake.

Finally, our modeling strategy applied the assumption that an increase in physical activity-related
energy expenditure would be automatically compensated by a reciprocal increase in food intake
without changes to dietary composition. This theoretical model likely oversimplifies the true
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associations (physical activity vs. linear up-scaling in diet quantities and composition), which may be
non-linear, and also dependent on the obesity status of participants.

The strength of our study lies in the fact that we used a large dataset in which physical activity
was measured objectively. The chosen study model may serve as a baseline for future studies, which
can deal with the aforementioned limitations and investigate them in more detail using a longitudinal
study design.

5. Conclusions

Even after correcting for inadequate dietary intake reporting there is a high prevalence of
insufficient micronutrient intake in the adult NHANES population. Prevalence is higher in participants
with lower PALs. Insufficient mineral and vitamin intake thus seems partly determined by low energy
turnover from insufficient PALs. An increase in the population’s PALs might lead to increased energy
intake to cover the increased expenditure and, at the same time, increased intake of the non-energy
compounds in food, like minerals and vitamins, reducing the prevalence of insufficient mineral and
vitamin intake.

Acknowledgments: We would like to thank Dorith Zimmermann for help in the data reduction of the
accelerometry data.

Author Contributions: The authors’ responsibilities were as follows: B.K. and K.M. designed the study and
drafted the manuscript; J.H. drafted the manuscript, performed part of the statistical analysis, presented the
data in tables and figures; and C.F. performed part of the statistical analysis. All authors read and approved the
final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fogelholm, M. Micronutrients: Interaction between physical activity, intakes and requirements. Public Health
Nutr. 1999, 2, 349-356. [CrossRef] [PubMed]

2. Lukaski, H.C. Vitamin and mineral status: Effects on physical performance. Nutrition 2004, 20, 632-644.
[CrossRef] [PubMed]

3.  Biesalski, HK.; Brummer, R.-J.; Konig, ]J.; O’Connell, M.A.; Ovesen, L.; Rechkemmer, G.; Stos, K,;
Thurnham, D.I. Micronutrient deficiencies. Eur. J. Nutr. 2003, 42, 353-363. [CrossRef] [PubMed]

4. Tulchinsky, T.H. Micronutrient deficiency conditions: Global health issues. Public Health Rev. 2010, 32,
243-255. [CrossRef]

5. Misner, B. Food alone may not provide sufficient micronutrients for preventing deficiency. J. Int. Soc.
Sports Nutr. 2006, 3, 51-55. [CrossRef] [PubMed]

6.  Kimmons, J.E.; Blanck, H.M.; Tohill, B.C.; Zhang, J.; Khan, L.K. Associations between body mass index and
the prevalence of low micronutrient levels among US adults. MedGenMed 2006, 8, 59. [PubMed]

7. Nikolaidis, M.G.; Kerksick, C.M.; Lamprecht, M.; McAnulty, S.R. Does vitamin C and E supplementation
impair the favorable adaptations of regular exercise? Oxid. Med. Cell. Longev. 2012, 2012, 707941. [CrossRef]
[PubMed]

8.  Opinion of the Scientific Committee on Food on the Revision of Reference Values for Nutrition Labelling.
Available online: http://ec.europa.eu/food/fs/sc/scf/outl71_en.pdf (accessed on 16 August 2016).

9.  Calton, ].B. Prevalence of micronutrient deficiency in popular diet plans. J. Int. Soc. Sports Nutr. 2010, 7, 24.
[CrossRef] [PubMed]

10. Csizmadi, I.; Kelemen, L.E.; Speidel, T.; Yuan, Y.; Dale, L.C.; Friedenreich, C.M.; Robson, P.J. Are physical
activity levels linked to nutrient adequacy? Implications for cancer risk. Nutr. Cancer 2014, 66, 214-224.
[CrossRef] [PubMed]

11. Kavouras, S.A.; Panagiotakos, D.B.; Pitsavos, C.; Chrysohoou, C.; Anastasiou, C.A.; Lentzas, Y.; Stefanadis, C.
Physical activity, obesity status, and glycemic control: The ATTICA study. Med. Sci. Sports Exerc. 2007, 39,
606-611. [CrossRef] [PubMed]

12. Maughan, R.J. Role of micronutrients in sport and physical activity. Br. Med. Bull. 1999, 55, 683—690.
[CrossRef] [PubMed]


http://dx.doi.org/10.1017/S1368980099000476
http://www.ncbi.nlm.nih.gov/pubmed/10610072
http://dx.doi.org/10.1016/j.nut.2004.04.001
http://www.ncbi.nlm.nih.gov/pubmed/15212745
http://dx.doi.org/10.1007/s00394-003-0460-0
http://www.ncbi.nlm.nih.gov/pubmed/14673609
http://dx.doi.org/10.1007/BF03391600
http://dx.doi.org/10.1186/1550-2783-3-1-51
http://www.ncbi.nlm.nih.gov/pubmed/18500963
http://www.ncbi.nlm.nih.gov/pubmed/17415336
http://dx.doi.org/10.1155/2012/707941
http://www.ncbi.nlm.nih.gov/pubmed/22928084
http://ec.europa.eu/food/fs/sc/scf/out171_en.pdf
http://dx.doi.org/10.1186/1550-2783-7-24
http://www.ncbi.nlm.nih.gov/pubmed/20537171
http://dx.doi.org/10.1080/01635581.2014.868913
http://www.ncbi.nlm.nih.gov/pubmed/24564401
http://dx.doi.org/10.1249/mss.0b013e31803084eb
http://www.ncbi.nlm.nih.gov/pubmed/17414797
http://dx.doi.org/10.1258/0007142991902556
http://www.ncbi.nlm.nih.gov/pubmed/10746356

Nutrients 2017, 9, 754 13 of 15

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Margaritis, I.; Rousseau, A.S. Does physical exercise modify antioxidant requirements? Nutr. Res. Rev. 2008,
21, 3-12. [CrossRef] [PubMed]

Volpe, S.L. Micronutrient requirements for athletes. Clin. Sports Med. 2007, 26, 119-130. [CrossRef] [PubMed]
Perret, C.; Stoffel-Kurt, N. Comparison of nutritional intake between individuals with acute and chronic
spinal cord injury. J. Spinal Cord Med. 2011, 34, 569-575. [CrossRef] [PubMed]

Melzer, K.; Kayser, B.; Saris, W.H.; Pichard, C. Effects of physical activity on food intake. Clin. Nutr. 2005, 24,
885-895. [CrossRef] [PubMed]

Thomas, D.T.; Erdman, K.A.; Burke, L.M. American College of Sports Medicine Joint Position Statement.
Nutrition and Athletic Performance. Med. Sci. Sports Exerc. 2016, 48, 543-568. [PubMed]

Woodside, ].V.; McCall, D.; McGartland, C.; Young, I.S. Micronutrients: Dietary intake v. supplement use.
Proc. Nutr. Soc. 2005, 64, 543-553. [CrossRef] [PubMed]

Camodes, M.; Lopes, C. Dietary intake and different types of physical activity: Full-day energy expenditure,
occupational and leisure-time. Public Health Nutr. 2008, 11, 841-848. [CrossRef] [PubMed]

Garcin, M.; Doussot, L.; Mille-Hamard, L.; Billat, V. Athletes” dietary intake was closer to French RDA'’s than
those of young sedentary counterparts. Nutr. Res. 2009, 29, 736-742. [CrossRef] [PubMed]

Zipf, G.; Chiappa, M.; Porter, K.S.; Ostchega, Y.; Lewis, B.G.; Dostal, ]J. National Health and Nutrition
Examination Survey: Plan and Operations, 1999-2010. Vital Health Stat. 1 2013, 56, 1-37.

Johnson, C.L.; Paulose-Ram, R.; Ogden, C.L.; Carroll, M.D.; Kruszon-Moran, D.; Dohrmann, S.M.; Curtin, L.R.
National Health and Nutrition Examination Survey: Analytic Guidelines, 1999-2010. Vital Health Stat. 2
2013, 161, 1-24.

Available online: https://www.cdc.gov/nchs/nhanes/ (accessed on 13 July 2017).

Butte, N.F,; Wong, WW.; Treuth, M.S; Ellis, K.J.; O’Brian Smith, E. Energy requirements during pregnancy
based on total energy expenditure and energy deposition. Am. . Clin. Nutr. 2004, 79, 1078-1087. [PubMed]
Lof, M.; Olausson, H.; Bostrom, K.; Janerot-Sjoberg, B.; Sohlstrom, A.; Forsum, E. Changes in basal metabolic
rate during pregnancy in relation to changes in body weight and composition, cardiac output, insulin-like
growth factor I, and thyroid hormones and in relation to fetal growth. Am. J. Clin. Nutr. 2005, 81, 678-685.
[PubMed]

Westerterp, K.R. Physical activity and physical activity induced energy expenditure in humans:
Measurement, determinants, and effects. Front. Physiother. 2013, 4, 90. [CrossRef] [PubMed]

Available online: http:/ /riskfactor.cancer.gov/tools/nhanes_pam/ (accessed on 13 July 2017).

Kcal Estimates from Activity Counts Using the Potential Energy Method.  Available online:
http:/ /actigraphcorp.com/research-database /kcal-estimates-from-activity-counts-using-the-potential-
energy-method/ (accessed on 16 August 2016).

Harris, J.A.; Benedict, F.G. A Biometric Study of Human Basal Metabolism. Proc. Natl. Acad. Sci. USA 1918,
4,370-373. [CrossRef] [PubMed]

Manore, M.M.; Thompson, J.L. Energy requirements of the athlete: Assessment and evidence of energy
efficiency. In Clinical Sports Nutrition, 4th ed.; Burke, L.M., Deakin, V., Eds.; McGraw-Hill Australia Pty Ltd.:
North Ryde, Australia, 2010; pp. 96-115.

Human Energy Requirements. Report of a Joint FAO/WHO/UNU Expert Consultation. Available online:
http:/ /www.fao.org/3/a-y5686e.pdf (accessed on 16 August 2016).

Food and Nutrition Board; Institute of Medicine. Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic,
Boron, Chromium, Copper, lodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc; National
Academy Press: Washington, DC, USA, 2001.

Food and Nutrition Board; Institute of Medicine. Dietary Reference Intakes for Vitamin C, Vitamin E, Selenium,
and Carotenoids; National Academy Press: Washington, DC, USA, 2000.

Food and Nutrition Board; Institute of Medicine. Dietary Reference Intakes for Thiamin, Riboflavin, Niacin,
Vitamin B6, Folate, Vitamin B12, Pantothenic Acid, Biotin, and Choline; National Academy Press: Washington,
DC, USA, 1998.

Food and Nutrition Board; Institute of Medicine. Dietary Reference Intakes for Calcium, Phosphorous, Magnesium,
Vitamin D, and Fluoride; National Academy Press: Washington, DC, USA, 1997.

Food and Nutrition Board; Institute of Medicine. Dietary Reference Intakes for Water, Potassium, Sodium,
Chloride, and Sulfate; National Academy Press: Washington, DC, USA, 2005.


http://dx.doi.org/10.1017/S0954422408018076
http://www.ncbi.nlm.nih.gov/pubmed/19079851
http://dx.doi.org/10.1016/j.csm.2006.11.009
http://www.ncbi.nlm.nih.gov/pubmed/17241918
http://dx.doi.org/10.1179/2045772311Y.0000000026
http://www.ncbi.nlm.nih.gov/pubmed/22330112
http://dx.doi.org/10.1016/j.clnu.2005.06.003
http://www.ncbi.nlm.nih.gov/pubmed/16039759
http://www.ncbi.nlm.nih.gov/pubmed/26891166
http://dx.doi.org/10.1079/PNS2005464
http://www.ncbi.nlm.nih.gov/pubmed/16313697
http://dx.doi.org/10.1017/S1368980007001309
http://www.ncbi.nlm.nih.gov/pubmed/18053293
http://dx.doi.org/10.1016/j.nutres.2009.10.004
http://www.ncbi.nlm.nih.gov/pubmed/19917454
https://www.cdc.gov/nchs/nhanes/
http://www.ncbi.nlm.nih.gov/pubmed/15159239
http://www.ncbi.nlm.nih.gov/pubmed/15755839
http://dx.doi.org/10.3389/fphys.2013.00090
http://www.ncbi.nlm.nih.gov/pubmed/23637685
http://riskfactor.cancer.gov/tools/nhanes_pam/
http://actigraphcorp.com/research-database/kcal-estimates-from-activity-counts-using-the-potential-energy-method/
http://actigraphcorp.com/research-database/kcal-estimates-from-activity-counts-using-the-potential-energy-method/
http://dx.doi.org/10.1073/pnas.4.12.370
http://www.ncbi.nlm.nih.gov/pubmed/16576330
http://www.fao.org/3/a-y5686e.pdf

Nutrients 2017, 9, 754 14 of 15

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Archer, E.; Hand, G.A.; Blair, S.N. Validity of U.S. Nutritional Surveillance: National Health and Nutrition
Examination Survey Caloric Energy Intake Data, 1971-2010. PLoS ONE 2013, 8, e76632. [CrossRef]

Didier, ].P; Guilloux, D.; Rouhier-Marcer, I. Cotit énergétique de la marche a vitesse confortable et adaptation
respiratoire dans deux groupes de personnes jeunes et agées. Ann. Réadapt. 1995, 38, 475-480. [CrossRef]
World Health Organization (WHO). Obesity: Preventing and Managing the Global Epidemic. Report of a WHO
Consultation; WHO Technical Report Series 894; WHO: Geneva, Switzerland, 2000.

Snijder, M.B.; van Dam, R.M.; Visser, M.; Deeg, D.].; Dekker, ] M.; Bouter, L.M.; Seidell, ].C.; Lips, P. Adiposity
in relation to vitamin D status and parathyroid hormone levels: A population-based study in older men and
women. J. Clin. Endocrinol. Metab. 2005, 90, 4119-4123. [CrossRef] [PubMed]

Moor de Burgos, A.; Wartanowicz, M.; Ziemlanski, S. Blood vitamin and lipid levels in overweight and
obese women. Eur. J. Clin. Nutr. 1992, 46, 803-808. [PubMed]

Reitman, A.; Friedrich, I.; Ben-Amotz, A.; Levy, Y. Low plasma antioxidants and normal plasma B vitamins
and homocysteine in patients with severe obesity. Isr. Med. Assoc. ]. 2002, 4, 590-593. [PubMed]
Wallstrom, P.; Wirfalt, E.; Lahmann, P.H.; Gullberg, B.; Janzon, L.; Berglund, G. Serum concentrations of
beta-carotene and alpha-tocopherol are associated with diet, smoking, and general and central adiposity.
Am. |. Clin. Nutr. 2001, 73, 777-785. [PubMed]

Canoy, D.; Wareham, N.; Welch, A.; Bingham, S.; Luben, R.; Day, N.; Khaw, K.T. Plasma ascorbic
acid concentrations and fat distribution in 19,068 British men and women in the European Prospective
Investigation into Cancer and Nutrition Norfolk cohort study. Am. . Clin. Nutr. 2005, 82, 1203-1209.
[PubMed]

Arnaud, J.; Bertrais, S.; Roussel, A.M.; Arnault, N.; Ruffieux, D.; Favier, A.; Berthelin, S.; Estaquio, C;
Galan, P,; Czernichow, S.; et al. Serum selenium determinants in French adults: The SU.VL.M.AX study. Br. J.
Nutr. 2006, 95, 313-320. [CrossRef] [PubMed]

Al-Delaimy, W.K.; van Kappel, A.L.; Ferrari, P; Slimani, N.; Steghens, J.P.; Bingham, S.; Johansson, I.;
Wallstrom, P.; Overvad, K.; Tjonneland, A.; et al. Plasma levels of six carotenoids in nine European countries:
Report from the European Prospective Investigation into Cancer and Nutrition (EPIC). Public Health Nutr.
2004, 7, 713-722. [CrossRef] [PubMed]

Neuhouser, M.L.; Rock, C.L.; Eldridge, A.L; Kristal, A.R., Patterson, RE.; Cooper, D.A,;
Neumark-Sztainer, D.; Cheskin, L.J.; Thornquist, M.D. Serum concentrations of retinol, alpha-tocopherol
and the carotenoids are influenced by diet, race and obesity in a sample of healthy adolescents. J. Nutr. 2001,
131,2184-2191. [PubMed]

Parikh, S.J.; Edelman, M.; Uwaifo, G.I; Freedman, R.J.; Semega-Janneh, M.; Reynolds, J.; Yanovski, J.A.
The relationship between obesity and serum 1,25-dihydroxy vitamin D concentrations in healthy adults.
J. Clin. Endocrinol. Metab. 2004, 89, 1196-1199. [CrossRef] [PubMed]

Strauss, R.S. Comparison of serum concentrations of alpha-tocopherol and beta-carotene in a cross-sectional
sample of obese and nonobese children (NHANES III). National Health and Nutrition Examination Survey.
J. Pediatr. 1999, 134, 160-165. [PubMed]

Hill, R.J.; Davies, P.S.W. The validity of self-reported energy intake as determined using the doubly labelled
water technique. Br. ]. Nutr. 2001, 85, 415-430. [CrossRef] [PubMed]

Briefel, R.R.; Sempos, C.T.; McDowell, M.A; Chien, S.; Alaimo, K. Dietary methods research in the third
National Health and Nutrition Examination Survey: Underreporting of energy intake. Am. J. Clin. Nutr.
1997, 65, 12035-1209S. [PubMed]

Melzer, K.; Renaud, A.; Zurbuchen, S.; Tschopp, C.; Lehmann, J.; Malatesta, D.; Ruch, N.; Schutz, Y,;
Kayser, B.; Méder, U. Alterations in energy balance from an exercise intervention with ad libitum food intake.
J. Nutr. Sci. 2016, 5, €7. [CrossRef] [PubMed]

Saris, W.H.; Blair, S.N.; van Baak, M.A.; Eaton, S.B.; Davies, P.S.; Di Pietro, L.; Fogelholm, M.; Rissanen, A.;
Schoeller, D.; Swinburn, B.; et al. How much physical activity is enough to prevent unhealthy weight gain?
Outcome of the IASO 1st Stock Conference and consensus statement. Obes. Rev. 2003, 4, 101-114. [PubMed]
Raichlen, D.A.; Pontzer, H.; Harris, J.A.; Mabulla, A.Z.; Marlowe, EW.; Josh Snodgrass, J.; Eick, G.; Colette
Berbesque, J.; Sancilio, A.; Wood, B.M. Physical activity patterns and biomarkers of cardiovascular disease
risk in hunter-gatherers. Am. J. Hum. Biol. 2017, 29, €22919. [CrossRef] [PubMed]

Lanningham-Foster, L.; Nysse, L.J.; Levine, J.A. Labor saved, calories lost: The energetic impact of domestic
labor-saving devices. Obes. Res. 2003, 11, 1178-1181. [CrossRef] [PubMed]


http://dx.doi.org/10.1371/annotation/c313df3a-52bd-4cbe-af14-6676480d1a43
http://dx.doi.org/10.1016/0168-6054(96)89341-X
http://dx.doi.org/10.1210/jc.2005-0216
http://www.ncbi.nlm.nih.gov/pubmed/15855256
http://www.ncbi.nlm.nih.gov/pubmed/1425534
http://www.ncbi.nlm.nih.gov/pubmed/12183861
http://www.ncbi.nlm.nih.gov/pubmed/11273853
http://www.ncbi.nlm.nih.gov/pubmed/16332652
http://dx.doi.org/10.1079/BJN20051528
http://www.ncbi.nlm.nih.gov/pubmed/16469147
http://dx.doi.org/10.1079/PHN2004598
http://www.ncbi.nlm.nih.gov/pubmed/15369608
http://www.ncbi.nlm.nih.gov/pubmed/11481415
http://dx.doi.org/10.1210/jc.2003-031398
http://www.ncbi.nlm.nih.gov/pubmed/15001609
http://www.ncbi.nlm.nih.gov/pubmed/9931523
http://dx.doi.org/10.1079/BJN2000281
http://www.ncbi.nlm.nih.gov/pubmed/11348556
http://www.ncbi.nlm.nih.gov/pubmed/9094923
http://dx.doi.org/10.1017/jns.2015.36
http://www.ncbi.nlm.nih.gov/pubmed/27066256
http://www.ncbi.nlm.nih.gov/pubmed/12760445
http://dx.doi.org/10.1002/ajhb.22919
http://www.ncbi.nlm.nih.gov/pubmed/27723159
http://dx.doi.org/10.1038/oby.2003.162
http://www.ncbi.nlm.nih.gov/pubmed/14569042

Nutrients 2017, 9, 754 15 of 15

56.

57.

58.

59.

60.

61.

62.

63.

64.

Thompson, W.G,; Foster, R.C.; Eide, D.S.; Levine, J.A. Feasibility of a walking workstation to increase daily
walking. Br. ]. Sports Med. 2008, 42, 225-228. [CrossRef] [PubMed]

Levine, J.A.; Miller, ]. M. The energy expenditure of using a “walk-and-work” desk for office workers with
obesity. Br. ]. Sports Med. 2007, 41, 558-561. [CrossRef] [PubMed]

Penner, S.B.; Campbell, N.R.C.; Chockalingam, A.; Zarnke, K.; Van Vliet, B. Dietary sodium and
cardiovascular outcomes: A rational approach. Can. J. Cardiol. 2007, 23, 567-572. [CrossRef]

Hills, A.P; Mokhtar, N.; Byrne, N.M. Assessment of physical activity and energy expenditure: An overview
of objective measures. Front. Nutr. 2014, 1, 5. [CrossRef] [PubMed]

Troiano, R.P,; Berrigan, D.; Dodd, K.W.; Masse, L.C.; Tilert, T.; McDowell, M. Physical activity in the
United States measured by accelerometer. Med. Sci. Sports Exerc. 2008, 40, 181-188. [CrossRef] [PubMed]
Archer, E; Pavela, G.; Lavie, C.J. A Discussion of the Refutation of Memory-Based Dietary Assessment
Methods (M-BMs): The Rhetorical Defense of Pseudoscientific and Inadmissible Evidence. Mayo Clin. Proc.
2015, 90, 1736-1739. [CrossRef] [PubMed]

Archer, E.; Blair, S.N. Implausible data, false memories, and the status quo in dietary assessment. Adv. Nutr.
2015, 6, 229-230. [CrossRef] [PubMed]

Subar, A.F,; Freedman, L.S.; Tooze, J.A.; Kirkpatrick, S.I.; Boushey, C.; Neuhouser, M.L.; Thompson, FE.;
Potischman, N.; Guenther, PM.; Tarasuk, V.; et al. Addressing Current Criticism Regarding the Value of
Self-Report Dietary Data. J. Nutr. 2015, 145, 2639-2645. [CrossRef] [PubMed]

Goris, A.H.; Westerterp-Plantenga, M.S.; Westerterp, K.R. Undereating and underrecording of habitual food
intake in obese men: Selective underreporting of fat intake. Am. J. Clin. Nutr. 2000, 71, 130-134. [PubMed]

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1136/bjsm.2007.039479
http://www.ncbi.nlm.nih.gov/pubmed/17717060
http://dx.doi.org/10.1136/bjsm.2006.032755
http://www.ncbi.nlm.nih.gov/pubmed/17504789
http://dx.doi.org/10.1016/S0828-282X(07)70802-4
http://dx.doi.org/10.3389/fnut.2014.00005
http://www.ncbi.nlm.nih.gov/pubmed/25988109
http://dx.doi.org/10.1249/mss.0b013e31815a51b3
http://www.ncbi.nlm.nih.gov/pubmed/18091006
http://dx.doi.org/10.1016/j.mayocp.2015.10.003
http://www.ncbi.nlm.nih.gov/pubmed/26653304
http://dx.doi.org/10.3945/an.114.007799
http://www.ncbi.nlm.nih.gov/pubmed/25770263
http://dx.doi.org/10.3945/jn.115.219634
http://www.ncbi.nlm.nih.gov/pubmed/26468491
http://www.ncbi.nlm.nih.gov/pubmed/10617957
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

Appendix 111
Validity of the Actiheart step test for the
estimation of maximum oxygen consumption in

endurance athletes and healthy controls




Appendix III

Appendix III: Validity of the Actiheart step test for the estimation of

maximum oxygen consumption in endurance athletes and healthy controls

Juliane Heydenreich!2, Yves Schutz®, *Bengt Kayser® and *Katarina Melzer!

Current Issues in Sports Science. 2019;4:003. doi: 10.15203/CISS_2019.003

! Swiss Federal Institute of Sport Magglingen, Section for Elite Sport, Magglingen, Switzerland
2 Institute of Sports Sciences (ISSUL), University of Lausanne, Lausanne, Switzerland
3Department of Physiology, University of Fribourg, Fribourg, Switzerland

*Shared last authorship



Current Issues in Sport Science 4 (2019)

Validity of the Actiheart step test for the estimation of
maximum oxygen consumption in endurance athletes
and healthy controls

P k
_w=Current |ssues
“‘,n Sport Science

e o
LY

Juliane Heydenreich™ 2, Yves Schutz?, Bengt Kayser?*" & Katarina Melzer *

1 Swiss Federal Institute of Sport, Magglingen, Switzerland

2 Institute of Sport Sciences, University of Lausanne, Lausanne, Switzerland

3 Department of Physiology, University of Fribourg, Fribourg, Switzerland

+ Shared last authorship

* Corresponding author: Prof. Dr. Bengt Kayser, Institute of Sport Sciences, University of Lausanne,
Synathlon Uni-Centre, 1015 Lausanne, Switzerland
Tel: +41 (0)21 692 37 95, Fax: +41 (0)21 692 32 93

Email: bengt.kayser@unil.ch

ORIGINAL ARTICLE

ABSTRACT

Article History:

Submitted 19* April 2018
Accepted 01t November 2018
Published 12t March 2019

Handling Editor:
Arno Schmidt-Truckséss
University of Basel, Switzerland

Editor-in-Chief:
Martin Kopp
University of Innsbruck, Austria

Reviewers:

Reviewer 1: Anonymous
Reviewer 2: Anonymous

Citation:

Submaximal step tests are often used for estimation of maximum oxygen consumption (VO,max) in
humans. The validity of the Actiheart step test for VO,max estimation was not fully studied yet. There-
fore, purpose of the study was to estimate VO,max using the Actiheart step test and to compare the
data with measured VO,max in endurance trained athletes (ATH) and healthy non-athletes (CON).
68 ATH (54% men, 28.0+5.4 yrs, 20.9+1.7 kg-m) and 63 CON (46% men, 27.6+5.1 yrs, 22.1£1.7 kg-m™)
performed the Actiheart step test and a spiroergometry for assessment of VO,max. In addition, rest-
ing metabolic rate (RMR; indirect calorimetry), maximum heart rate (HRmax; heart rate monitoring
system during spiroergometry), and sleeping heart rate (SHR; Actiheart 6-day long term measure-
ment) were determined. Validity of two different Actiheart software entry modes was assessed: (1)
AHraw (estimated RMR [Schofield] and HRmax [Tanakal, SHR = 70 bpm) and (2) AHcomplete (mea-
sured RMR, HRmax, and SHR). Validity was investigated using linear regression (R? and standard error
of the estimate (SEE)) and repeated-measures ANOVA with a Bonferroni post-hoc correction. The
level of significance was set to a=0.05.

VO,max estimated by AHraw was significant related to measured VO,max in women CON (R’=0.22;
p<0.05), whereas when VO,max was estimated by AHcomplete the relation was significant in women
ATH and CON, and in men CON (R°=0.17-0.24; p<0.05). AHraw significantly underestimated VO,max
in the total sample by 8% (51.4+10.2 vs. 55.9+7.6 ml-kg'-min”; p<0.0001), whereas no significant
difference between AHcomplete and the criterion method was found (57.0+11.1 vs. 55.9+7.6 ml-
kg'-min’; p=0.26).

The Actiheart step test is an acceptable tool for the estimation of VO, if an error within 8% can be
tolerated. However, accuracy of the VO,max prediction is much improved when entering measured
variables, such as RMR, SHR, and HRmax, into the software.

2max

Keywords:
Maximum oxygen consumption — athletes — cardiorespiratory fitness — exercise testing — metabolic
equivalent

Heydenreich, J,, Schutz, Y., Kayser, B. & Melzer, K. (2019): Validity of the Actiheart step test for the estimation of maximum oxygen consumption in
endurance athletes and healthy controls. Current Issues in Sport Science, 4:003. doi: 10.15203/CISS_2019.003

2019 | innsbruck university press, Innsbruck
Current Issues in Sport Science | ISSN 2414-6641 | http://www.ciss-journal.org/
Vol. 41 DOI 10.15203/CISS_2019.003

OPEN @ ACCESS



J. Heydenreich, Y. Schutz, B. Kayser & K. Melzer

Actiheart step test validity

Introduction

Maximum oxygen consumption (VO,max), a key indicator of
cardiorespiratory fitness, is used in both athletic and health
settings, as a determinant of physical performance (Bassett
& Howley, 2000) or as a predictor of health risk and longevity
(Kodama et al.,, 2009). VO,max-testing is usually performed on a
treadmill or a cycle ergometer while oxygen uptake and expired
carbon-dioxide are measured with a respiratory gas analyzer.
The workload is progressively increased until the participant
reaches volitional exhaustion (after a minimum of 5 min (tread-
mill) or 7 min (cycle), up to 26 min (Midgley, Bentley, Luttikholt,
McNaughton, & Millet, 2008)). However, maximum exercise tests
are time consuming, expensive and depend on physiological
expertise (Bjorkman, Ekblom-Bak, Ekblom, & Ekblom, 2016). In
addition, some individuals from the general population cannot
achieve the maximal effort required for the determination of
VO,max. Furthermore, there are contraindications for maximum
exercise tests (American Thoracic Society & American College
of Chest Physicians, 2003). These contraindications include un-
controlled asthma, syncope, acute myocardial infarction, and
respiratory failure. Therefore, several indirect methods to esti-
mate VO,max have been developed, where VO,max is predicted
from submaximal exercise results. Most of these tests use the
linear relationship between heart rate (HR) and oxygen uptake
(VO,).The VO,max is then predicted by extrapolation of the sub-
maximal values to an estimated maximum heart rate (HRmax).
Submaximal tests thus allow evaluation of cardiorespiratory
fitness in a population, in which the direct determination of
VO,max is not possible (Bjérkman et al., 2016).

The Actiheart is a lightweight (10 g), waterproof combined
HR and movement sensor (accelerometer) designed to non-
invasively assess daily physical activity levels (Cambridge
Neurotechnology Ltd., Papworth, UK). The Actiheart was shown
to give accurate estimations of activity energy expenditure
against indirect calorimetry during a wide range of activities
in men and women in both laboratory (Thompson, Batterham,
Bock, Robson, & Stokes, 2006) and field (Crouter, Churilla, &
Bassett, 2008) settings. A good level of agreement between
Actiheart and doubly labelled water measured daily total en-
ergy expenditure was found in adult men and women (Brage
etal, 2015), in children and adolescents (Butte et al., 2010), and
in lean and overweight men of various fitness levels (Villars et
al.,, 2012). The Actiheart needs to be individually calibrated for
each person with a standard step test, a built-in function of the
Actiheart software. During stepping, the relationships between
actimetry and HR vs. work rate are assessed. The step test also
yields estimated VO,max values, obtained by extrapolating the
HR vs. work rate regression line to the estimated or measured
HRmax for the individual. No studies assessed the validity of
the VO,max estimation using the Actiheart step test. The pur-
pose of the study was to estimate VO,max using the Actiheart
step test in AHraw and AHcomplete modes (see “Methods”)
and to compare the results with measured VO,max over a
range of aerobic capacities. The results were expected to fill a

gap in the knowledge regarding the practical use and precision
of the Actiheart modes for estimating VO,max in comparison
to the VO,max ergometer measurements for athletic and non-
athletic populations.

Methods
Participants

We recruited by advertisement 68 competitive endurance ath-
letes (ATH; 31 women, 37 men; regular endurance training vol-
ume > 300 min - wk and participation in competitions) and 63
healthy, non-endurance-trained nonsmoking controls (CON;
34 women, 29 men; max. 150 min - wk' moderate endurance
training). Most but not all participants were workers, students
or athletes located on the campus of the Swiss Federal Institute
of Sports Magglingen. All participants had to be weight-stable
(< 2 kg of weight difference in the last 3 months) with a Body
Mass Index (BMI) between 18.5 and 25 kg - m?, and aged be-
tween 18 and 40 years. Participants were excluded if they were
smoking, pregnant, lactating, dieting, suffering from metabolic
disease and/or eating disorders, or taking medication (apart
from contraceptives). Athletes were excluded from the study
if they had changed their training habits within the last four
weeks before the experiments (e.g., due to injury or disease).
All experimental procedures were approved by the Regional
Ethics Committee in Berne, Switzerland (KEK-number 090/15),
and the study was carried out according to the recommenda-
tions of the Helsinki Declaration. Written informed consent of
the participants was obtained before any testing.

Study design

The participants were recruited by advertisement. They came
to the testing center on two separate testing days, having re-
frained from strenuous physical activity = 24 h. After provid-
ing written informed consent, on the first day the participants
completed, in a fasted state (= 12 h absence of any food or fluid
intake, > 36 h absence of alcohol or caffeine intake) measure-
ments in the following order: 1) anthropometry and body com-
position; 2) resting metabolic rate (RMR); and 3) a step test using
the in-built function of the Actiheart. One week after the first
measurement day, the participants did an incremental exercise
test (VO,max) in a non-fasted state. In the days between the
two testing days the participants wore an Actiheart for at least
7 days. All tests were carried out in Magglingen (Switzerland) at
an altitude of 950 m.

Estimation of VO,max with the Actiheart

The Actiheart was clipped onto two standard ECG electrodes
(3M™ Red Dot™ Electrode 2560; 3M Health Care, St. Paul, USA)
on the chest of the participant according to manufacturer’s in-
structions and worn day and night (Brage et al., 2006). The de-
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vice was individually calibrated for each participant using the
standard step test, a built-in function of the Actiheart software
version 4.0.92 (Cambridge Neurotechnology Ltd., Papworth,
UK). In short, the participants stepped up and down a 195 mm
high step for eight minutes while stepping rate was ramped
linearly from 15 step cycles - min™ (one step cycle is “up, up,
down, down”) to 33 step cycles - min™ at the end (rate of change
2.5 body lifts - min™). Participants were advised to stop the test
if they felt uncomfortable. After the end of the test, participants
were requested to stand still for two minutes with the Actiheart
still fitted while not speaking during which recovery HR was as-
sessed. The mechanical power of the step test (mass-specific lift
work rate) was calculated as 9.81 m - s2x step height (m) x lift
frequency (number of body weight lifts - min™') and expressed
inJ-kg'- min".The Actiheart software uses linear regression to
model the relationship between work rate and HR during step-
ping. To estimate the VO,max, the regression line was extrap-
olated to the estimated HRmax for each participant. The pre-
dicted VO,max in L - kg™ - min" was then calculated as a maxi-
mum mechanical power in J - kg™ - min"' divided by a factor of
20.2 (assuming an invariant net efficiency of 20%). The HRmax
was defined in two ways: (1) estimated by use of the Tanaka
equation (Tanaka, Monahan, & Seals, 2001); and (2) measured
during a maximum exercise test (see section “Measurement of
VO, max”).

Total energy expenditure (TEE) and activity energy expenditure
were estimated by analyzing 6 full-day (24 h) recordings of HR
and body movement with a 15-second averaging epoch set-
ting. During the recording period participants were requested
to continue their habitual life routine and physical activities.
Sleeping heart rate (SHR) was measured as a mean of the 120
lowest HR recordings during 24 h, the SHR for a full six-day pe-
riod was determined as the mean value of the six SHR record-
ings. TEE was calculated as sum of RMR (measured by indirect
calorimetry, see section “Resting metabolic rate”), activity ener-
gy expenditure, and diet-induced thermogenesis (estimated as
10% of TEE (Manore & Thompson, 2010)). Physical activity level
(PAL) was calculated as TEE/RMR.

For the validity testing, two inbuilt scenarios of the Actiheart
step test were looked at: (1) “AHraw”. In this mode SHR is set to
70 bpm, RMR is estimated by the Schofield equation (Schofield,
1985), and HRmax is estimated by use of the Tanaka formula
(Tanaka et al., 2001); and (2) “AHcomplete”. In this mode SHR,
measured during the long-term recordings of the Actiheart,
RMR, measured using indirect calorimetry, and HRmax, mea-
sured during a maximum exercise test, are manually entered
into the Actiheart software.

Measurement of VO,max

Before exercise testing each participant filled out the German
(Marti, Villiger, Hintermann, & Lerch, 1998) or French (Société
canadienne de physiologie de I'exercice, 2002) version of the
Physical Activity Readiness Questionnaire (PAR-Q). Only if all
items were answered with “no’, participants were allowed to

start the exercise testing. The test was performed on a tread-
mill (women: model mercury; men: model venus, h/p/Cosmos
Sports & Medical GmbH, Traunstein, Germany). Treadmill in-
clines were set at 4° throughout the test. After a 5-min warm-
up jog, non-athletic participants begun running at 7 km - h7,
whereas participants from the athlete group started at 9 km -
h'. The speed was increased by 1 km - h every minute for the
first 3 minutes of the test and thereafter by 0.5 km - h™ every
30 s until exhaustion (Steiner & Wehrlin, 2011). Gas exchange
was measured breath-by-breath with an open-circuit system
(Quark CPET; COSMED Srl, Rome, Italy), which was calibrated
before each test according to manufacturer’s instructions.
VO, data was processed using 10-second time averages.
VO,max was determined as the highest 30-second VO, aver-
age for the test (Robergs, Dwyer, & Astorino, 2010). Heart rate
was continuously registered with a wireless HR monitoring
system (model $Z990; COSMED Srl, Rome, Italy). If the primary
criteria of a plateau in oxygen uptake (defined as an increase of
VO, < 2.1 mL- kg™ - min”) was not reached by the participant
(n = 4), then the secondary criteria of a RQ value > 1.10, and a
HR close (+ 10 bpm) to the age-predicted HRmax (Tanaka et al.,
2001) were used to determine whether the participant reached
maximal effort and thus VO,max. VO,max-tests were carried
out at a mean room temperature of 21.8 £ 1.0°C, a humidity
of 39.8 £ 10.1%, and an air pressure of 914 + 7 hpa. In general,
a temperature range of 20 to 22°C in a cool, dry environment
(< 50% humidity) is considered comfortable for exercise testing
(Myers et al., 2009).

Anthropometric data and body composition

Body weight was measured to the nearest 0.1 kg on a calibrat-
ed beam scale (Seca 877, Seca, Hamburg, Germany) and body
height was measured to the nearest 0.5 cm with a height rod
(Seca 213, Seca, Hamburg, Germany), with the participants in
light clothing and without shoes.

Body composition was assessed using Lunar iDXA (GE
Healthcare, Madison, WI, USA). Calibration of the iDXA was
performed and checked on a daily basis before testing using a
calibration phantom. Participants voided their bladder before
the scan. The participants were in underwear and all metal ar-
tefacts were removed. During measurement, participants were
in supine position on the scanning table with their ankles and
legs fixed using supports. Arms were positioned to the side
with the palms flat on the table. Participants were requested
to stay still during the measurement. Whole body scans were
performed according to the manufacturer’s instructions, and
adipose tissue mass, lean tissue mass, and bone mineral con-
tent were derived (enCore software v. 11.10; GE Healthcare,
Madison, WI, USA). Total body composition estimates with the
Lunar iDXA have been reported to be excellent in other studies
(Carver, Christou, & Andersen, 2013; Hind, Oldroyd, & Truscott,
2011).
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Resting metabolic rate

RMR was assessed by indirect calorimetry using a venti-
lated hood system (Quark CPET; COSMED Srl, Rome, Italy).
Calibrations of the gas analyzer and flowmeter were carried
out before each test according to manufacturer’s instruc-
tions. After acclimatization and relaxing for 30 min on a bed,
a ventilated hood was placed over the participant’s head and
measurements were started. VO, and carbon dioxide produc-
tion (VCO,) were measured for 30 min at 10-second intervals
with participants remaining motionless in supine position in a
thermoneutral environment (20 - 25 °C (Compher, Frankenfield,
Keim, Roth-Yousey, & Evidence Analysis Working Group, 2006)).
The first 5 min were eliminated as acclimatization artifact. From
the remaining 25 min an interval of 5 consecutive minutes with
a < 10% coefficient of variation of VO, and VCO, was consid-
ered as steady state. VO, and VCO, were then used to calculate
RMR using the abbreviated Weir equation (Weir, 1949). Since
respiratory quotient (RQ, defined as the ratio of VCO, and VO,)
measures at rest < 0.70 and > 1.00 suggest protocol violations
or inaccurate gas measurement (Compher et al., 2006), par-
ticipants with RQ-values outside of the plausible range should
be excluded from data analysis (n = 1). The obtained RQ for all
measurements was 0.76 + 0.04 and the mean coefficients of
variation of VO, and VCO, were 3.8 + 1.5% and 5.0 + 1.9%. RMR
measurements took place at a mean temperature of 21.9 +
1.2°C,40.0 + 10.2% humidity, and an air pressure of 914 + 7 hpa.

Statistics

Statistical analyses were performed using the statistical soft-
ware SPSS version 24 for MS-Windows (IBM Corp., Chicago,
IL, USA). Mean values and standard deviations (SD) were
calculated and data was checked for normality using the
Shapiro-Wilk-test. All parameters were normal distributed
with the exception of age, body fat (%), fat-free mass (kg), RMR
(kcal-d™),VO,max (L - min™), recovery HR, and PAL. Group differ-
ences were tested by independent t-tests and Mann-Whitney-
U-tests (a = 0.05). The validity of the Actiheart step test was
first investigated using Pearson’s Product moment correlation
analysis. The correlation coefficients (r) were classified accord-
ing to Cohen (Cohen, 1988). An r between 0.10-0.29 was con-
sidered a small, between 0.30-0.49 a moderate and between
0.50-1.0 a strong association. The data were further analyzed
using a repeated-measures ANOVA with a Bonferroni post-hoc
correction to compare measured VO, max, estimated VO,max
by AHraw, and estimated VO,max by AHcomplete. In addition,
the mean absolute error (MAE) and the mean absolute per-
centage error (MAPE) of AHraw and AHcomplete compared to
the criterion measure were computed. Since no standardized
threshold exists for high or low MAPE, we considered a MAPE
> 10% as an indicator of inaccuracy as suggested by other au-
thors (Boudreaux et al., 2018; Lee, Kim, & Welk, 2014; Nelson,
Kaminsky, Dickin, & Montoye, 2016; Roos, Taube, Beeler, & Wyss,

2017). The R? and standard error of the estimate (SEE) were
calculated by linear regression, where measured VO,max was
entered as dependent variable and estimated VO,max as inde-
pendent variable. Levels of agreement between Actiheart and
measured values were further expressed as mean difference
with Limits of Agreement (mean difference + 1.96 SD) (Bland
& Altman, 1999).

Results
Participants

Data of in total 50 women (24 ATH and 26 CON) and 41 men (22
ATH and 19 CON) with valid Actiheart, VO,max, and RMR mea-
surements were included into the analysis. The Table 1 presents
the anthropometric data, body composition, RMR and VO,max
of the participants. The VO,max ranged from 39.1 - 65.4 ml -
kg'- min”in women and 42.8 - 78.4 ml - kg'- min”in men.

Validity of the Actiheart step test for estimation of VO,max

The Pearson’s correlation analyses revealed moderately cor-
related data of AHraw and the criterion method only in wom-
en CON (r = 0.46, p < 0.05), whereas the correlation between
AHcomplete and measured VO,max was significant in women
ATH, women CON, and men CON (r=0.41 - 0.49, all p < 0.05;
Table 2), and r was interpreted as moderate association. The
MAE, MAPE, and SEE for all groups are presented in Table 2.

In women and men ATH the AHraw significantly underesti-
mated VO,max (p < 0.05), whereas in the CON groups no sig-
nificant differences between estimated and measured VO,max
were found. For AHcomplete, VO,max was significantly un-
derestimated in women ATH (p = 0.03), and overestimated in
men CON (p = 0.03), whereas no significant differences were
obtained in women CON and men ATH. When looking at the
total sample, significant differences between AHraw and the
measured VO,max (51.4 + 10.2 vs. 559 + 7.6 ml - kg™ - min™;
p < 0.0001) were observed, whereas the difference between
AHcomplete and VO, max was non-significant (57.0 + 11.1 vs.
55.9+7.6ml-kg'-min'; p=0.26). The range of the MAPE across
all groups was 11.4 — 17.7% and 10.8 - 14.7% for AHraw and
AHcomplete, respectively (Table 2). The absolute difference be-
tween measured and estimated VO,max by use of AHraw was
smaller than 5 ml - kg™ min™in 29% (n =7), 54% (n = 14), 27%
(n=6),and 58% (n = 11) in women ATH, women CON, men ATH,
and men CON, respectively. When VO,max was estimated by
AHcomplete, the absolute difference between measured and
estimated VO,max was smaller than 5 ml-kg™- min"in 42% (n =
10), 39% (n = 10), 50% (n = 11), and 37% (n = 7) of women ATH,
women CON, men ATH, and men CON, respectively.

The results of the linear regression analyses are presented in
Table 3. In women CON a statistically significant relationship
between VO,max estimated by AHraw and the measured val-

CISS 4 (2019)

March 2019 | Article 003 | 4



J. Heydenreich, Y. Schutz, B. Kayser & K. Melzer Actiheart step test validity

Table 1: Participant characteristics of the men and women athletes (ATH) and controls (CON).

Women Men
ATH (n = 24) CON (n = 26) ATH (n =22) CON (n=19)

Age (years) 30.0+5.5 274+49 258+4.4 27.1+54
Body mass (kg) 57.0+5.9° 61.6+6.6 69.9+6.8 724+7.3
Height (cm) 1685 168 £ 7 180+ 4 1797
BMI (kg - m?) 203+1.6° 218+ 1.6 21.6+1.6 225+1.7
Body fat (%) 23.3+48? 26.0+4.8 14.1+4.1° 17.0+£5.0
Fat-free mass (kg) 444 +43 457 +£5.2 60.9 + 6.6 60.8 +6.7
RMR

kcal - d! 1436 + 121 1500+ 153 1868 + 162 1835 + 257

kcal - kg'-d 254+2.5 244+ 14 26.8+1.6° 253+25

kcal - kg'-h 1.06 +0.10 1.02 +0.06 1.12+0.07° 1.06+£0.10
VO,max

L-min’ 3.2+03° 3.0x04 45+04° 41+0.6

ml- kg™ min™ 56.1+45¢ 484 +4.4 640+6.2°¢ 56.6+5.0
Maximum metabolic

. 15.2+14¢ 13.7+1.2 16.3+1.2° 153+1.4
equivalent of task
HRmax (bpm) 181+9°2 1867 189+8 1897
SHR (bpm) 49+72 53+6 48+ 6 50+7
Recovery HR (bpm) 87+14 90+ 17 85+ 11 85+12
PAL 2.1+03" 1.9+0.2 1.9+03 1.7+0.2

Legend: Results are expressed as mean + standard deviation. ?significantly different from CON of the same sex (p < 0.05),
bsignificantly different from CON of the same sex (p < 0.01), “significantly different from CON of the same sex (p < 0.0001)

Table 2: Concurrent validity (tested mode vs. criterion measure) of the two Actiheart modes to estimate VO,max in men and
women athletes (ATH) and controls (CON).

Women Men
ATH (n=24) CON (n=26) ATH (n=22) CON (n=19)

rvalue

AHraw 0.225 0.463° -0.069 0.431

AHcomplete 0.4102 0.4882 0.235 0.480*
MAE [ml - kg™ min™]

AHraw 8.8+9.2 2572 5.2+10.0 1.0+£9.1

AHcomplete 30+6.5 -1.2+8.0 -1.5+10.0 -54+9.8
MAPE [%]

AHraw 17.7+£13.7 114+104 13.6+£8.6 11.4+10.6

AHcomplete 10.8 + 6.5 13.6+8.9 11.1+£10.5 147 £12.2
SEE [ml - kg'- min™]

AHraw 4.47 3.98 6.31 4.66

AHcomplete 4.19 3.91 6.15 4.53

Legend: Results are expressed as mean + standard deviation. 2 correlations significant at p < 0.05
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Table 3: Parameters of linear regression for maximum oxygen consumption (VO,max; ml - kg™'- min™) in men and women athletes
(ATH) and controls (CON). Measured VO,max was entered as dependent variable and estimated VO,max by Actiheart was

the independent variable.

Women Men
ATH (n=24) CON (n=26) ATH (n=22) CON (n=19)

RZ

AHraw 0.051 0.215 0.005 0.186

AHcomplete 0.168 0.238 0.055 0.230
p-value

AHraw 0.291 0.017 0.760 0.065

AHcomplete 0.047 0.011 0.293 0.038
Slope

AHraw 0.11 0.251 -0.057 0.216

AHcomplete 0.266 0.234 0.153 0.217
Intercept

AHraw 50.914 36.881 67.394 44.632

AHcomplete 42.004 36.782 54.011 43.183

Legend: Significant p-values are highlighted in bold.

ues was detected (p < 0.05). The relationship between VO,max
estimated by AHcomplete and the criterion method was sig-
nificant in women ATH and CON and in men CON (p < 0.05).

In Figure 1, the data of AHraw and AHcomplete and the refer-
ence method are presented using Bland-Altman plots. For the
total sample, the mean bias (+ 1.96 SD) was 4.5 (-13.6; 22.6) ml
- kg™ min” for AHraw, whereas for the AHcomplete no system-
atic errors were observed. Likewise, no systematic errors were
found in the single groups for both AHraw and AHcomplete,
except for women ATH when VO, max was estimated by AHraw
(p < 0.0001; Figure 1).

Discussion

We evaluated the validity of the Actiheart step test for the esti-
mation of VO,max in men and women along a range of aerobic
fitness levels, comparing two different data entry modes, AHraw
(estimated SHR, HRmax and RMR) and AHcomplete (measured
SHR, HRmax and RMR). Based on MAPE, the Actiheart step test
is not an acceptable method for estimation of VO,max.

There exist several submaximal step tests for the estimation of
VO,max. The most common are the Chester step test, the STEP
tool protocol, the modified YMCA 3-minute step test, and the
Astrand-Rhyming step test (Bennett, Parfitt, Davison, & Eston,
2016). The R? of previous reported step tests for the estimation
of VO,max ranged between 0.22 and 0.88 (Francis & Brasher,
1992; Francis & Culpepper, 1989; Hansen, Jacobs, Thijs, Dendale,
& Claes, 2016; Knight, Stuckey, & Petrella, 2014; McArdle, Katch,
Pechar, Jacobson, & Ruck, 1972; Perroni, Cortis, Minganti,
Cignitti, & Capranica, 2013; Petrella, Koval, Cunningham, &

Paterson, 2001; Santo & Golding, 2003; Sykes & Roberts, 2004;
Webb, Vehrs, George, & Hager, 2014). In our study we found
a significant relationship between estimated and measured
VO,max for the total sample, with R?0.24 for AHraw and 0.36 for
AHcomplete. However, when dividing the groups by sex and
experimental group (ATH and CON), the R? ranged from 0.01 to
0.22 for AHraw (with being significant only for women CON),
and 0.06 to 0.24 for AHcomplete (significant for women ATH
and CON, and men CON).

Compared to other studies the absolute measures of agree-
ment showed similar or slightly better validity of the Actiheart
step test for the estimation of VO,max (SEE: 3.98 - 6.31 ml - kg™
min' for AHraw and 3.91 - 6.15 ml - kg™'- min for AHcomplete).
Previous studies reported a SEE of 6.9 - 8.76 ml - kg™ - min-
! for the modified YMCA 3-minute step test in healthy men
and women (Santo & Golding, 2003) and 3.9 ml - kg - min™
for the Chester step test in healthy adults (Sykes & Roberts,
2004). In well-trained men a SEE of 0.28 L - min™ was detected
for the Astrand-Rhyming step test (Astrand & Ryhming, 1954).
Assuming a body mass of 70 kg (not reported in that study) this
would amount to a SEE of 3.6 ml - kg™ - min™.

In the present study, we found a systematic bias of 4.5 ml - kg™
-min” for the total sample for AHraw, indicating that estimated
VO,max was significantly lower compared to the measured
VO,max values. When VO,max was estimated by AHcomplete,
no systematic errors were observed (-1.1 ml - kg™ - min™, non-
significant). Knight et al. (2014) observed a systematic bias
of -6.4 ml - kg™ - min™ for the STEP tool protocol in 40 healthy
men and women, with higher VO, max values in the predictive
vs. maximal test. For the Chester step test a mean systematic
bias of 2.8 ml - kg™'- min™ was reported in university students,
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Figure 1: Bland-Altman plots of AHraw and AHcomplete and the reference method (VO,maxmeas)
for men and women athletes and controls.
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indicating that predicted VO,max was significantly lower com-
pared to the measured VO,max during a maximal treadmill test
(Buckley, Sim, Eston, Hession, & Fox, 2004). We also found a sig-
nificant negative relationship between the mean of measured
and estimated VO,max and the difference between both meth-
ods, indicating that with increasing VO,max the difference
between actual and estimated VO,max increased (r = -0.33 for
AHraw and r =-0.45 for AHcomplete, p < 0.01). This means that
for participants with very high (such as endurance athletes) or
very low aerobic capacity (untrained) the difference between
estimated VO,max by the Actiheart step test and measured
VO,max is larger. In participants with high aerobic capacity the
Actiheart step test thus overestimates actual VO,max, whereas
in participants with low aerobic capacity VO,max is underesti-
mated, independent of which entry mode is used.

In our study, the absolute difference between measured and
estimated VO,max was smaller than 5 ml - kg™ - min™in 41.8%
of the participants for both AHraw and AHcomplete. However,
when VO,max was estimated by use of AHraw, only 28.3% (n =
13) of the athletes had a smaller than 5 ml - kg™ - min™ absolute
difference between measured and estimated VO,max, whereas
when VO, max was estimated by AHcomplete 45.7% (n = 21) of
the participants were within 5 ml - kg™ min”. These results indi-
cate that in endurance trained participants the AHcomplete for
estimating VO,max is more accurate than the AHraw, whereas
in persons with a good VO,max the AHraw setting is sufficient
to predict aerobic capacity.

We assume that the underlying equations of the manufacturer
were originally developed for the estimation of VO,max of the
general population with a limited range of aerobic capacity
and not especially for endurance athletes nor for persons with
low aerobic capacity. Based on our results it would thus seem
necessary to adapt these equations in order to provide more
valid VO,max values for a broader range of aerobic capacities.

Strengths and limitations

A strength of the study is the number of included men and
women covering the upper range of aerobic capacities. In
addition, body composition, RMR, and long-term Actiheart
data (such as SHR and PAL) were available for all participants
and could be entered into the Actiheart software in order to
evaluate the effect on the estimation of VO,max. We also put
effort into measuring “real” VO,max (and not VO,peak) by ap-
plying current criteria for maximal exercise testing (Scharhag-
Rosenberger 2010, Midgley et al. 2008), including the rec-
ommendation that the duration of VO,max tests should last
between 5 and 26 minutes (Midgley et al., 2008). The specific
maximal exercise test in our study was performed on a motor-
ized treadmill and the chosen protocol for the determination of
VO,max was previously shown to induce exhaustion in athletic
and non-athletic persons after 5-9 min (Steiner & Wehrlin, 2011).

A common issue in studies involving maximal exercise testing
is the selection bias, often including fitter individuals than the
general population. In a recent study examining the aerobic
capacity in the Swiss working population VO,max values of
33 and 45 ml - kg’ min” for women and men were reported
(Mundwiler et al., 2017). In our control group, the mean values
for VO,max were 48.4 and 56.6 ml - kg - min™ for women and
men, indicating a higher fitness level in the included partici-
pants compared to the general population.

Step tests, in general, are prone to error. For example, perform-
ing a step test requires the person’s ability to maintain a certain
stepping tempo and technique. Alterations in stepping tech-
nique can affect mechanical efficiency and therefore physi-
ological responses in HR and oxygen consumption (Bennett et
al., 2016). In addition, performing a step test with a pre-defined
fixed step height, might introduce potential error since leg
length, step length, body mass, and morphology vary between
individuals and these differences might result in different indi-
vidual physiological responses.

The mode AHcomplete requires the measurement of RMR, a
long-term assessment of SHR, and a maximum exercise test
for determination of HRmax. These measurements have higher
financial and time costs, and require the same or even more
expertise compared to the direct assessment of VO,max.
However, HRmax can be also measured using a maximum ex-
ercise test without performing a spiroergometry, which makes
its application possible in settings where the equipment for a
respiratory gas analysis is not available. Another limitation of
the AHcomplete mode is that performing a maximum exercise
test (with or without respiratory gas analysis) is not possible in
every population, which limits the application of this mode.
In summary, the mode AHcomplete is only applicable in set-
tings without respiratory gaz analysis equipment and in sub-
jects who can perform a maximum exercise test for determina-
tion of HRmax. We did not verify the validity of an Actiheart
mode where RMR and SHR are entered as measured variables,
and HRmax is estimated. However, using an estimated HRmax
as endpoint for the estimation of VO,max, such as for AHraw,
might introduce error since it was shown that estimations of
HRmax can have a considerable prediction error (Tanaka et al.,
2001). Another potential source of error is the reliance on the
linear relationship between VO, and power output, as shown by
Astrand and Rodahl (1970). However, Zoladz, Rademaker and
Sargeant (1995) found a non-linear relationship between VO,
and power output, which may affect the prediction of VO,max
by use of submaximal tests. Although the non-linearity might
occur predominantly at high intensities above the anaerobic
threshold (Majerczak et al., 2012; Zoladz, Szkutnik, Majerczak,
& Duda, 1998) this underlines the importance of choosing an
individual work rate which is not too high. In addition, it was
shown that there is not always a linear relationship between HR
and VO, (Buckley et al., 2004).
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Conclusion

Based on MAPE, in young adults with good to superior aerobic
capacity the Actiheart step test was not acceptable for estima-
tion of VO,max. The mode AHraw significantly underestimated
VO,max in men and women endurance trained athletes, and
AHcomplete significantly underestimated VO,max in women
athletes. In endurance trained participants one should manu-
ally enter RMR, HRmax, and SHR into the Actiheart software in
order to increase the accuracy of the VO,max prediction. Areas
of future investigation include the repetition of analyses of this
study when performing the Actiheart step test with other step
heights, evaluation of the reliability of the step test, inclusion of
older and more sedentary persons and use in a clinical setting,
and assessing factors such as HR and VO, during the Actiheart
step test to improve the estimation of VO,max.
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Abstract: The maximum aerobic metabolic rate can be expressed in multiple metabolically equivalent
tasks (MET), i.e, METmax. The purpose was to quantify the error when the conventional
(3.5 mL-kg~!-min~!) compared to an individualized 1-MET-value is used for calculating METmax
and estimating activity energy expenditure (AEE) in endurance-trained athletes (END) and active
healthy controls (CON). The resting metabolic rate (RMR, indirect calorimetry) and aerobic metabolic
capacity (spiroergometry) were assessed in 52 END (46% male, 27.9 + 5.7 years) and 53 CON
(45% male, 27.3 & 4.6 years). METmax was calculated as the ratio of VO,max over VO, during RMR
(METmax_ind), and VO,max over the conventional 1-MET-value (METmax_fix). AEE was estimated
by multiplying published MET values with the individual and conventional 1-MET-values. Dependent
t-tests were used to compare the different modes for calculating METmax and AEE (x = 0.05). In women
and men CON, men END METmax_fix was significantly higher than METmax_ind (p < 0.01), whereas,
in women END, no difference was found (p > 0.05). The conventional 1-MET-value significantly
underestimated AEE in men and women CON, and men END (p < 0.05), but not in women END
(p > 0.05). The conventional 1-MET-value appears inappropriate for determining the aerobic metabolic
capacity and AEE in active and endurance-trained persons.

Keywords: resting metabolic rate; maximum oxygen consumption; energy expenditure; endurance
athletes

1. Introduction

The aerobic capacity (maximum oxygen consumption, VO,max) is defined as the highest rate
at which oxygen can be taken up and utilized by the body during an intense large muscle group
exercise [1]. It is used in both athletic and health settings, as a determinant of physical performance [1]
or as a predictor of health risk and longevity [2]. Traditionally, VO,max is expressed as the ratio of
maximum rate of oxygen consumption and body mass (mL-kg~!-min~!). However, expressing VO,max
by normalizing for body mass (1) can be problematic since an m-based ratio is negatively correlated
with m [3] and, therefore, imposes a penalty in heavier subjects, especially since the actual scaling with
m is not linear [4]. This ratio is, thus, inappropriate for studies where VO,max is compared between
groups that are not matched for body size and mass, or when body mass changes over time [5,6]. One
way to remove the effects of m is to adjust VO,max by using the power function relationship VO,max =
am* where a is the scaling constant and k is the scaling exponent [5]. However, there is considerable
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controversy regarding the theoretical value this exponent should take (e.g., k=2/3,3/4 or >3/4) [7,8].
In addition, the effect of m is also a function of body composition since muscle volume is an important
determinant of metabolic capacity while fat tissue is comparatively metabolically inert. This would
imply that fat mass changes would introduce a greater bias as compared to lean mass changes.

Alternatively, the aerobic capacity can be expressed as the maximum aerobic metabolic rate in
a multiple of metabolic equivalent of tasks (MET), i.e., METmax. One MET is defined as the energy
expended by a subject at rest (resting metabolic rate, RMR) of ~1 kcal-kg~1-h~! [9], and is equivalent
to a volume of oxygen consumed of 3.5 mL O, kg’1 -min~! [10]. The MET provides a useful way to
describe and classify physical activities by expressing the specific level of activity energy expenditure
(AEE) (under steady state conditions) in relative value, i.e., as a multiple of RMR. Theoretically, 10 METs
would then correspond to 35 mL O, kg~! -min~!, which is equivalent to ~10 kcal-kg~!-h 1.

The Compendium of Physical Activities provides a five-digit coding scheme linking categories
and types of physical activity with their respective intensity values in METs [9]. It was originally
developed for use in epidemiologic and surveillance studies to standardize the MET intensities for
various types of physical activity used in questionnaires. However, the Compendium is also frequently
applied for determining precise energy costs of activities outside of its original scope. In several
studies, where physical activity questionnaires were applied, the energy expenditure was estimated by
using established MET codes from the Compendium of Physical Activity [11-16].

Several authors have questioned the widespread application of the conventional 1-MET
value [17-20]. The value was derived from measurements of resting oxygen consumption (resting
metabolic rate, RMR) of just one person, who is a 70-kg, 40-year old male, and it was shown that
this value over-estimates [19-26] or underestimates [19] RMR for many types of individuals. RMR
is lower in overweight subjects, declines with age, and is lower in females compared to males [20].
Therefore, estimation of AEE using the conventional 1-MET value might misrepresent actual energy
expenditure. This might lead to inaccurately estimating energy requirements resulting in a positive
or negative energy balance and undesirable and unexpected weight fluctuations. In addition, the
maximum aerobic metabolic rate expressed as METmax might be erroneous when the conventional
1-MET value is used instead of the actual metabolic rate at rest. However, the correct assessment
of oxygen consumption at rest (resting metabolic rate; RMR) requires considerable expense for both
participants and researchers. Therefore, several prediction equations were developed to estimate RMR
(e.g., Harris-Benedict [27], Cunningham [28]), but these also have their limitations [29,30].

Purpose of the study was to quantify the error when the conventional compared to an
individualized 1-MET value is used for (1) calculating METmax, and (2) estimating energy expenditure
for various daily physical activities, in endurance trained women and men, and active healthy controls.
It was further investigated whether the use of a predicted RMR by the Harris-Benedict equation would
reduce such an error. It was hypothesized that the use of the conventional 1-MET value would lead to
relevant errors in both calculating METmax and estimating energy expenditure in comparison with an
individualized approach.

2. Materials and Methods
2.1. Participants

After a public announcement, 68 competitive endurance athletes (31 women, 37 men; regular
endurance training volume >300 min-wk~! and participation in competitions) and 63 healthy,
non-endurance-trained active controls (34 women, 29 men; max. 150 min-wk~! moderate endurance
training) were recruited for this study. Inclusion criteria for all participants were weight stability (<2 kg
of weight difference in the last 3 months), a Body Mass Index (BMI) between 18.5 and 25 kg-m’z,
and an age between 18 and 40 years. All participants were non-smokers, not pregnant or lactating,
not dieting, not suffering from metabolic disease and/or eating disorders, and not taking medication
(apart from contraceptives). Athletes did not change their training habits within the last four weeks
before the experiments (e.g., due to injury or disease).
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The Regional Ethics Committee of the Canton Berne, Switzerland (KEK-number 090/15) approved
all experimental procedures, and the study was carried out according to the recommendations of the
latest Helsinki Declaration. Written informed consent of the participants was obtained before any testing.

2.2. Study Design

The participants arrived to the testing center on two separate testing days and had refrained
from strenuous physical activity for at least 24 h. On the first testing day, the participants completed,
in a fasting state (>12 h absence of any food or fluid intake, >36 h absence of alcohol or caffeine
intake) measurements in the following order: (1) anthropometry and body composition, (2) RMR,
and (3) individual calibration of a combined heart rate (HR) and movement sensor (see below). One
week after the first testing day, the participants performed an incremental exercise test (VOpmax) in a
non-fasted state. On the days between the two testing days, the participants wore the HR and movement
sensor for at least 7 days. All tests were carried out in Magglingen (Switzerland) at an altitude of 950 m.

2.3. Anthropometric Data and Body Composition

Height and body mass were measured to the nearest 0.5 cm and 0.1 kg using a height rod (Seca
213, Seca, Hamburg, Germany) and a calibrated beam scale (Seca 877, Seca, Hamburg, Germany),
respectively, with the participants in light clothing and without shoes.

Body composition was assessed using Lunar iDXA (GE Healthcare, Madison, WI, USA). The iDXA
was calibrated on a daily basis using a calibration phantom before any testing. The participants were in
underwear, bladder-voided, and all metal artefacts were removed. During the measurement, participants
were in a supine position on the scanning table with their ankles and legs fixed using supports. Arms were
positioned to the side with the palms flat on the table. Participants were requested not to move during the
measurement. Whole body scans were performed, according to the manufacturer’s instructions. Adipose
tissue mass, lean tissue mass, and bone mineral content were derived with the accompanying software
(enCore software v. 11.10, GE Healthcare, Madison, WI, USA). Estimation of total body composition with
the Lunar iDXA has been reported to be excellent in other studies [31,32].

2.4. Resting Metabolic Rate

Following the body composition assessment, RMR was measured by indirect calorimetry using
a ventilated hood system (Quark CPET, COSMED Srl, Rome, Italy). Calibrations of the flowmeter
and gas analyzer were carried out before each test, according to the manufacturer’s instructions.
Participants were acclimatizing and relaxing for 30 min on a bed before the hood was placed over the
participant’s head and measurements were started. VO, and carbon dioxide production (VCO,) were
measured for 30 min at 10-s intervals with participants remaining motionless in a supine position in a
thermo-neutral environment (20-25 °C [33]). The first 5 min were eliminated as the acclimatization
artifact. From the remaining 25 min, the interval of 5 consecutive minutes with the lowest means of the
coefficients of variation (CV) for VO, and VCO; was chosen. By use of the abbreviated Weir equation,
RMR was calculated [34]. Pre-hoc exclusion criteria were values of CV of VO, and VCO, >10% and
respiratory quotient (RQ, defined as the ratio of VCO, and VO,) <0.70 and >1.00, since values outside
the plausible range for RQ suggest protocol violations or inaccurate gas measurements [33]. Average
RQ during RMR measurement was 0.76 £ 0.04 and the CV of VO, and VCO; were 3.6 £ 1.5% and
4.5 + 1.9%, respectively. RMR measurements took place at a mean temperature of 21.9 £ 1.1 °C,
39.1 £ 10.3% humidity, and an air pressure of 914 & 8 hpa.

2.5. Measurement of VO,max

Before the test, each participant filled out the German [35] or French [36] version of the Physical
Activity Readiness Questionnaire (PAR-Q). Only if participants answered all items with “no,” the exercise
testing was started. The test was performed on a treadmill (women: model Mercury, men: model Venus,
h/p/Cosmos Sports & Medical GmbH, Traunstein, Germany). After a 5-min warm-up jog, non-athletic
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participants began running at 7 km-h~!, whereas participants from the athletic group started at 9 km-h~!.
The speed was increased by 1 km-h1 every minute for the first 3 min of the test, and, thereafter, by 0.5
km-h~! every 30 s until exhaustion. Treadmill inclines were set at 4° throughout the test [37]. Gas
exchange was measured breath-by-breath with an open-circuit system (Quark CPET, COSMED 6511,
Rome, Italy). Calibration was performed before each test, according to the manufacturer’s instructions.
VO, data was processed using 10-s time averages and VO,max was determined as the highest 30-s
VO, average for the test [38]. HR was continuously registered with a wireless HR monitoring system
(model 57990, COSMED Srl, Rome, Italy). The participants’ rating of perceived exertion (RPE) was
assessed immediately after the test with Borg’s RPE scale [39]. If the primary criteria of a plateau
in oxygen uptake (defined as an increase of VO, <2.1 mL-kg~!-min~! [40]) was not reached by the
participant (n = 4), then the secondary criteria of a RQ value >1.10, and an HR close (+ 10 bpm) to the
age-predicted maximum HR [41] were used to determine whether the participant reached maximal
effort and VO,max [42]. VO,max-tests were carried out at a mean room temperature of 21.7 1.2 °C, a
humidity of 39.2 £ 9.8%, and an air pressure of 914 £ 7 hpa. In general, a temperature range of 20 to 22
°Cin a cool, dry environment (<50% humidity) is considered comfortable for exercise testing [43].

2.6. Calculation of METmax and Estimation of Energy Expenditure

METmax was calculated in two modes, which are the ratio of (1) VO,max (mL-min~!) over VO,
during RMR measurement (METmax_ind), and (2) the VO,max (mL-min~1') over the conventional
1-MET value (3.5 mL‘kg_1 ‘min~!, METmax_fix). For calculating activity energy expenditure (AEE)
activities, different MET intensities were chosen: light (<3 METs), moderate (3-5.99 METs), vigorous
(6-8.99 METs), and very vigorous (=9 METs) activity [44]. MET values for the different activities were
achieved by using the Compendium of Physical Activities [9]. AEE of the different activities was
estimated by multiplying the MET value (1) with the individual 1-MET value (AEE_ind), (2) with
the conventional 1-MET value (AEE_fix), and with the predicted RMR by using the Harris-Benedict
equation (AEE_pred). For estimating the total energy expenditure (TEE), three different physical activity
levels (PAL) were chosen including a sedentary or light activity lifestyle (PAL 1.53), a moderately active
or active lifestyle (PAL 1.76), and a vigorously active lifestyle (PAL 2.25) [45]. The different PAL values
were then multiplied (1) with the individual 1-MET value (TEE_ind), (2) with the conventional 1-MET
value (TEE_fix), and (3) with the predicted RMR by use of the Harris-Benedict equation (TEE_pred).

2.7. Physical Activity Level (PAL)

The PAL of the participants was assessed using a combined HR and movement sensor (Actiheart;
Cambridge Neurotechnology Ltd., Papworth, UK). The Actiheart was clipped onto two standard
ECG electrodes (3M™ Red Dot™ Electrode 2560; 3M Health Care, St. Paul, USA) on the chest of the
participant, according to the manufacturer’s instructions, and worn day and night [46]. The device was
calibrated for each participant using a standard step test, which is a built-in function of the Actiheart
software version 4.0.92 (Cambridge Neurotechnology Ltd., Papworth, UK). AEE was estimated by
analyzing 6 full-day (24 h) recordings of HR and body movement with a 15-s averaging epoch setting.
Participants were requested to continue their habitual life routine and physical activities during the
recording period. TEE was calculated as the sum of RMR, AEE, and diet-induced thermogenesis
(estimated as 10% of TEE [47]). PAL was then calculated as TEE/RMR. The Actiheart was shown
to give accurate estimations of AEE during a wide range of activities in male and female subjects of
various ages, body mass, and fitness levels [48-52].

2.8. Statistics

Statistical analyses were performed with SPSS statistics version 24 for MS-Windows (IBM Corp.,
Chicago, IL, USA). Mean values and standard deviations (SD) were calculated and data was checked for
normality using the Shapiro-Wilk-test. All parameters were normally distributed with the exception of age,
body mass, body mass index (BMI), body fat (%), fat-free mass (FFM; kg), RMR (kcal-day’l), VO,max
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(L-min1), RQrest, and AEE/TEE calculated either by use of the conventional, predicted, or individual
1-MET value. Group differences were tested by independent t-tests and Mann-Whitney-U-tests (o« = 0.05).
The relationship between the two modes for calculating METmax and the relationship between VO,max
and RMR were first investigated using the Pearson’s Product moment correlation analysis. The correlation
coefficients (r) were classified, according to Cohen [53]. An r between 0.10-0.29 was considered small,
between 0.30-0.49 was considered moderate, and between 0.50-1.0 was considered showing a strong
association. The data were further analyzed using dependent ¢-tests. In addition, the mean absolute error
(MAE) and the mean absolute percentage error (MAPE) of METmax_fix compared to METmax_ind were
calculated. Since no standardized threshold exists for high or low MAPE, a MAPE >10% was considered an
indicator of inaccuracy as suggested by other authors [54-57]. The standard error of the estimate (SEE) was
calculated by linear regression, where METmax_ind was entered as a dependent variable and METmax_fix
as an independent variable. For differences in estimating AEE/TEE by use of the individual, predicted,
and conventional 1-MET value, the Wilcoxon signed-rank test for dependent samples was applied.

3. Results
3.1. Participants

Nine participants who did not meet the pre-defined inclusion criteria (e.g., BMI <18.5 or
>25.0 kg-m 2, age <18 or >40 years, not weight stable), 9 participants with invalid RMR tests (e.g., RQ
<0.70 or >1.00, CV of VO, and VCO, >10%), and 7 subjects without a valid VO,max test (e.g., no
plateau or other criteria for the maximal effort reached) were excluded from the analysis. One
participant withdrew from the study due to personal reasons. In total, data of 57 women and 48 men
were included in the analysis. The subjects were grouped, according to their aerobic fitness level
(METmax_ind). Male and female participants with a METmax_ind above the 50th percentile were
classified as endurance trained participants (END, n = 24 and n = 28, respectively). Subjects with
a METmax_ind below the 50th percentile served as healthy, non-endurance trained active controls
(CON, 24 men and 29 women). In Table 1, anthropometric data, body composition, RMR, and VO,max
of the participants are displayed. Women END had a significantly lower body fat percentage and BMI
and higher PAL than CON (p < 0.05). In men, no significant differences between groups were obtained
for body composition, RMR, and PAL (p > 0.05). The individual 1-MET value was significantly higher
than 1 1<ca1-kg_1 -h~! in men and women CON, and men END (p < 0.05). When RMR was predicted
by the use of the Harris-Benedict equation, the RMR was significantly lower than 1 kcal-kg~!-h~!
in women CON, and higher in men CON and END (p < 0.05). The range of VO,max was 2.2-3.9
L-min~! or 34.4-62.0 mL-kg~!-min~! for women and 2.5-5.3 L-min~! or 42.8-78.4 mL-kg~!-min~!
for men, respectively. Men and women END had significantly higher aerobic capacity compared to
CON (p < 0.01). In Figure 1, the relationship between VO,max and RMR is displayed. There was a
significant positive relationship between VO,max and RMR in all subgroups (p < 0.0001).

Table 1. Overview about included endurance trained participants (END) and healthy controls (CON)
with a valid resting metabolic rate (RMR) and maximum oxygen consumption (VO,max) measurements.
Data are presented as Mean + SD.

Women Men
CON (#n=29) END (n=28) CON (n = 24) END (n = 24)

Age (years) 27.6 + 4.1 39.0 £ 6.1 27.0+52 26.6 +5.0
Body mass (kg) 60.7 + 6.7 59.6 + 6.3 720 +74 708+ 7.3
Height (cm) 167 + 6 169 + 6 178 + 6 180 + 6
BMI (kg-m~2) 21.7+1.6 2084152 227422 21.8+1.8
Fat mass (%) 271+55 237 +44°2 159 +£55 152 +4.7
FFM (kg) 45.0+49 4624+ 4.9 61.3 +5.7 60.8 + 7.2
PAL! 1.8+02 21+02% 1.8+03 19403
RMR

(kcal-day~1) 1505 =+ 155 1457 + 148 1873 + 186 1824 + 198

(kcalkg~l-day~1) 249+ 19 245+21 261+ 1.8 259 +£25
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Women Men

CON (=29 END@=28  CON (n=24) END (1 = 24)
(kcal-kg=1-h~1)  1.04 +0.08° 1.02 £ 0.09 1.09 +0.077 1.08 +0.10°
RMRpred 5 5 7
(keal-kg~1-h1) 0.98 + 0.05 0.99 + 0.05 1.03 4 0.05 1.04 & 0.04
RQrest 0.76 + 0.04 0.76 %+ 0.04 0.76 %+ 0.06 0.75 4 0.04
VO,max

(L-min~1) 29+04 3340473 41405 454053

(mL-kg~lmin~1) 483 £5.1 553 +£4.14 56.8 & 5.7 641 +614

BMI = body mass index, FFM = fat-free mass, PAL = physical activity level, RMRpred = RMR predicted by use of the
Harris-Benedict equation, RQrest = respiratory quotient at rest. 1 Valid Actiheart data available for 46 females (22 CON
and 24 END) and 35 males (16 CON and 19 END). ? Significantly different from CON of the same sex group (p < 0.05).
3 Significantly different from CON of the same sex group (p < 0.01). 4 Significantly different from CON of the same sex
group (p < 0.0001). 5 Significantly different from the value of 1 kcal-kg~!-h~! (p < 0.05). © Significantly different from
the value of 1 keal-kg~!-h~! (p < 0.01). 7 Significantly different from the value of 1 kcal-kg~*-h~! (p < 0.0001).
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Figure 1. Resting metabolic rate (RMR) and maximum oxygen consumption (VO,max) in (a) women

and (b) men who were endurance trained subjects (END) and healthy controls (CON).
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3.2. Calculation of METmax

METmax_ind and METmax_fix in women and men CON correlated (r = 0.69 and r = 0.78,
respectively, p < 0.0001, Table 2). The MAE, MAPE, and SEE are presented for all groups in Table 2.
In women and men CON, and men END METmax_fix significantly overestimated METmax (p < 0.01),
whereas, in the women END, there was no difference (p > 0.05). When looking at the total sample,
METmax_fix significantly overestimated METmax, compared to the use of the individual 1-MET value
for its calculation (16.0 & 2.2 vs. 15.1 &= 1.6, p < 0.0001). The range of MAPE was 6.6% to 11.3% across all
groups. METmax_ind was significantly higher in men and women END compared to their non-athletic
counterparts (p < 0.0001, Figure 2).

Table 2. Values and concurrent validity of the maximum metabolic equivalent of tasks (METmax) by
use of the individual (METmax_ind) and conventional (METmax_fix, 3.5 mL-kg~!-min~!) 1-MET-value
for calculating in endurance trained participants (END) and healthy controls (CON). Data are presented

as Mean =+ SD.
Women Men
CON (n=29) END (n = 28) CON (n=24) END (n =24)
METmax_ind 13.3+0.92 155+1.0! 149 +0.83 16.9 + 0.7 12
METmax_fix 13.8 £ 14 159+ 121 163 £ 1.6 183+ 1.81
r value 0.694 0.24 0.784 0.10
MAE 0.9 +0.8 1.0 £ 0.9 15+09 19+13
MAPE (%) 6.6 +6.2 6.8+62 103 +5.9 113+ 7.6
SEE 0.63 1.03 0.52 0.70

! Significantly different from CON of the same sex group (p < 0.0001). ? Significantly different from METmax_fix of
the same sex and experimental group (p < 0.01). 3 Significantly different from METmax_fix of the same sex and
experimental group (p < 0.0001). * Correlation significant at p < 0.0001.

20 OCON MEND 80 0CON mEND
18 — 70
J
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16 T € 60
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< T 50
%12 b T
g :
&= 10 40
S} 8 E
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’ g, 20
4 o
10
0 0
women men women men

(a) (b)

Figure 2. (a) Maximum metabolic equivalent of task (METmax) and (b) maximum oxygen consumption
(VOymax) in women and men who were endurance trained subjects (END) and healthy controls (CON).

3.3. Estimation of AEE/TEE

The conventional 1-MET value significantly underestimated the energy expenditure of all activities
in men and women CON and men END (p < 0.05), whereas, in women END, no difference was
observed (p > 0.05, Table 3). For example, when the energy expenditure during one hour of running
was estimated by use of the individual 1-MET value, the AEE was in the mean 32 kcal-h—1,97 kcal-h 1,
and 84 kcal-h~! higher in women and men CON, and men END, respectively, compared to the use
of the conventional 1-MET value for its calculation. When AEE was calculated based on an RMR
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estimated by use of the Harris-Benedict equation in all subgroups, estimated AEE was significantly
lower than AEE_ind for all activities (p < 0.05).

Table 3. Calculation of activity energy expenditure (AEE) for one hour of activity (either light, moderate,
vigorous, and very vigorous) by multiplication of the individual (AEE_ind), conventional (AEE_fix),
and predicted (AEE_pred) 1-MET value with published MET values of specific activities [9]. Data are
presented as Mean + SD.

Women Men
CON (n=29) END (n = 28) CON (n=24) END (n = 24)

Light activity (e.g., sitting tasks, Code 11580, 1.5 METs)

AEE_ind (kcal-h™1) 94 +10 91+9 117 + 12 114 + 12
AEE_fix (kcal-h—1) 91+10! 89 + 10 108 £ 113 106 + 112
Mean difference AEE_ind—AEE_fix (kcal-h~1) 3+7 2+8 9+8 8+ 10
AEE_pred (kcal-h™1) 89 +52 88+51 110 + 82 110 + 82
Mean difference AEE_ind—AEE_pred (kcal-h~—1) 617 3+8 7+8 4+38
Moderate activity (e.g., organizing room, Code 05125, 4.8 METs)
AFE_ind (kcal-h~1) 301 + 31 291 + 30 375 + 37 365 + 40
AEE_fix (kcal-h™1) 292 +321 286 + 30 346 + 363 340 + 352
Mean difference AEE_ind — AEE_fix (kcal-h~1) 10 £ 23 5424 29 + 26 25 4+ 33
AEE_pred (kcal-h™1) 283 + 162 281 + 171 353 + 262 352 + 272
Mean difference AEE_ind—AEE_pred (kcal-h—1) 18 24 11+24 22 +24 13 +£27
Vigorous activity (e.g., stair climbing, Code 17130, 8.0 METs)
AEE_ind (kcal-h—1) 502 4 52 486 + 49 625 =+ 62 608 =+ 66
AEE_fix (kcal-h™1) 486 + 541 477 4+ 51 576 & 603 566 =+ 58 2
Mean difference AEE_ind—AEE_fix (kcal-h—1) 16 +38 9441 48 £43 42 £55
AEE_pred (kcal-h™1) 472 + 272 468 +£291 589 + 432 587 + 442
Mean difference AEE_ind—AEE_pred (kcal-h—1) 30 + 39 18 + 40 36 + 41 21 + 45
Very vigorous activity (e.g., running 11 mph, Code 12130, 16 METs)
AEE_ind (kcal-h™1) 1004 + 103 971 4+ 99 1249 + 124 1216 + 132
AEE_fix (kcal-h™1) 972 +£ 1071 953 + 101 1152 + 119 3 1132 + 1172
Mean difference AEE_ind—AEE_fix (kcal~h*1) 32+75 18 + 81 97 + 85 84 + 110
AEE_pred (kcal-h™1) 944 + 542 934 + 571 1177 + 852 1174 + 892
Mean difference AEE_ind—AEE_pred (kcal-h—1) 59 +78 36 = 80 72 £ 81 42 £ 89

! Significantly different from AEE_ind of the same experimental and sex group (p < 0.05). 2 Significantly different
from AEE_ind of the same experimental and sex group (p < 0.01). 3 Significantly different from AEE_ind of the
same experimental and sex group (p < 0.0001).

TEE was significantly underestimated in men and women CON, and men END when the
conventional 1-MET value was used for estimating RMR and a PAL of 1.53, 1.76, or 2.25 was applied
for calculating TEE (p < 0.05, Table 4). The range of the mean difference between TEE_ind and TEE_fix
was 41-222 kcal-day ! for a PAL of 1.53, 47-255 kcal-day ! for a PAL of 1.76, and 60-326 kcal-day !
for a PAL of 2.25 across all groups. When TEE was calculated based on an RMR estimated by use of
the Harris-Benedict equation, estimated TEE was still significantly lower than TEE_ind for all PAL
values in all subgroups (p < 0.05).

Table 4. Total energy expenditure (TEE) calculated with the individual (TEE_ind), conventional (TEE_fix),
and predicted (TEE_pred) 1-MET value for a sedentary or light activity lifestyle (PAL 1.53), an active or
moderately active lifestyle (PAL 1.76), and a vigorous or vigorous active lifestyle (PAL 2.25) [45].

Women Men
CON (n=29) END (n = 28) CON (n=24) END (n = 24)

Sedentary or light activity lifestyle (PAL 1.53)

TEE_ind (kcal-day~!) 2303 + 237 2229 + 226 2866 + 285 2790 + 303
TEE_fix (kcal-day~1) 2230 + 2461 2188 + 232 2645 + 2733 2598 + 268 2

Mean difference TEE_ind—TEE_fix (kcal-day_l) 73 £ 173 41 4+ 186 222 + 196 192 £+ 253
TEE_pred (kcal-day ') 2167 + 1242 2146 + 1311 2702 + 1952 2694 + 204 2

Mean difference TEE_ind—TEEpred

(kcal-day 1) 136 £ 180 83 £ 183 164 + 186 96 & 205
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Table 4. Cont.

Women Men
CON (n=29) END (n = 28) CON (n =24) END (n = 24)

Active or moderately active lifestyle (PAL 1.76)

TEE_ind (kcal-day~!) 2649 + 272 2564 + 260 3297 + 327 3210 + 348
TEE_fix (kcal-day 1) 2565 + 283 1 2517 4 267 3042 + 3143 2989 + 308 2

Mean difference TEE_ind—TEE_fix (kcal-dayfl) 84 + 199 47 + 214 255 + 225 221 £+ 291
TEE_pred (kcal-day 1) 2493 + 1432 2468 + 1511 3108 + 2242 3099 + 2342

Mean difference TEE_ind—TEEpred

(kcal-day 1) 157 £ 207 95 £ 211 189 £+ 215 111 £+ 236

Vigorous or vigorous active lifestyle (PAL 2.25)

TEE_ind (kcal-day 1) 3387 + 348 3277 + 332 4215 + 418 4102 + 445
TEE_fix (kcal-day 1) 3279 + 361! 3217 + 342 3889 + 4023 3821 + 3942

Mean difference TEE_ind—TEE _fix (kcal-dayfl) 108 + 254 60 + 273 326 + 288 282 + 372
TEE_pred (kcal-day 1) 3186 + 1832 3156+ 1931 3974 + 2872 3962 + 300 2

Mean difference TEE_ind—TEEpred
(kcal-dayfl)

1 Significantly different from TEE_ind of the same experimental and sex group (p < 0.05). 2 Significantly different
from TEE_ind of the same experimental and sex group (p < 0.01). 3 Significantly different from TEE_ind of the same
experimental and sex group (p < 0.0001).

201 £ 265 122 + 270 241 + 274 141 £+ 301

4. Discussion

Aims of the study were to quantify the absolute and relative errors when the conventional 1-MET
estimated value (defined as a constant viz. 1 kcal-kg~!-h~!) was compared to an individualized RMR
value measured by indirect calorimetry. Both values were used as the baseline for calculating METmax
and they were compared to determine whether the use of a measured (rather than predicted) RMR
would reduce the relative and absolute error of prediction of METmax.

In endurance trained men of the present study, METmax was significantly overestimated and
predicted that the resting energy expenditure was slightly underestimated when the conventional
standard 1-MET value was used for their calculation. In the endurance trained women, no differences
between the conventional vs. individual 1-MET value were found so that the estimation of METmax
was marginally higher by 0.4 METs only, as compared to the measured value (Table 2).

In men and women controls, and endurance trained men, the individual 1-MET value was
significantly higher than the conventional and fixed 1-MET value (p < 0.05). Therefore, it can be
concluded that the use of the conventional 1-MET value is inappropriate for determining the aerobic
metabolic capacity and estimating the daily activity related energy expenditure (using a METs table) in
active people and endurance trained athletes.

These findings are in contrast to the majority of published studies, where the measured individual
1-MET value in women was mostly lower than 3.5 mL-kg~!-min~! or 1 kcal-kg~!-h~!. For example, in
a study of Byrne et al., the mean resting energy cost was 2.56 mL-kg~!'min~! or 0.84 kcal-kg~!-h~1 [17].
However, they measured RMR in a large, heterogeneous sample, comprising many women and less
men, with a wide age range (18-74 years) as well as the BMI range (13.8-57.5 kg-m~2). Indirect
calorimetry measurements were made (1) with a comfortable hood system (and not with face mask
or mouthpiece, which are known to generate slightly higher RMR values, [58]), (2) under strictly
standardized conditions with participants fasting for at least 12 h and no exercise allowed the day
preceding testing, and (3) a 25-min period at steady state of a total 45 min RMR measurement was
chosen for analysis. They also found that fat mass and FFM accounted for 62% of the variance in resting
VO,. In a review of McMurray et al. examining RMR in healthy adults, the mean value for RMR was
0.86 kcal-kg~!-h~1, as expected, which is higher for men than women, decreases with increasing age,
and is less in overweight/obese than normal weight adults [20]. Adults with a BMI >30 kg-m 2 had
the lowest RMR (<0.74 kcal~kg’1 hh.

In a previous study, the RMR of adolescents, pregnant and post-pregnant women, and active men
was measured [19]. A significantly higher relative RMR in adolescents compared to the conventional
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1-MET value was found, whereas, in the other subgroups, no differences were observed. When
reviewing data on endurance trained men and women whose RMR was measured using indirect
calorimetry, similar results to the present study were obtained: women were expending, on average,
1.11 kcal-kg'-h~1, and men 1.13 kcal-kg~!-h~! [59-67]. In these experimental studies, the use of
the conventional fixed 1-MET value led to considerably greater error in endurance trained men and
women compared to the measured RMR value. In the present study, endurance trained men also
demonstrated a significantly higher individual RMR value compared to the conventional theoretical
1-MET value. In addition, participants in the control groups also had significantly higher individual
1-MET values. Incidentally, it should be noted that the participants who were assigned to the control
group are not representative of the general population of Switzerland, which comprises a majority of
moderately active and sedentary individuals. In other words, the individuals of the present sample
were more physically active and had a “normal” BMI. For comparison purposes, Swiss men with a
mean age of 42 years had a relative body fat percentage of 21.0% [68], which is a slightly elevated value.
In a sample of Swiss women (1 = 64) with a mean age of 27 years, more than two-thirds (70.3%) had a
body fat percentage >30% [69], which indicates the presence of a high percentage of plump women.
Since fat mass is the strongest predictor of the variability of resting VO, [17], such differences in body
composition (higher relative FFM in the present study) might explain the higher individual 1-MET
value of the controls compared to the values reported in the literature. In any case, these findings
underline the limits of using a fixed standard 1-MET value.

4.1. Calculation of METmax

The present study addressed how much relative and absolute error the use of the conventional
1-MET value would introduce when used for calculating METmax. In 79% of the women and 88%
of the men CON, and 83% of the endurance trained men (END), the conventional 1-MET value
overestimated METmax, which resulted in a significant overestimation of the mean aerobic metabolic
capacity in these groups. The MAPE was 6.6%, 10.3%, and 11.3% in both women and men CON, and
men END, respectively, and 35%, 50%, and 46% of the women and men CON, and men END had a
MAPE >10%, respectively. Generally, a MAPE >10% can be considered to be a marker for inaccurate
measurements [54-57]. Therefore, the authors of the present study strongly encourage researchers and
any other person, who wants to determine the aerobic metabolic capacity of active subjects, to measure
RMR before a maximum exercise test is conducted. Since proper assessment of RMR requires further
expertise, equipment, and time, and is somewhat cumbersome for the participant, RMR should be at
least estimated using established equations, such as the Harris-Benedict [27] or the Cunningham [28]
formulas. Another possibility would be the direct assessment of resting VO, of the subject prior to
exercise testing while standing still on the treadmill or sitting quietly on a bike. However, it is unclear
whether this resting VO, is more appropriate for calculating METmax than using a conventional or
estimated value for RMR.

4.2. Estimation of AEE, TEE, and Physical Activity Level (PAL = TEE/RMR)

As the second purpose, the error when the conventional 1-MET value was used for estimating
daily energy expenditures was investigated. Large differences using the individual and conventional
1-MET values for estimating energy expenditures were observed. In women and men CON, and
men END, the conventional 1-MET value significantly underestimated the energy expenditure of
several physical activities and total daily energy expenditure. For example, using a PAL of 2.25 for
estimation of TEE, reflecting a rather active lifestyle, led to an underestimation of energy requirements
of 108 kcal~day’1, 326 kcal~day’1, and 282 kcal-day’1 for women and men CON, and men END,
respectively, when the conventional 1-MET value of 1 kcal-kg~!-h~! was used. In the endurance
trained women of this study, no difference between the individual and conventional 1-MET value
was found when energy requirements were calculated. This is because the difference between the
individual and conventional 1-MET value was not significant.
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PAL and MET values are frequently used for estimating energy requirements in athletes. However,
using the conventional 1-MET value for their calculation might underestimate (true) energy costs of
their activities and might promote insufficient energy intake, especially in situations when athletes wish
to control their energy balance (e.g., for weight loss or maintenance). Besides the possible undesirable
effects on body mass and body composition, the underestimation of energy costs and further advised
erroneous energy intakes might also lead to a higher risk of suffering from Relative Energy Deficiency
in Sport (RED-S), its concomitant symptoms, and a decrease in endurance performance [70]. Therefore,
it can be recommended to either (1) measure directly the energy costs of physical activities or daily
energy requirements using validated and objective measures, (2) measure RMR and use the individual
1-MET value for estimating energy requirements, or, in the case that both options are not possible,
to (3) estimate RMR using established formulae and use a corrected 1-MET value for estimating the
energy expenditure.

Most often in the general population, the individual 1-MET value is significantly lower than the
conventional 1-MET value [19-26]. Therefore, in the general population, the use of the conventional
1-MET value is mostly overestimating energy costs of activities, as shown previously by others [21,23].
This overestimation of energy requirements might, thus, promote a positive energy balance and could
contribute to a higher risk for obesity and concomitant diseases. Several authors recommend the
use of corrected MET values to account for personal variation in sex, body mass, height, and age in
order to estimate the individual physical activity level more accurately [17,18]. Hereby, the standard
1-MET value of 3.5 mL-kg~!-min~! is divided by a predicted RMR obtained from the Harris-Benedict
equation [27]. The authors found a significant reduction of underestimation and misclassification of the
MET values when a corrected 1-MET value was used. Howley (2011) stated that the ratio of the work
metabolic rate to measured RMR should not be called “METs,” since METs are, by definition, restricted
to a denominator of 3.5 mL-kg~!-min~! [71]. In the present study the use of a predicted 1-MET value
by using the Harris-Benedict equation reduced the mean difference in energy expenditure estimation
between the use of a measured and estimated RMR in men, whereas, in women, the mean difference
was even higher than the use of the conventional 1-MET value. Therefore, the use of corrected METs
might be useful for estimating individual energy costs in some cases, whereas the standard MET values
can help classify the intensity of physical activities, when different studies are compared. Lastly, it
must be stated that neither the standard nor the use of a corrected 1-MET value can replace the direct
assessment of energy expenditure by either measuring oxygen consumption during physical activities
or by using the doubly labeled water technique.

4.3. Strengths and Limitations

This is the first study with the purpose to assess the individual 1-MET value in endurance
trained athletes. Expressing aerobic capacity as a ratio of maximum oxygen consumption divided
by oxygen consumption at rest is a suitable measure in endurance trained athletes and healthy,
active controls. A big advantage of the METmax calculation is that the denominator (RMR) already
takes into account the metabolic and physiological characteristics of the individual at the baseline,
so that inter-individual (e.g., comparisons between groups of different age, sex, body composition,
physiological status, ethnicity) and intra-individual (e.g., change of body composition throughout
different observation time points) comparisons of METmax will not be biased by a difference or change
of these characteristics. The readjustment of RMR (upward or downward) will not bias the validity of
the new METmax recalculation. Another advantage of the present study is the focus on strict protocols
for assessment of the variables, e.g., RMR was measured in the early morning after an overnight
fast with subjects abstaining from vigorous exercise for >24 h. Assessment of body composition was
performed with a gold standard method viz. dual x-ray absorptiometry.

However, some limitations must be addressed. First of all, the control participants do not
reflect the typical, less physically active Swiss population. For example, the METmax of the control
participants was “only” two units less when compared to their endurance-trained counterparts.
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In addition, the fat mass percentage might be lower in the control participants compared to the general
population. On the other hand, the physical activity level, body composition, and the aerobic capacity
of the control participants might reflect the recommended “normal” human phenotype, i.e., physically
active and “normal” BMI. Nevertheless, inclusion of a sedentary overweight (or obese) control group
would give additional insights about the error when using the conventional 1-MET value for both
determining the aerobic metabolic capacity and estimating the energy expenditure in these populations.
Generally, it must be stated that estimating the energy expenditure using published MET values of
the Compendium of Physical Activities must be taken with caution since the published MET values
are often based on only one reference. Therefore, it can be expected that there is a wider variance in
estimated AEE compared to the direct assessment of oxygen consumption during various physical
activities [9]. In the present study, the dietary intake data (diary) were not analyzed, since the validity
of self-reported energy intake data is highly questionable [72]. However, assessment of the total energy
expenditure by use of objective validated tools (e.g., doubly labelled water) would have given further
information about the interplay with energy requirements and aerobic metabolic capacity.

5. Conclusions

The use of a conventional 1-MET value appears inappropriate for determining the aerobic
metabolic capacity and estimating the daily energy expenditure in active and endurance-trained
persons. When the conventional standard 1-MET value was used, the predicted resting energy
expenditure was slightly but significantly underestimated (above all in men). As a result, the calculation
of METmax was significantly overestimated due to the underestimation of the denominator.
Furthermore, the energy costs of non-maximal physical activities should also be underestimated
when the conventional 1-MET value is used and this might lead to an underestimation of energy
requirements for a given physical activity. For valid assessment of METmax (calculated from VO,max),
measuring RMR by indirect calorimetry is recommended or, if not possible, estimating RMR is
recommended using published validated equations tailored to the characteristics of the group studied
in terms of age, gender, body composition (FFM), physiological status (i.e., pregnancy), and ethnicity.
For estimating energy requirements, it can be recommended to (1) either measure directly the energy
expenditure by use of validated tools, or (2) measure (or at least estimate) RMR and use appropriately
adjusted MET values published in the literature [9] for estimating the energy costs of various structured
exercises as well as free-living daily physical activities.
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