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Abstract

Background: In intermittent team and racquet sports, metabolic loads are rarely investigated as they are difficult to
examine, e.g., by portable metabolic carts and lactate measures. However, determining the instantaneous metabolic
power of intermittent running from acceleration and speed data is possible. Recently, this potential has gained more
interest in research and practice due to the development of player tracking technologies that allow easy access to
the required data. The aim of this review was to systematically investigate the validity and point out the evidence of
this new approach for estimating metabolic loads in intermittent sports. To provide an in-depth understanding of this
approach and its validity, the fundamental aspects of the underlying concept were also considered.

Methods: PubMed® Cochrane Library, Web of Science™, and BISp-surf databases were included in the search con-
ducted on March 1, 2021. Studies assessing physiological and methodological validation as well as conceptual studies
of the metabolic power approach in intermittent sports players without diseases or injuries were deemed eligible. The
quality assessment was implemented using a modified 12-item version of the Downs and Black checklist. Addition-
ally, a best-evidence synthesis of the validation studies was performed to clarify the direction and strength of the
evidence.

Results: Of 947 studies that were identified, 31 met the eligibility criteria of which 7 were physiological, 13 meth-
odological validation, and 11 conceptual studies. Gold standards for validating the metabolic power approach were
predominantly oxygen uptake with 6 and traditional running speed analysis with 8 studies for physiological and
methodological validation, respectively. The best-evidence synthesis showed conflicting to strong and moderate to
strong evidence for physiological and methodological validity of the approach, respectively. The conceptual studies
revealed several modifications regarding the approach that need to be considered. Otherwise, incorrect implementa-
tion can occur.

Conclusions: Evidence of the physiological validity of the metabolic power approach ranged from conflicting to
strong. However, this should be treated with caution as the validation studies were often partially implemented
incorrectly as shown by the underlying concept studies. Moreover, strong evidence indicated that the approach is
valid from a methodological perspective. Future studies must consider what the metabolic power approach can and
cannot actually display.
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Key Points

+ A lack of research exists in studies concerning children, females, and team and racquet sports besides soccer
and the application of more profound physiological approaches for the validation and assessment of metabolic
power estimated by acceleration and speed data is needed.

+ Previous physiological validation studies are outdated as there have been adaptations concerning the metabolic
power approach for estimating metabolic loads over recent years, and methodological validation studies reveal-
ing its superiority over the traditional running speed approach.

«+ Distinction between walking and running, different terrains, as well as aerobic and anaerobic energy supply
should be considered when assessing metabolic power in team and racquet sports.

Keywords: Energetic demand, Energy expenditure, Energy supply, Football, Global positioning system, Heart rate,
Internal load, Local positioning system, Soccer, Video camera system

Introduction

Match and training demands of athletes can be described
by external and internal loads [1]. In particular, internal
loads are important to monitor, for example, with respect
to neuronal, cardiovascular, metabolic, and hormonal
stimuli because they are involved in regulating the gene
expression required for all regeneration and adaptation
processes [2—4]. In team and racquet sports, which are
characterized by an intermittent activity profile [5, 6],
cardiovascular loads are well investigated [7]. However,
less is known about metabolic loads as they are more dif-
ficult to examine from a methodological point of view
[8]. Standard procedures to assess metabolic loads are
based on body temperature, heart rate, oxygen uptake,
and lactate measures [3]. More advanced procedures
include the measurement of creatine phosphate con-
centration [9] or the use of chemical isotopes as doubly
labeled water [10]. However, these procedures are par-
tially invasive and poorly reproducible [11, 12], difficult
to apply during matches or training [3, 13], do not allow
real-time monitoring [14], and do not fully and continu-
ously scope the metabolic loads in intermittent sports
[14]. Therefore, new methodological approaches to assess
metabolic loads in a valid and practical manner for inter-
mittent sports are needed.

In 2005, di Prampero et al. [15] suggested a solution
where it is possible to determine the instantaneous meta-
bolic power of accelerated running. Metabolic power
describes the amount of energy needed to maintain a
constant ATP level [16]. The approach is based on the
extrapolation from the external (mechanical) to the inter-
nal (metabolic) load, for which two assumptions must
be considered: (1) accelerated running on a flat terrain
is energetically equivalent to running up a slope at con-
stant speed and (2) the relative energy cost for running is
independent of the speed and amounts to approximately
3.6-4.0 J/kg/m [17, 18]. Based on these assumptions, the

relative energy cost for accelerated running on a flat ter-
rain can be estimated. The subsequent multiplication
with the underlying speed leads to the instantaneous
metabolic power in W/kg [19]. The original equations are
as follows:

EC = (155.41555 — 30.4ES* — 43.3ES?

(1)
146.3ES? + 19.5ES + 3.6) EM

P =ECv (2)

where EC is the energy cost, ES the equivalent slope, 3.6
the relative energy cost for running at constant speed,
EM the equivalent mass, P the metabolic power, and v
the speed. Knowledge of the metabolic power, calculated
from acceleration and speed data, can be of value when
investigating energetic match demands and assessing
training loads in intermittent sports [19].

Even though the approach was published in 2005 [15],
it has recently gained greater interest in research and
practice. This may be caused by the development of sev-
eral player tracking technologies, such as global (GPS)
and local positioning systems (LPS), allowing easy [20]
and accurate [21] access to the required acceleration and
speed data [20]. However, in order to apply such an inno-
vative metabolic approach into research and practice, it
is necessary to clarify its validity on both a physiologi-
cal and methodological level for which appropriate gold
standards are essential [19]. A key aspect for validation
purposes of the metabolic power approach is an in-depth
understanding of the underlying concept, which has been
described by a few narrative reviews [8, 19]. To date,
there is no systematic review of the metabolic power
approach in intermittent sports that clarifies the validity
as the most important quality criterion of quantitative
research [22]. In general, its strength and direction are
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prerequisites for providing trustworthy, consistent, neu-
tral, and practical-applicable evidence [22, 23]. Therefore,
the aim of this review was to systematically investigate
the validity and point out the evidence of the metabolic
power approach for estimating metabolic loads in inter-
mittent team and racquet sports.

Methods

Research Design and Search Strategy

The Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) statement was applied
[24]. The literature search was conducted in English on
March 1, 2021, and included the following four data-
bases: PubMed®, Cochrane Library, Web of Science ',
and BISp-surf. The search keywords were divided into
components using the PICO scheme (P=Population,
I=Intervention, C=Comparisons, and O=Outcomes)
[24]. The components were as follows: P =Intermittent
sports players without diseases or injuries; I=Tracking;
C=Metabolic power approach by di Prampero et al. [15];
and O=Metabolic loads. The component for Compari-
sons (C) was excluded from the search line as it would
have resulted in studies authored by di Prampero only.
The resulting final search line was applied to all fields of
the database search and was as follows: (team sport OR
field sport OR racquet sport OR soccer OR football OR
hockey OR rugby OR handball OR volleyball OR basket-
ball OR lacrosse OR futsal OR tennis OR table tennis OR
badminton) AND (tracking technology OR global posi-
tioning system OR local positioning system OR video
camera system OR speed OR acceleration OR decelera-
tion) AND (metabolic power OR energy cost OR energy
expenditure). The identified entries were downloaded to
a citation manager (Clarivate Analytics, EndNote X9.2,
London, UK) and duplicates were removed. The remain-
ing studies were transferred to a spreadsheet (Micro-
soft Office, Excel 2016, Redmond, USA). First, titles and
abstracts followed by full texts were screened for eligibil-
ity criteria and studies deemed unsuitable were removed.
Additionally, a secondary search based on the reference
lists of the studies deemed eligible was conducted. All
methodological procedures were executed independently
by two researchers (JB, AS) and in case of any disagree-
ment a third (MWH) made the decision.

Eligibility Criteria
The eligibility criteria were set and agreed on by both
authors. The criteria for screening titles and abstracts
were as follows:

(1) Published in 2005 or later (as the original metabolic
power approach was introduced in 2005);
(2) Written in English;
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(3) Not systematic review; and
(4) Topic on intermittent sports, metabolic power, no
animals, no diseases, and no injuries.

The criteria for full texts were as follows:

(1) Written in English;

(2) Topic on the metabolic power approach by di
Prampero et al. [15]; and

(3) Either a physiological or methodological validation
or conceptual study.

Quality Assessment

The quality assessment was implemented using a modi-
fied version of the Downs and Black checklist [20].
Briefly, 12 of the original 27 criteria were used. Original
questions 5, 8, 9, 13-15, 17, 19, and 21-27 were removed
as they were not suitable regarding the purpose of the
study. For questions 3, 7, 10-12, and 18 “not applicable”
was used as a fourth scoring option. These modifications
were conducted especially due to the conceptual stud-
ies often being based on a theoretical approach without
the inclusion of subjects as well as the absence of statis-
tical analyses. To account for the non-medical purpose
of the present review, further modifications were made
concerning the terms used as “patient” was replaced
with “subject,” “intervention” with “condition” and “treat-
ment” with “testing,” as previously done [25]. The final
quality score for a study—after excluding the questions
marked as “not applicable”—was expressed as a percent-
age. Hence, a higher percentage shows a higher qual-
ity of a study regarding the applied quality assessment
procedure. The rating of the studies was as follows: low
(<33.3%); moderate (33.4—66.7%); and high (>66.8%)
quality, as previously recommended [26].

Data Extraction

Data of the physiological and methodological valida-
tion and conceptual studies were extracted based on the
PICO scheme by one researcher (JB). Thereby, the fol-
lowing items were presented (if applicable): (1) P=Type
of sport, number of participants, sex, age, playing level,
and nationality; (2) I=Setting of the study, tests, and
matches; (3) C=Aim or gold standard used for valida-
tion; and (4) O = Main results.

Synthesis of Results

To further clarify the results of the data extraction
concerning the direction and strength of evidence for
the validation studies, a best-evidence synthesis was
performed for which previously defined criteria were
used (Table 1) [27]. Minor modifications were made
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Rating

Study quality

Criterion

Strong evidence
Moderate evidence

Limited evidence

Conflicting evidence

> 2 high-quality studies

1 high-quality study and/or
> 2 moderate quality studies
1 moderate quality study
and/or

> 1 low-quality studies

> 2 studies of any quality

>75% consistent findings in these studies
>75% consistent findings in these studies

/

<75% consistent findings in these studies

regarding the terms used to describe the study quality:
“acceptable” was replaced with “moderate” and “bor-
derline” with “low” to account for the quality ratings of
the applied Downs and Black checklist.

Results

Literature Search

Figure 1 shows the results of the literature search. In
total, 947 studies were found. After the removal of 167

Pubmed®
(n=594)

Cochrane Library
(n=33)

Web of Science™ BISp-surf
(n=320) n=0)

I

l |

.

Total articles retrieved
(n=947)

Removal of duplicates

Titles and abstracts screened
(n=780)

(n=167)

Exclusion of studies
(n=670)
2004 or older (n = 134)

Full texts screened
(@ =110)

m=0)

Inclusion of studies
via reference lists

Not English (n = 5)
Systematic review (n = 19)
Off-lopic (n = 512)

Exclusion of studies
m=179)

Studies included
m=31)

!

Validation studies
(m=20)

+ Physiological (n = 7)
* Methodological (n = 13)

Conceptual studies
m=11)

Fig. 1 Flowchart of the literature search including the study selection process according to the PRISMA guidelines

+ Not English (n =2)
«  Off-topic (n =27)
« Application-based (n = 50)
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duplicates, the titles and abstracts of the remaining 780
studies were screened. Out of these, 670 studies were
removed because they did not meet the eligibility crite-
ria, leaving 110 studies for screening of the full text. By
screening the full texts, another 79 studies were excluded
based on the eligibility criteria. No further studies were
eligible via the reference lists. Finally, 31 studies were
included. Twenty of these studies were validation stud-
ies from which 7 and 13 used physiological [28-34] and
methodological approaches [35-47], respectively. The
remaining 11 studies were conceptual studies [3, 8, 16,
17,19, 48-53].

Quality Assessment

Table 2 presents the results of the quality assessment.
The mean quality score of all studies was 78.6%. The cor-
responding scores for physiological and methodological
validation as well as conceptual studies were 77.4, 75.6,
and 82.8%, respectively. Questions 3, 6, 7, 8, 9, and 11
were partially “not applicable” for 4 conceptual studies
[16, 17, 19, 50]. Questions 1, 2, 4, 10, and 12 were scored
“yes” for all studies. Additionally, questions 3 and 11 were
scored “yes” for all validation studies and the latter for
all applicable conceptual studies. For all validation and
applicable conceptual studies, question 8 was rated “una-
ble to determine” and 9 “no”

Characteristics of the Studies

Table 3 summarizes the characteristics of the 7 physi-
ological validation studies. Soccer was the most inves-
tigated sport with 4 studies [28, 30, 32, 34] followed by
rugby with 1 study [31]. One study included different
team sports (rugby, soccer, hockey, and netball) [33] and
1 study investigated undefined team sports [29]. The sex
of the players was not specified in 3 studies [28, 30, 34].
Males [31, 32] and both sexes [29, 33] were studied in 2
studies each. Regarding age, 6 studies examined adult [28,
29, 31-34] and 1 study investigated youth players [30].
Three studies investigated amateurs [28, 29, 34], whereas
professional [30, 32] and university players [31, 33] were
examined in 2 studies, respectively.

Table 4 presents the 13 methodological validation stud-
ies. Soccer was the primary investigated sport includ-
ing 10 studies [35, 36, 38-45] followed by rugby with 2
studies [37, 47] and hockey with 1 study [46]. Concerning
sex, 10 studies did not specify [36—45], whereas 3 studies
investigated males [35, 46, 47]. Adults were examined in
8 studies [35, 37-39, 42, 45-47] and 5 studies were based
on youth players [36, 40, 41, 43, 44]. Regarding the play-
ing level, professional players were investigated by 10
studies [35-39, 41, 42, 45-47]. Two studies addressed
sub-elite players [43, 44], while 1 study did not specify
the playing level [40].

Page 5 of 21

Table 5 shows the characteristics of the 11 conceptual
studies. Three studies were based on theoretical analyses
and thus did not include any subjects [16, 17, 19]. Two
further studies included data sets from other studies,
of which 1 study focused on track [8] and the other on
soccer [50] with no detailed subject descriptions. Of the
remaining 6 studies, soccer was the most investigated
sport including 5 studies [3, 48, 49, 52, 53] followed by
1 study on tennis [51]. Regarding sex, males and females
were examined in 3 [48, 51, 52] and 2 studies [49, 53],
respectively. Sex was not specified in 1 study [3]. Adults
were studied in 4 studies [3, 48, 49, 52], while 1 study was
on youth players [51]. The age of the subjects was not
stated in 1 study [53]. All of these studies examined pro-
fessional players.

Synthesis of Physiological Validation Studies
Table 3 summarizes the 7 physiological validation studies
according to the PICO scheme.

Of these 7 studies, the gold standard for validating
tracking-based metabolic power was the use of oxygen
uptake determined by portable metabolic carts in 6 stud-
ies [29-34], while lactate parameters were applied in 1
study [28]. As tracking technologies, 4—15 Hz GPS [28—
31, 33], 10 Hz LPS devices [34], and a 25 Hz video camera
system [32] were used in 5, 1, and 1 studies, respectively.

Concerning the interventions, 4 studies used constant
or shuttle running test protocols until exhaustion [28,
32-34]. Specific sports circuits were utilized in 5 studies
[28-31, 33], while 1 study applied official match play data
[32].

Comparison between energy expenditure measured by
oxygen uptake and GPS derived metabolic power dur-
ing sport circuits showed lower results for the metabolic
power approach in 4 studies [29-31, 33]. Conversely,
during walking, energy expenditure was higher when
measured with the metabolic power approach via GPS
compared to oxygen uptake as revealed in 1 study [29].
The energy cost by LPS derived metabolic power was
higher in constant and lower in shuttle running com-
pared to energy cost via oxygen uptake as shown in 1
study [34]. Concerning the correlation between GPS or
video camera system derived metabolic power and oxy-
gen uptake, moderate [30, 31] and large [32, 33] relations
were found in 2 studies, respectively. Moreover, 1 study
showed small to large relationships between GPS derived
metabolic power and lactate parameters [28].

Synthesis of Methodological Validation Studies
Table 4 shows the summary of the 13 methodological val-
idation studies based on the PICO scheme.

The most frequently used gold standard for validating
the tracking-based metabolic power was the traditional
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running speed analysis including 8 studies [35-41, 45].
Further gold standards were the critical speed approach
with 2 studies [43, 46] and the use of relative and abso-
lute running speed based on first and second ventilatory
thresholds with 1 study [47]. Furthermore, the metabolic
power approach was examined regarding intraindividual
[42] and match-to-match variability [44] in 1 study each.
As tracking technologies, 10—-15 Hz GPS devices [36—47]
and a 25 Hz video camera system [35] were used in 12
and 1 studies, respectively.

Regarding the interventions, official matches were
investigated in 10 studies [35-37, 41-47] and small-sided
games were inspected in 3 studies [36, 38, 40]. Shuttle
running efforts were tested in 2 studies [43, 46]. Training
sessions [39], modified matches [40], straight-line run-
ning efforts [43], intermittent fitness tests [47], and time
trials [46] were applied in 1 study each.

Concerning the validation of the metabolic power
approach to the traditional running speed approach, 6
studies showed that the distance covered in high-inten-
sity zones was significantly higher for GPS derived meta-
bolic power than for running speed [36—41]. One study
found no differences between the two approaches in dif-
ferent intensity zones regarding playing positions [45].
Furthermore, 1 study showed that relative high meta-
bolic threshold was likely to almost certainly be lower
than absolute metabolic threshold during rugby matches
[47]. A nearly perfect correlation between high intensity
running and GPS or video camera system derived high
intensity metabolic power distances was found in 2 stud-
ies [35, 37]. Comparison to the critical speed approach
revealed a very large correlation between critical speed
and GPS derived critical metabolic power [46] and a very
large correlation of GPS derived critical metabolic power
between different field tests [43] in 1 study each. Two fur-
ther studies discovered a moderate correlation of GPS
derived metabolic power between different matches [42,
44].

Synthesis of Conceptual Studies
Table 5 shows the summary of the 11 conceptual studies
based on the PICO scheme.

Three studies addressed the metabolic power approach
by extending the original equation based on air resist-
ance [17], grass [3], and sand [48]. Additionally, the first
study presented a solution to differentiate between run-
ning and walking periods [17]. Another study developed
a new equation to estimate metabolic power following
the original concept of the metabolic power approach
[52]. The effects of different terrains were investigated in

Page 16 of 21

5 studies [3, 48, 49, 51, 53], while collisions were exam-
ined in 1 study [16]. Furthermore, 1 study focused on the
identification of high and low intensity energy bouts [50].
Finally, practical conclusions for the application of the
metabolic power approach were given in 2 studies [8, 19].

The studies executing practical approaches included
match data with 3 studies [3, 51, 53] as well as sprint and
shuttle tests [48], small-sided games [49], treadmill tests
to exhaustion [52], aerobic steady-state runs [52], and
soccer-specific runs [52] with 1 study each using GPS
(5-15 Hz) or a video camera system (25 Hz).

The investigation of 1 study on the effects of air resist-
ance on metabolic power showed that these effects were
negligible [17]. However, the same study stated that
with the inclusion of walking periods, the former energy
expenditure was overestimated. The examination of dif-
ferent terrains, as conducted in 2 studies, showed that
running on grass is 1.29 [3] and on sand an additional
1.45 [48] times more energetically demanding compared
to running on a treadmill. One study converted the origi-
nal equation into a new equation, which both showed
similar moderate correlations with oxygen uptake. How-
ever, there was no significant difference between the new
equation and oxygen uptake, while a significant difference
was found between the old equation and oxygen uptake
[52]. Concerning the influence of different terrains, GPS
derived metabolic power was significantly higher on
sand compared to grass and artificial turf [48] and on
clay compared to hard court [51] as well as significantly
lower on ground compared to grass and artificial turf [49]
as shown by 1 study, respectively. Another study showed
that GPS derived metabolic power distances were higher
on artificial than natural turf [53]. To include the impact
of collisions, 1 study applied a mechanical work approach
combining external and internal workloads based on
speed and/or acceleration data [16]. Moreover, 1 study
established an equation on the kinetics of oxygen uptake
to detect the phases of aerobic and anaerobic energy sup-
ply and thereafter, following a 5-step procedure to dif-
ferentiate between high and low intensity energy bouts
[50]. Regarding the practical conclusions of the meta-
bolic power approach, 1 study showed that GPS (20 Hz)
derived oxygen uptake was similar to that through porta-
ble metabolic carts [8]. However, another study indicated
that oxygen uptake and metabolic power cannot simply
be compared because oxygen uptake only represents
aerobic, while metabolic power represents both aero-
bic and anaerobic contributions [19]. Finally, the same
study emphasized that the metabolic power approach
is incapable of estimating overall energy expenditure or
mechanical workload.
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Table 6 Results of the physiological validation studies using a best-evidence synthesis

Study (Year) Criterion Association

Study quality Rating

Comparison of metabolic power with (validity)
Brown et al. [29]
Buchheit et al. [30]
Highton et al. [31]
Oxendale et al. [33]
Stevens et al. [34]
Correlation of metabolic power with (validity)
Buchheit et al. [30]

Oxygen uptake

Oxygen uptake

Highton et al. [31] Moderate
Manzi et al. [32] Large
Oxendale et al. [33] Large

Akubat et al. [28] Lactate parameters

Lower via GPS derived metabolic power
Lower via GPS derived metabolic power
Lower via GPS derived metabolic power
Lower via GPS derived metabolic power
Lower via LPS derived metabolic power

Small to moderate

Moderate to large

High
High
High
High
High

Strong evidence

High
High
High
High
High Moderate evidence

Conflicting evidence

Study quality was assessed using the Downs and Black checklist

Table 7 Results of the methodological validation studies using a best-evidence synthesis

Study (Year) Criterion Association Study quality Rating
Comparison of metabolic power with (validity)

Darbellay et al. [36] High-speed running Higher via GPS derived metabolic power High Strong evidence
Dubois et al. [37] Higher via GPS derived metabolic power High

Gaudino et al. [38] Higher via GPS derived metabolic power Moderate

Gaudino et al. [39] Higher via GPS derived metabolic power Moderate

Goto and King [40] Higher via GPS derived metabolic power Moderate

Goto and Saward [41] Higher via GPS derived metabolic power High

Martinez-Gabrera and No differences High

NuUnez-Sanchez [45]

Correlation of metabolic power with (validity)

Castagna et al. [35] High-speed running Very large — near perfect High Strong evidence
Dubois et al. [37] Near perfect High

Polglaze et al. [46] Critical speed Very large High Moderate evidence
Scott et al. [47] Relative and absolute speed Strong High Moderate evidence
Correlation of metabolic power within (reliability)

Lord et al. [43] Critical metabolic power Very large High Moderate evidence
Hoppe et al. [42] Metabolic power Moderate High Strong evidence
Lord et al. [44] Good to moderate High

Study quality was assessed using the Downs and Black checklist

Synthesis of Results

Tables 6 and 7 show the results of the evidence assess-
ment of the physiological and methodological validation
studies, respectively.

Concerning the physiological validity, there was strong
evidence that energy expenditure is lower when deter-
mined via GPS or LPS derived metabolic power com-
pared to oxygen uptake by portable metabolic carts
during intermittent running activities [29-31, 33, 34].
The correlation of metabolic power with oxygen uptake
showed conflicting evidence as it ranges from small to

large [30-33]. Additionally, the correlation with lactate
parameters, which are moderate to large, disclosed mod-
erate evidence [28].

In terms of the methodological validity, strong evi-
dence was shown that energy expenditure via GPS
derived metabolic power is higher than that via high-
speed running [36—41, 45]. Similarly, the correlation
with high-speed running presented strong evidence as
it is very large to near perfect [35, 37]. Moderate evi-
dence was revealed in terms of the correlation of criti-
cal metabolic power with critical speed [46] as well as
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with relative and absolute running speed [47]. There
was moderate evidence concerning the correlation of
the metabolic power within critical metabolic power
[43]. Finally, the correlation within metabolic power,
being moderate, showed strong evidence [42, 44].

Discussion

To the best of our knowledge, this is the first systematic
review aimed to present the validity and evidence of the
metabolic power approach that was first introduced by
di Prampero et al. [15] in 2005 for estimating metabolic
loads in intermittent team and racquet sports. Based on
the best-evidence synthesis, the main findings were that
(1) conflicting to strong evidence was shown concerning
the physiological validity and (2) moderate to strong evi-
dence was revealed regarding the methodological valid-
ity. Additionally, the conceptual studies showed that (3)
the distinction between walking and running episodes,
different terrains, as well as aerobic and anaerobic energy
supply should be considered when analyzing metabolic
power in intermittent sports.

Concerning the characteristics of the 7 physiological
validation, 13 methodological validation, and 11 con-
ceptual studies, the most investigated sport was soccer.
The subjects were predominantly male adult professional
players. For validation studies, the gold standards most
commonly used for tracking-based metabolic power
were oxygen uptake via portable metabolic carts and tra-
ditional running speed analysis. The tracking technology
predominately used in these studies was GPS operating
between 4 and 15 Hz. While physiological validation
mainly focused on sport specific tests, match data were
primarily examined in methodological validation stud-
ies. Updating the original concept was mostly based on
the distinction between running and walking episodes,
different terrains as well as aerobic and anaerobic energy
supply (Tables 3, 4, and 5). These characteristics show a
lack of research concerning children, females, and inter-
mittent sports besides soccer and the application of more
profound physiological approaches for the validation
and assessment of tracking technology-based metabolic
power is needed. This should be considered when plan-
ning and conducting future studies.

The first main finding of this study was that the physi-
ological validity of the metabolic power approach showed
conflicting to strong evidence (Table 6). However, all
studies were high quality (Table 2). Strong evidence was
shown that supposedly GPS or LPS derived metabolic
power underestimates energy expenditure during team
sport specific test protocols compared to that derived
via oxygen uptake, especially concerning multidirec-
tional activities [29-31, 33, 34]. In contrast, Brown et al.
[29] disclosed an overestimation of GPS derived energy
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expenditure via metabolic power during walking epi-
sodes. However, the original and modified approaches
by di Prampero et al. [15] and Osgnach et al. [3], respec-
tively, were simply incapable of distinguishing between
walking and running episodes. Regarding the update in
2018 [17], this limitation has been solved. Furthermore,
certain studies tried validating activities that could not
be registered by tracking devices (e.g., collisions, run-
ning with the ball, running backward or sideways) [30,
31]. Therefore, the resulting lower energy expenditure
of GPS or LPS derived metabolic power is reasonable.
When considering the correlation between the metabolic
power approach and oxygen uptake, conflicting evidence
was shown varying from small to large correlations. This
indicates the inconsistency of the results regarding the
validation of the metabolic power approach against oxy-
gen uptake, especially considering that, in intermittent
running, oxygen uptake only discloses aerobic energy
supply, whereas metabolic power contains both aero-
bic and anaerobic energy supply [19]. Additionally, the
inclusion of energy expenditure during passive resting
periods when comparing oxygen uptake to the metabolic
power approach is inappropriate [50, 54]. As the estima-
tion of energy expenditure via tracking-based metabolic
power is based on acceleration and speed, no data can
be received during passive resting periods, where oxygen
uptake is still elevated to balance the oxygen uptake defi-
cit [50]. A further physiological validation study included
the use of lactate parameters [28]. The correlation with
metabolic power was moderate to large showing mod-
erate evidence. However, as there was only one study
including lactate parameters, oxygen uptake is still most
often used when physiologically validating the metabolic
power approach, regardless of its limitations when used
during intermittent running. Overall, the studies showed
that previous physiological validations are outdated as
there have been adaptations concerning the metabolic
power approach. Additionally, the implementation of the
validation was often inappropriate due to the inclusion
of, e.g., collisions or resting periods.

The second main finding was that moderate to strong
evidence was revealed regarding the methodological vali-
dation of the metabolic power approach (Table 7). Three
studies were of moderate quality, whereas the remaining
studies were of high quality (Table 2). Strong evidence
was shown that distances covered at high metabolic
power are greater compared to high-speed running dur-
ing matches or training. However, there were inconsist-
encies regarding the calculated threshold of high-speed
running when comparing with an energetic equivalent
metabolic power threshold. While the actual equiva-
lent to 20 W/kg for constant speed running is 15.5 km/h
[19], most studies used 14.4 km/h as a threshold [37-39,
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41]. Consequently, the discrepancy between the two
approaches regarding distances covered above these
thresholds is likely greater than reported. This indicates
that the identification of high-speed running alone does
not show the full extent of the contribution to energy
expenditure or rather the intensity of matches or train-
ing. Indeed, activities such as accelerations during lower
speed largely contribute to high metabolic power and are
important to monitor [19]. This shows the advantage of
the metabolic power over the traditional running speed
approach. Additionally, the correlation between high-
speed running and high metabolic power was reported
as very large to near perfect [35, 37] and thus showed
strong evidence. This result was also shown in the cor-
relation between critical speed and critical metabolic
power as the relationship was very large [46]. Because
there was only one study utilizing these parameters, the
evidence was moderate. Concerning the reliability of the
metabolic power approach, there was moderate evidence
that the approach is very largely correlated within critical
metabolic power [43] and good to moderately correlated
within metabolic power itself [42, 44], which is a prereq-
uisite for the validity of the approach. Collectively, there
is strong evidence that the metabolic power approach is
valid from this perspective and, regarding the traditional
running speed approach, a superior method to monitor
metabolic loads during matches and training in intermit-
tent sports.

The last main finding was that the differences between
walking and running episodes, different terrains, as well
as between aerobic and anaerobic energy supply should
be noted in terms of validation purposes as shown by
the conceptual studies (Table 5). As revealed by a physi-
ological validation study discussed above [29], the origi-
nal metabolic power approach seemed to overestimate
energy expenditure in terms of walking episodes com-
pared to energy expenditure via oxygen uptake. However,
contrary to walking, in running due to the flight phase
between steps, part of the kinetic energy from each step
is absorbed by active muscles and tendons and retained
as mechanical energy for the next step [55]. Hence, the
relative energy cost of running but not walking is inde-
pendent of speed [18]. Therefore, an additional equa-
tion was established to account for walking episodes
[17]. Another factor addressed in the conceptual studies
is the influence of the underlying terrain. Depending on
the surface, the estimated energy expenditure differs [48,
49, 51, 53]. To increase comparability between studies on
different terrains, the original metabolic power equation
was extended by individual factors regarding the differ-
ent surfaces. However, only specific correction factors for
grass and sand have been developed to date [3, 48]. In this
context, the consideration of real surface adjustments
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based on Clegg hammer measurements to obtain more
precision about surface rigidity is logical [56]. Lastly, an
adaptation of the metabolic power approach was con-
ducted regarding the separation of aerobic and anaero-
bic energy supply [50]. When maximum oxygen uptake
is known, net oxygen uptake can be simulated as there
is a known time delay of approximately 20 s between the
oxygen uptake kinetics at the muscle and upper airway.
Then, the metabolic origin can be distinguished as either
aerobic or anaerobic when metabolic power is lower or
higher than the simulated actual oxygen uptake, respec-
tively [50]. In intermittent sports, different ways of energy
supply are implicated [57, 58]. Therefore, the knowledge
of energy expenditure derived from aerobic or anaerobic
supply can provide a more relevant overview of the meta-
bolic load. In addition to these conceptual aspects, the
validity of the tracking technology as well as the impact
of the sampling rate and filtering techniques to assess and
process the required acceleration data should be consid-
ered when discussing the validity of the metabolic power
approach. In fact, an important prerequisite is to assess
valid acceleration data and reduce the noise without los-
ing information for which no established procedures
exist as yet [42, 54].

Overall, the metabolic power approach has recently
evolved. In particular, the differentiation between walk-
ing and running episodes needs to be considered when
using the metabolic power approach to, e.g., track
matches where characteristically, walking episodes are
present between running bouts. Furthermore, to guaran-
tee objectivity and comparability, correction factors for
more surfaces, such as clay or various indoor floorings,
must be determined. Moreover, it is rational that different
footwear [59] and physical capacities [60] have an impact
on metabolic power that has not yet been investigated.

This systematic review has a few potential limitations.
In line with all systematic reviews, selection bias regard-
ing included studies cannot be completely precluded
even though objectivity was improved as all studies
were independently rated by two researchers. Addition-
ally, because of the heterogeneity of the included studies,
meaningful quantitative analyses such as a meta-analysis
could not be implemented. However, as a compromise
and strength of this systematic review, a best-evidence
synthesis was conducted.

Conclusions

In conclusion, this review shows that several validation
studies for the metabolic power approach have been
conducted over the last few years. However, especially
the physiological validation studies were often partially
implemented incorrectly as shown by the in-depth analy-
sis of the underlying concept. Therefore, the described
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evidence levels should be treated with caution. Neverthe-
less, the approach is valid from a methodological point
of view. Based on these findings and the modification of
the concept during recent years, there is a need for fur-
ther physiological validation studies. Therefore, it must be
considered what the metabolic power approach can and
cannot actually display. Moreover, there is a need to dif-
ferentiate the approach in a sport, sub-group, and terrain
specific manner as there are different metabolic demands
and capacities.

Abbreviations

ATP: Adenosine triphosphate; EC: Energy cost; EM: Equivalent mass; ES: Equiva-
lent slope; GPS: Global positioning system; LPS: Local positioning system; P:
Metabolic power; PRISMA: Preferred reporting items for systematic reviews
and meta-analyses.

Acknowledgements
The authors would like to thank Andreas Szterbin for his help regarding the
literature search and the quality assessment.

Author Contributions

JB had the idea for the article, performed the literature search and data
analysis, and wrote the original draft. MWH had the idea for the article and
critically revised the original draft. Both authors read and approved the final
manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. No fund-

ing was received to conduct the study or assist with the preparation of the
manuscript. We acknowledge support from Leipzig University for Open Access
Publishing.

Availability of Data and Materials
The datasets used and analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics Approval and Consent to Participate
Not applicable.

Consent for Publication
Not applicable.

Competing interests
Joana Brochhagen and Matthias W. Hoppe declare that they have no compet-
ing interests.

Received: 21 January 2022 Accepted: 2 October 2022
Published online: 25 October 2022

References

1. Impellizzeri FM, Marcora SM, Coutts AJ. Internal and external training
load: 15 years on. Int J Sports Physiol Perform. 2019;14(2):270-3.

2. Flick M. Molecular-biological basis of muscular performance and fitness.
Schweiz Z Sportmed Sporttraum. 2006;54(2):43-9.

3. Osgnach C, Poser S, Bernardini R, Rinaldo R, di Prampero PE. Energy cost
and metabolic power in elite soccer: a new match analysis approach.
Med Sci Sports Exerc. 2010;42(1):170-8.

4. Stojanovic E, Stojilikovic N, Scanlan AT, Dalbo VJ, Berkelmans DM,
Milanovic Z. The activity demands and physiological responses

20.

AR

22.

23.

24.

25.

26.

27.

28.

Page 20 of 21

encountered during basketball match-play: a systematic review. Sports
Med. 2018;48(1):111-35.

Edel A, Song Y, Wiewelhove T, Ferrauti A. Activity profiles and physiologi-
cal responses during match play in four popular racquet sports. Ger J
Exerc Sport Res. 2019;49(4):221-31.

Taylor JB, Wright AA, Dischiavi SL, Townsend MA, Marmon AR. Activity
demands during multi-directional team sports: a systematic review.
Sports Med. 2017;47(12):2533-51.

Schneider C, Hanakam F, Wiewelhove T, Doweling A, Kellmann M, Meyer
T, et al. Heart rate monitoring in team sports - a conceptual framework for
contextualizing heart rate measures for training and recovery prescrip-
tion. Front Physiol. 2018;9:639.

di Prampero PE, Botter A, Osgnach C. The energy cost of sprint running
and the role of metabolic power in setting top performances. Eur J Appl
Physiol. 2015;115(3):451-69.

Milioni F, Leite JVM, Beneke R, de Poli RAB, Papoti M, Zagatto AM. Table
tennis playing styles require specific energy systems demands. PLoS ONE.
2018;13(7): €0199985.

Kenney WL, Wilmore JH, Costill DL. Physiology of sport and exercise. 7th
ed. Champaign, IL: Human Kinetics; 2020.

. Manchado-Gobatto FB, Marostegan AB, Rasteiro FM, Cirino C, Cruz JP,

Moreno MA, et al. New insights into mechanical, metabolic and muscle
oxygenation signals during and after high-intensity tethered running. Sci
Rep. 2020;10(1):6336.

Schwesig R, Koke A, Jungermann P, Fischer D, Noack F, Becker S, et al.
Intraobserver reliability of the handball-specific complex test (HBKT).
Sportverletz Sportschaden. 2014;28(3):146-54.

Meyer T, Davison RC, Kindermann W. Ambulatory gas exchange
measurements - current status and future options. Int J Sports Med.
2005;26(Suppl 1):519-27.

Fernandez J, Mendez-Villanueva A, Pluim BM. Intensity of tennis match
play. Br J Sports Med. 2006;40(5):387-91.

di Prampero PE, Fusi S, Sepulcri L, Morin JB, Belli A, Antonutto G. Sprint
running: a new energetic approach. J Exp Biol. 2005;208(Pt 14):2809-16.
Gray AJ, Shorter K, Cummins C, Murphy A, Waldron M. Modelling move-
ment energetics using global positioning system devices in contact team
sports: limitations and solutions. Sports Med. 2018;48(6):1357-68.

. di Prampero PE, Osgnach C. Metabolic power in team sports - part 1: an

update. Int J Sports Med. 2018;39(8):581-7.

Minetti AE, Moia C, Roi GS, Susta D, Ferretti G. Energy cost of walking

and running at extreme uphill and downhill slopes. J Appl Physiol.
2002;93(3):1039-46.

Polglaze T, Hoppe MW. Metabolic power: a step in the right direction for
team sports. Int J Sports Physiol Perform. 2019;14(3):407-11.

Cummins C, Orr R, O'Connor H, West C. Global positioning systems (GPS)
and microtechnology sensors in team sports: a systematic review. Sports
Med. 2013;43(10):1025-42.

Linke D, Link D, Lames M. Validation of electronic performance and track-
ing systems EPTS under field conditions. PLoS ONE. 2018;13(7): 0199519.
Frambach JM, van der Vleuten CP, Durning SJ. AM last page. Quality
criteria in qualitative and quantitative research. Acad Med. 2013;88(4):552.
Krefting L. Rigor in qualitative research: the assessment of trustworthi-
ness. Am J Occup Ther. 1991;45(3):214-22.

Liberati A, Altman DG, Tetzlaff J, Mulrow C, Ggtzsche PC, lonnidis JPA,

et al. The PRISMA statement for reporting systematic reviews and meta-
analyses of studies that evaluate health care interventions: explanation
and elaboration. PLoS Med. 2009;6(7): €1000100.

Hebert-Losier K, Zinner C, Platt S, Stoggl T, Holmberg HC. Factors that
influence the performance of elite sprint cross-country skiers. Sports
Med. 2017;47(2):319-42.

Hootman JM, Driban JB, Sitler MR, Harris KP, Cattano NM. Reliability and
validity of three quality rating instruments for systematic reviews of
observational studies. Res Synth Methods. 2011;2(2):110-8.

Asker M, Brooke HL, Walden M, Tranaeus U, Johansson F, Skillgate E, et al.
Risk factors for, and prevention of, shoulder injuries in overhead sports:

a systematic review with best-evidence synthesis. Br J Sports Med.
2018;52(20):1312-9.

Akubat |, Id SB, Sagarra ML, Abt G. The validity of externalinternal training
load ratios in rested and fatigued soccer players. Sports. 2018;6(2):44.



Brochhagen and Hoppe Sports Medicine - Open

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

(2022) 8:133

Brown DM, Dwyer DB, Robertson SJ, Gastin PB. Metabolic power method:

underestimation of energy expenditure in field-sport movements using
a global positioning system tracking system. Int J Sports Physiol Perform.
2016;11(8):1067-73.

Buchheit M, Manouvrier C, Cassirame J, Morin JB. Monitoring locomo-
tor load in soccer: is metabolic power, powerful? Int J Sports Med.
2015;36(14):1149-55.

Highton J, Mullen T, Norris J, Oxendale C, Twist C. The unsuitability

of energy expenditure derived from microtechnology for assessing
internal load in collision-based activities. Int J Sports Physiol Perform.
2017;12(2):264-7.

Manzi V, Impellizzeri F, Castagna C. Aerobic fitness ecological validity in
elite soccer players: a metabolic power approach. J Strength Cond Res.
2014;28(4):914-9.

Oxendale CL, Highton J, Twist C. Energy expenditure, metabolic power
and high speed activity during linear and multi-directional running. J Sci
Med Sport. 2017;20(10):957-61.

Stevens TG, De Ruiter CJ, Van Maurik D, Van Lierop CJ, Savelsbergh GJ,
Beek PJ. Measured and estimated energy cost of constant and shuttle
running in soccer players. Med Sci Sports Exerc. 2015;47(6):1219-24.
Castagna C, Varley M, Pévoas SCA, D'Ottavio S. Evaluation of the match
external load in soccer: methods comparison. Int J Sports Physiol Per-
form. 2017;12(4):490-5.

Darbellay J, Meylan CMP, Malatesta D. Monitoring matches and
small-sided games in elite young soccer players. Int J Sports Med.
2020;41(12):832-8.

Dubois R, Paillard T, Lyons M, McGrath D, Maurelli O, Prioux J. Running
and metabolic demands of elite rugby union assessed using traditional,
metabolic power, and heart rate monitoring methods. J Sports Sci Med.
2017;16(1):84-92.

Gaudino P, laia FM, Alberti G, Hawkins RD, Strudwick AJ, Gregson W. Sys-
tematic bias between running speed and metabolic power data in elite

soccer players: influence of drill type. Int J Sports Med. 2014;35(6):489-93.

Gaudino P, laia FM, Alberti G, Strudwick AJ, Atkinson G, Gregson W. Moni-
toring training in elite soccer players: systematic bias between running
speed and metabolic power data. Int J Sports Med. 2013;34(11):963-8.
Goto H, King JA. High-intensity demands of 6-a-side small-sided games
and 11-a-side matches in youth soccer players. Pediatr Exerc Sci.
2019;31(1):85-90.

Goto H, Saward C. The running and technical performance of U13 to U18
elite Japanese soccer players during match play. J Strength Cond Res.
2020;34(6):1564-73.

Hoppe MW, Baumgart C, Slomka M, Polglaze T, Freiwald J. Variability of
metabolic power data in elite soccer players during pre-season matches.
J Hum Kinet. 2017;58:233-45.

Lord C, Blazevich AJ, Abbiss CR, Ma‘ayah F. Reliability and validity of maxi-
mal mean and critical speed and metabolic power in Australian youth
soccer players. J Hum Kinet. 2020;73:93-102.

Lord C, Blazevich AJ, Abbiss CR, Ma’ayah F. A reduction in match-to-
match variability using maximal mean analyses in sub-elite soccer. Int J
Sports Med. 2020;41(5):300-5.

Martinez-Cabrera FI, NUfez-Sanchez FJ. The use of metabolic power

to assess physical demands in soccer: how does it differ from the
traditional approach through speed running? J Sports Med Phys Fitness.
2018;58(10):1403-11.

Polglaze T, Hogan C, Dawson B, Buttfield A, Osgnach C, Lester L, et al.
Classification of intensity in team sport activity. Med Sci Sports Exerc.
2018;50(7):1487-94.

Scott TJ, Thornton HR, Scott MTU, Dascombe BJ, Duthie GM. Differences
between relative and absolute speed and metabolic thresholds in rugby
league. Int J Sports Physiol Perform. 2018;13(3):298-304.

Gaudino P, Gaudino C, Alberti G, Minetti AE. Biomechanics and predicted
energetics of sprinting on sand: hints for soccer training. J Sci Med Sport.
2013;16(3):271-5.

Lépez-Ferndndez J, Sdnchez-Sénchez J, Gallardo L, Garcia-Unanue J.
Metabolic power of female footballers in various small-sided games with
different pitch surfaces and sizes. Sports (Basel). 2017,5(2):24.

Osgnach C, di Prampero PE. Metabolic power in team sports - part 2:

aerobic and anaerobic energy yields. Int J Sports Med. 2018,;39(8):588-95.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 21 of 21

Ponzano M, Gollin M. Movement analysis and metabolic profile of ten-
nis match play: comparison between hard courts and clay courts. Int J
Perform Anal Sport. 2017;17(3):220-31.

Savoia C, Padulo J, Colli R, Marra E, McRobert A, Chester N, et al. The valid-
ity of an updated metabolic power algorithm based upon di Prampero’s
theoretical model in elite soccer players. Int J Environ Res Publ Health.
2020;17(24):9554.

Vescovi JD, Falenchuk O. Contextual factors on physical demands in
professional women'’s soccer: female athletes in motion study. Eur J Sport
Sci. 2019;19(2):141-6.

Osgnach C, Paolini E, Roberti V, Vettor M, di Prampero PE. Metabolic
power and oxygen consumption in team sports: a brief response to
Buchheit et al. Int J Sports Med. 2016;37(1):77-81.

Margaria R, Cerretelli B, Aghemo P, Sassi G. Energy cost of running. J Appl
Physiol. 1963;18:367-70.

Forrester SE, Tsui F. Spatial and temporal analysis of surface hardness
across a third-generation artificial turf pitch over a year. Proc Inst Mech
Eng P J Sport Eng Technol. 2014;228(3):213-20.

Buchheit M, Mendez-Villanueva A, Quod M, Quesnel T, Ahmaidi S.
Improving acceleration and repeated sprint ability in well-trained ado-
lescent handball players: speed versus sprint interval training. Int J Sports
Physiol Perform. 2010;5(2):152-64.

Karcher C, Buchheit M. On-court demands of elite handball, with special
reference to playing positions. Sports Med. 2014;44(6):797-814.
Hoogkamer W, Kipp S, Frank JH, Farina EM, Luo G, Kram R. A comparison
of the energetic cost of running in marathon racing shoes. Sports Med.
2018;48(4):1009-19.

Beneke R, Hutler M. The effect of training on running economy

and performance in recreational athletes. Med Sci Sports Exerc.
2005;37(10):1794-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Metabolic Power in Team and Racquet Sports: A Systematic Review with Best-Evidence Synthesis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Key Points 
	Introduction
	Methods
	Research Design and Search Strategy
	Eligibility Criteria
	Quality Assessment
	Data Extraction
	Synthesis of Results

	Results
	Literature Search
	Quality Assessment
	Characteristics of the Studies
	Synthesis of Physiological Validation Studies
	Synthesis of Methodological Validation Studies
	Synthesis of Conceptual Studies
	Synthesis of Results

	Discussion
	Conclusions
	Acknowledgements
	References


