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ARTICLE INFO ABSTRACT

Keywords: Tensiomyography™ (TMG) is a non-invasive method to monitor skeletal muscle mechanical characteristics. This
Mechanomyography systematic review and meta-analysis reports on diagnostic accuracy, validity, and reliability of TMG (maximal
Muscle fatigue radial displacement [Dm], contraction time [Tc], delay time [Td], and velocity of contraction [Vc]) to assess
Validity

exercise-induced fatigue in healthy volunteers, with the specific aim to determine the current level of supporting
evidence. Systematic literature searches within Medline, Embase and Sportdiscus databases were conducted
from January 1990 through November 2018. Methodological quality was evaluated by the Assessment of
Diagnostic Accuracy Studies (QUADAS) tool or the Validity and Reliability Critical Appraisal Tool (CAT) or the
Quality Appraisal of Diagnostic Reliability checklist (QAREL). Meta-analytical methods were utilised to summarize
relative reliabilities of Dm, Tc, Td (95%, CI). The methodological quality of the 19 included studies (n = 373;
female = 13.0%) ranged from low to high quality. The analysis revealed insufficient diagnostic accuracy and
validity, mixed results regarding absolute reliability, and high to excellent relative reliability for the assessed
measures. To conclude, robust evidence for diagnostic accuracy/validity of TMG has yet to be determined,
whereas there is substantial evidence for its reliability. Higher methodological standards need to be established,
including the avoidance of gender bias.

Gender bias
Systematic review

1. Introduction muscle fatigue characterized as a reversible loss in maximal force or
power production as a consequence of work over time (Finsterer, 2012;

The non-invasive assessment of alterations in skeletal muscle func- Gosker and Schols, 2008). Muscle fatigue is usually quantified by

tion as a consequence of athletic performance or in a clinical setting has
been substantially examined (Andonian et al., 2015; Goubert et al.,
2017; Langevin et al., 2011; Liederbach et al., 2014; Lin et al., 2016).
Here, one emphasis of complementary research lies on quantifying the
effect of peripheral fatigue-related changes in electrophysiological and
dynamical muscle characteristics (Cé et al., 2017; Kallenberg et al.,
2007; Tosovic et al., 2016; Walker et al., 2012; Yoshitake et al., 2001).
Muscle fatigue — defined as any decline in muscle capacity associated
with muscle activity (Allen et al., 2008) — is complex and multifactorial.
In the further course of this study the focus will be on exercise-induced

maximal voluntary contraction (MVC), which is considered the ‘gold-
standard’ of fatigue (Place et al., 2007). To monitor acute effects of
muscle fatigue on mechanical properties of muscle contraction without
the assessment itself causing additional fatigue, surface mechanomyo-
graphic (MMG) methods have been applied (Orizio et al., 2003; Tosovic
et al., 2016; Yoshitake et al., 2001). These non-invasive techniques are
regarded as the mechanical counterpart of surface electromyography
(EMG) (Gordon and Holbourn, 1948; Orizio et al., 2003). MMG records
and quantifies lateral vibrations and thickening of muscle fibre at the
surface of a muscle by specific sensors (transducers) during voluntary or
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evoked contraction (Beck et al., 2006; Orizio, 1993). Several transdu-
cers have been utilised to detect the surface MMG signal such as pie-
zoelectric contact sensors and accelerometers (Cé et al., 2017;
Watakabe et al., 1998), laser distance sensors (Than et al., 2018), and
microphones (Yoshitake et al., 2005). Despite encouraging results that
have been achieved by using MMG techniques, there are some chal-
lenges mostly of technical nature, for example a low signal-to-noise
ratio and resulting high variability, cumbersome equipment, and ne-
cessary post-processing of the signals (Orizio, 2002; Wong, 2001).

An alternative and easy to handle MMG method was introduced
named Tensiomyography™ (TMG) about twenty years ago (Dahmane
et al., 2001; Kersevan et al., 2002; Valenci¢ and Knez, 1997). In contrast
to other MMG methods, TMG only functions with stimulated contrac-
tions. The device incorporates a high-precision displacement sensor
(4 um) which is placed perpendicularly with a slight pre-tension (0.2 N/
cm?) onto the surface of the muscle belly in order to record the radial
deformation of the muscle following electrically evoked stimulation.
This pre-tension is considered to be one fundamental methodological
difference between TMG and other MMG techniques (Simunic et al.,
2010). In fact, as Krizaj et al. (2008) stated, this controlled pre-tension
is the major benefit of TMG compared to other MMG methods, since it
has a positive impact on the assessment of contraction dynamics. The
electrical stimulation is delivered by two self-adhesive electrodes being
placed symmetrically proximal and distal at a defined distance to the
displacement sensor. In order to attain maximal individual response,
the stimulation is progressively increased until the individual maximal
radial displacement amplitude is reached (Simunic et al., 2011). In a
direct comparison between two different transducers (contact vs. laser
sensor), Seidl et al. (2017) found that both sensors were reliable for the
assessed time-based parameters as well as maximal muscle displace-
ment, with the contact sensor (which is similar to the one applied in
TMG) recording higher mean values on average. Nevertheless, the au-
thors considered this difference as clinically irrelevant.

Approximately 130 peer reviewed papers on TMG measurements
have been released during the last decades. This non-invasive and easy
to handle device is under discussion for a variety of applications. One
focal view is set on various fields of physical activity (e.g. specific
adaptation to exercise and/or age, determination of fibre type dis-
tribution, muscle fatigue, and recovery) (Dahmane et al., 2005; Paula
Simola et al., 2016a,b; Peterson and Quiggle, 2016; Simuni¢ et al.,
2018). Another focus, albeit to a lesser extent, lies on (neuro-)muscular
disorders (Gasparini et al., 2012; Grabljevec et al., 2005; Neamtu et al.,
2016; Rusu et al., 2016; Seijas et al., 2016). To guarantee comparability
between the investigations, this systematic review will focus on studies
related to sport scientific research performed in both male and female
healthy subjects.

TMG obtains five primary measures; one spatial measure expressed
in millimeters (mm), and four temporal measures expressed in milli-
seconds (ms), which can be derived from the twitch displacement-time
curve: muscle displacement (Dm), delay time (Td), contraction time
(Tc), half-relaxation time (Tr), and sustain Time (Ts). Within the fra-
mework of this study, the main emphasis will be on the most evaluated
primary TMG parameters, with the highest level of reliability (Krizaj
et al., 2008; Martin-Rodriguez et al., 2017a; Tous-Fajardo et al., 2010):
the spatial variable Dm and the temporal variables Td, and Tc. Dm is
considered to provide information about muscle fatigue, muscle stiff-
ness and early atrophic processes (Ditroilo et al., 2011; Hunter et al.,
2012; Pisot et al., 2008; Pisot et al., 2016). Td reflects the time from the
onset of electrical stimulation until 10% of Dm, also characterized as
reaction or activation time (Alentorn-Geli et al., 2015). Tc is defined as
the time lapse between 10 and 90% of the peak value of Dm. This
measure is commonly linked to muscle fibre type composition
(Dahmane et al., 2001; Simunic et al., 2011), and speed of force gen-
eration (Loturco et al., 2016).

Alongside these primary measures, an indirect approach to assess
the velocity of muscle radial deformation (Vc) has been reported
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increasingly (Gasparini et al., 2012; Lohr et al., 2018a; Loturco et al.,
2016; Macgregor et al., 2016; Macgregor et al., 2018a; Paula Simola
et al., 2015; Raeder et al., 2016; Wiewelhove et al., 2015; Wiewelhove
et al., 2017). As several authors stated (Loturco et al., 2016; Paula
Simola et al., 2015), alterations of contraction time might be influenced
by the extent of radial muscle displacement, and as a consequence,
hampers an appropriate interpretation of the results (Paula Simola
et al., 2015). Vc is delineated as the rate of muscle contraction or rate of
deformation development, and in fact, to date there is no standardized
method of calculation for this secondary TMG raw data-derived para-
meter. Some authors integrate Dm, Tc, and Td within their calculation:
mean velocity until 10%Dm (V;,), or mean velocity until 90% Dm (Vo)
(Paula Simola et al., 2015; Paula Simola et al., 2016b; Raeder et al.,
2016; Wiewelhove et al., 2017). Loturco et al. (2016) provide an al-
ternative approach by dividing Dm through the sum of Td and Tc. A
further procedure to assess the velocity of contraction is defined as the
rate (mm/s) of contraction between 10 and 90% of maximal Dm
(Vc = Dm80%/Tc) (Lohr et al., 2018a; Macgregor et al., 2016;
Macgregor et al., 2018a). Thus the combination of several TMG-derived
parameters to a single index potentially provides a more substantial
evaluation of specific training interventions, for example peripheral
muscle fatigue.

In the course of the implementation process of a novel diagnostic
and treatment monitoring tool, it is vital to ensure that this tool has
been successfully validated. Therefore the measurements must be ac-
curate, valid, and reliable. Diagnostic accuracy describes the ability of
an instrument or test to correctly discriminate cases with a certain
condition and cases without the condition (Zhou et al., op. 2011). The
validity of an instrument refers to the degree to which the interpreta-
tions of the results of a test are assured. This is dependent on the test’s
proposed uses (Goodwin and Leech, 2003). Reliability provides in-
formation on the stability, consistency and reproducibility of a mea-
surement device or test (Kimberlin and Winterstein, 2008; Weir, 2005).
Reliability is best estimated by more than one index, and therefore, it is
recommended to combine indexes of relative (e.g. ICC) and absolute
(e.g. SEM, CV) reliability (Atkinson and Nevill, 1998).

During the last decades, numerous studies have been published on
TMG validity and reliability, whereas investigations on TMG diagnostic
accuracy have only begun to be carried out recently. Up to the present
two reviews on TMG have been released (Macgregor et al., 2018b;
Martin-Rodriguez et al., 2017a). Martin-Rodriguez et al. (2017a) pre-
viously conducted a qualitative systematic review of studies examining
the reliability and measurement error of TMG whereas Macgregor et al.
(2018b) provided a critical and comprehensive overview of the existing
evidence on tensiomyographic application as an assessment device
within sport medical supervision. The present systematic review with
meta-analysis expands upon these prior works in multiple ways: (1) We
systematically summarized information on TMG studies of diagnostic
accuracy and validity to determine exercise-induced muscle fatigue in
healthy male and female volunteers with the TMG measures Dm, Tc,
Td, and Vc. (2) We focused on the instrument’s reliability for detecting
spatial (Dm) and contractile characteristics (Tc, Td, and Vc), and fur-
thermore, quantitatively assessed the data on relative reliability of
three of the mentioned TMG measures (Dm, Tc, and Td). (3) We scru-
tinised the methodological quality and risk of bias of the studies in-
cluded by using the Quality Assessment of Diagnostic Accuracy Studies
(QUADAS) tool (Whiting et al., 2003), the Validity and Reliability Critical
Appraisal Tool (CAT) (Brink and Louw, 2012) or the Quality Appraisal of
Diagnostic Reliability Checklist (QAREL) (Lucas et al., 2010), depending
on the study type. (4) We summarized the overall level of evidence for
the assessed TMG parameters in terms of diagnostic accuracy, validity,
and reliability. There is hitherto no systematic review on the state of
studies on accuracy and validity of Tensiomyography™ to observe ex-
ercise-induced muscle fatigue. The present investigation intends to fill
this gap.
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2. Methods
2.1. Registration

The study was registered with the International Prospective Register
of Systematic Reviews (PROSPERO# CRD42018087126) (Lohr et al.,
2018b).

2.2. Study design

This systematic review and meta-analysis was compiled applying
recommendations on the conduct and reporting of systematic reviews
and meta-analyses outlined in the Preferred Reporting Items in Systematic
Reviews and Meta-Analyses (PRISMA) guidelines (Moher et al., 2010).

2.3. Search strategy

Using the interfaces Pubmed, OVID, and EBSCO a computer assisted
systematic literature search of Medline, Embase, and Sportdiscus da-
tabases was performed by one author (CL) from 01 January through 04
April 2017. The rationale for selecting Medline and Embase is based on
the fact that the combination of these two most important databases in
sports medicine and orthopaedic surgery leads to a high detection rate
of primary research (Slobogean et al., 2009). Additionally, it is re-
commended to search in a content-specific database (e.g. Sportdiscus)
(Prinsen et al., 2018). The search was augmented using reference lists of
relevant articles to assure that as many related papers as possible were
captured. Grey literature was searched unsystematically. The literature
search was updated on 30 November 2018. Search filters were devel-
oped using a combination of keywords and medical subject headings
(MeSH)/Emtree. The selected terms were combined in Medline and
Embase using the Boolean operator ‘AND’ or ‘OR’ A similar search
strategy was carried out in the database Sportdiscus. In order to avoid
an exclusion of relevant articles, methodological search filters were not
included (Doust et al., 2005; Leeflang et al., 2013; Whiting et al., 2011).
The search strategy is outlined in detail in Appendix A.

2.4. Screening and eligibility criteria

One reviewer (CL) performed the screening process in Microsoft
Excel 2010, version 14.0, using predetermined inclusion and exclusion
criteria. Articles were eligible if they contained the following criteria:
(1) male and/or female healthy adults and/or adolescents were in-
cluded; (2) the core subject of the investigation was the instruments’
diagnostic accuracy regarding the ability to discriminate between fati-
gued and recovered subjects and/or the validity of TMG measures to
assess exercise induced muscle fatigue and/or the relative and/or ab-
solute reliability of TMG measures; (3) peer reviewed observational,
cross-sectional, validity or controlled trial research studies were in-
cluded; (4) the study was published in English.

Exclusion criteria were as follows: (1) the study focussed on parti-
cipants with neurological or orthopaedic disorders; (2) testing was
performed on infants; (3) diagnostic accuracy and/or relative and/or
absolute reliability of TMG measures were not reported; (4) non-peer-
reviewed studies, conference proceedings, editorials, books, theses and
expert opinions; (5) non-human; (6) non-English.

A PRISMA flow chart was used to illustrate the study screening and
selection process (Fig. 1).

2.5. Data extraction

Information and data extraction was carried out independently by
one reviewer (CL) and verified by a second reviewer (JP) utilizing a pre-
designed extraction sheet. Demographical data regarding the study
population characteristics and health status were identified as well as
information concerning the testing circumstances. Then, diagnostic
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reference standard and statistical measures on diagnostic accuracy and/
or validity, and/or reliability were extracted. A detailed listing and
description of the extracted key parameters are shown in Table 1.
Disagreements among the reviewers were resolved through discussion
or by referral to a third reviewer (TS). Authors were contacted when
necessary for additional information.

2.6. Study quality and risk of bias assessment

Each of the full text articles was assessed independently by two
reviewers (CL, JP) assessing the study quality and risk of bias. For
studies of diagnostic accuracy the Quality Assessment of Diagnostic
Accuracy Studies QUADAS tool (Whiting et al., 2003) was utilized, and
for validity studies the Validity and Reliability Critical Appraisal Tool
(CAT) (Brink and Louw, 2012) was used, whereas the quality evalua-
tion of reliability studies was operationalized through the Quality Ap-
praisal of Diagnostic Reliability Checklist (QAREL) (Lucas et al., 2010).

The QUADAS tool encompasses 14 items, each of which having a
‘yes’, ‘no’ or ‘unclear’ answer option. Since the QUADAS evaluation tool
does itself not incorporate a quality score (Whiting et al., 2005), several
studies have used this tool and implemented a stratification of scoring
low risk of bias and high quality if the QUADAS score was 10 or greater,
whereas a score below 10 was associated with high risk of bias and low
quality (e.g., Cook et al., 2007; Cook et al., 2012; Hegedus et al., 2007;
Pacheco-Carrillo and Medina-Porqueres, 2016).

The QAREL checklist is especially conceptualized for the quality
appraisal of diagnostic reliability studies (Lucas et al., 2010). This
rating tool has been validated (Lucas et al., 2010; Lucas et al., 2013),
and to date, QAREL has been applied in numerous systematic reviews
(e.g., Boswell et al., 2015; Carlsson and Rasmussen-Barr, 2013; Falco
et al., 2012; Lange et al., 2017). The checklist includes 11 items, which
can be rated with ‘yes’, ‘no’, ‘unclear’ or ‘not applicable’, indicating
individual ratings for each item, rather than elaborating an overall
score. In an adaptation of Carlsson and Rasmussen-Barr (2013), we
stipulated a stratification of scoring low risk of bias and high quality
if > 72% of the applicable questions were rated ‘yes’. A moderate risk
of bias and moderate quality was considered with positive ratings above
63% and up to 72%, whereas a high risk of bias and low quality was
associated with a positive score of 63% or below.

The CAT tool has been developed specifically to enhance the
methodological quality of reporting of validity and reliability studies
evaluating objective clinical tools (Brink and Louw, 2012). Five of a
total of 13 items relate to both validity and reliability studies, whereas
four items refer to validity studies only and four items to reliability
studies only. Each item has a ‘yes’, ‘no’ or ‘not applicable’ answer op-
tion. In case of validity studies, the items which relate to reliability
should be rated as ‘not applicable’, and vice versa (Brink and Louw,
2012). Although CAT has been developed to evaluate the methodolo-
gical quality of both, studies on reliability and validity, we decided to
utilize this appraisal tool only for the incorporated papers on validity.
The reason for this is that QAREL has been used more frequently for the
evaluation of reliability studies and therefore ensures a better com-
parability with other reviews. CAT does not provide an overall quality
score, therefore we followed Prowse et al. (2016) and used their total
methodological quality ratings for validity studies: 0-2 poor, 3-5 fair, 6
or 7 moderate, and 8 or 9 high. On this basis we specified a high po-
tential risk of bias if the CAT score was 5 or below, a moderate risk of
bias was considered with a score of 6 or 7, and a score of 8 or above was
rated as a low potential risk of bias.

Disagreements among the reviewers regarding the results of the
QAREL, QUADAS, CAT assessment were discussed or resolved by a
third reviewer (TS).

2.7. Meta-analysis of relative reliability measures

Due to the heterogeneous designs of the included studies on
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N
373 abstracts identified through 4 additional abstracts identified
Medline (190), Embase (83), through hand search
SPORTdiscus (100)
J
4 ﬂ A 4 N\
230 titles screened after —————— 100 titles rejected with reasons
duplicates removed
& J & J
e ﬂ A e N
130 abstracts screened - 81 abstracts rejected with reasons
- J & J
4 | ﬂ N\ \
49 Fulk-text 2Irit|ci;Le”si‘.tassessed for 30 Full-text articles excluded with reasons (n)
grotlity No validity measures reported (19)
\ J Did not focus on muscle fatigue (3)
Different measurement device was used (8)
J
'd N\
19 Studies included in qualitative synthesis
&
( X . ﬂ 4 U N\
3 Diagnostic 4 Validity Studies 12 Reliability Studies
Accuracy Studies (via CAT) (via QAREL)
(via QUADAS)
& - ﬂ J
s N
11 Reliability Studies
included in meta-
analysis
\ J

Fig. 1. Flow diagram of study selection. Abbreviations: CAT, validity and reliability Critical Appraisal Tool; QAREL, Quality Appraisal of Diagnostic Reliability

checklist; QUADAS, Quality Assessment of Diagnostic Accuracy Studies Tool.

diagnostic accuracy and validity, a meta-analysis could only be per-
formed for the reviewed reliability studies. The analysis was conducted
using R version 3.4.0 with the aid of Meta package. Some studies report
several values for reliability. These values (within a study) are based on
the identical sample and thus, they are connected with each other.
Random effects models were used to summarize the relative reliability
indices (ICCs) and respective confidence intervals (CI 95%) (Borenstein
et al., 2009). For this purpose a Fisher z-transformation was conducted
for each individual score in order to calculate the arithmetic mean for
every single study. Subsequently, these weighted average values were
converted back into the original scale. Consequently, only one relia-
bility value per study was taken into account in the meta-analysis. This
proceeding ensures that studies reporting more than one value for re-
liability will have no stronger impact within the analysis. To evaluate
the heterogeneity between the individual studies, tau-squared ®) was
conducted, particularly considering the high precision of the values
being pooled (Riicker et al., 2008). Each study was weighted by the
inverse variance method, and the heterogeneity was estimated by the
method of Hunter and Schmidt (2006).
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2.8. Quality assessment of accuracy, validity and absolute reliability
measures

For the measures on diagnostic accuracy, validity, and absolute
reliability we evaluated the quantitative results of each measurement
property using quality criteria adapted from Terwee et al. (2007),
Prinsen et al. (2018), and Mokkink et al. (2018). Each individual result
of diagnostic accuracy, validity, and absolute reliability measures was
rated using the criteria: sufficient (+4), indeterminate (?), and in-
sufficient (—) as outlined in Table 1.

2.9. Best evidence synthesis

Two reviewers (CL, JP) independently established the overall level
of evidence by synthesizing the risk of bias scores (QUADAS, CAT,
QAREL) of each individual study and the qualitative analysis of the
measurement properties. For this purpose the following definitions
based on van Tulder et al. (2003) were applied, see also Martin-
Rodriguez et al. (2017a): strong (consistent findings in multiple studies
of good methodological quality or in 1 study of excellent
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Table 1

Definition and Interpretation of extracted measures.
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Measurement property Definition Criteria for a good measurement property and Quality rating
Diagnostic ISensitivity (SN) Percentage of fatigued subjects who are correctly identified  + > 80%>
Accuracy by TMG. - < 80%2
? Not all information for ‘+ are reported
ISpecitivity (SP) Percentage of non-fatigued subjects who are correctly + > 80%>
identified by TMG. - < 80%>
? Not all information for ‘+’ are reported
Ipositive predictive value Percentage of subjects classified as fatigued by TMG who + > 80%2
(PPV) are in fact fatigued. < 80%?
? Not all information for ‘+ are reported
!Negative predictive value Percentage of subjects classified as non-fatigued by TMG + > 80%>
(NPV) who are in fact non-fatigued. - < 80%>
? Not all information for ‘+ are reported
Area under the receiver The larger the area under the ROC the greater is the + AUC = 0.8
operating (ROC) curve (AUC) discriminative power of TMG (range from 0.5 to 1). AUC < 0.8
? Not all information for ‘+ are reported
3Youden's index (J) The ratio of anticipated TMG result in fatigued subjects to  + 1
the non-fatigued subjects (0 = relatively poor diagnostic - 0
accuracy of a test, 1 = relatively large diagnostic accuracy ? Not all information for ‘+’ are reported
of a test).
“Diagnostic effectiveness (DE, Percentage of all subjects who were correctly categorized  + = 80%
%) by TMG. - < 80%
? Not all information for ‘+ are reported
“*Misclassification rate (MR, %) Percentage of all subjects who were incorrectly categorized — + =< 80%
by TMG. - > 80%
? Not all information for ‘+’ are reported
Validity SCriterion validity Refers to the extent to which TMG results relate to a gold-  + Correlation with gold standard = 0.70
standard. ®Concurrent validity: TMG and criterion - Correlation with gold standard < 0.70,
measures are taken at the same time. ®Predictive validity: despite adequate design and method
the criterion measurement is performed at a later stage. ? Doubtful design or method
5 Construct validity Refers to the extent to which TMG results relate to other + = 75% of the results are in accordance with
measures of fatigue in a manner that is consistent with the hypothesis
theoretically deduced hypotheses concerning exercise- - < 75% of the hypothesis was not
induced fatigued. confirmed, despite adequate design and
methods
? Doubtful design or method (e.g. no
hypotheses)
Reliability ®SIntraclass correlation A relative reliability index incorporating the degree of + ICC = 70%
coefficient (ICC) correlation between TMG measurements (by different — ICC < 70%
raters or in repeated tests). The variance of true TMG ? ICC not reported
scores is set in relation to the variance based on error (i.e.
random error and, in some ICC models, systematic bias).
’Standard error of An index for absolute reliability which quantifies the The evaluation cannot be carried out in general but is dependent
measurement (SEM) precision of individual TMG scores in repeated tests, on the specific application - research question. MDC needs to be
expressed in the units of measurement. The SEM allows evaluated in comparison to the application-specific minimal
calculation of the minimum detectable change (MDC), important change (MIC)
which is considered the minimum meaningful change in a
TMG parameter in repeated testing.
89Coefficient of variation (CV)  An index for absolute reliability which quantifies the + CV =< 10%
variability of individual scores in repeated tests, - CV > 10%
dimensionless ratio. ? CV not reported
Consistency 10-11Cronbach's alpha (at) An index of the internal consistency of a test or scale. + a between = 0.70 and < 0.95

a < 0.70 or > 0.95
Doubtful design or method

1 (Simundié, 2009); 2 (Guyatt, 2008); 3 (Schisterman et al., 2005); 4 (Shaikh, 2011); 5 (Terwee et al., 2007); 6 (Portney and Watkins, 2009); 7 (Harvill, 1991); 8
(Atkinson and Nevill, 1998); 9 (Stokes, 2009) 10 (Tavakol and Dennick, 2011); 11 (George and Mallery, 2003).
* Adapted from Terwee et al. (2007), Prinsen et al. (2018), and Mokkink et al. (2018); (+) sufficient; (—) insufficient; (?) indeterminate.

methodological quality), moderate (consistent findings in multiple
studies of fair methodological quality or in 1 study of good methodo-
logical quality), limited (one study of fair methodological quality),
conflicting (conflicting findings), unknown (only findings in studies of
poor methodological quality). The qualitative ratings of the measure-
ment properties (positive, negative) were based on the results of the
quality assessment described in Section 2.8. Disagreements between the
reviewers were discussed and clarified by a third author (TS) until a
consensus was reached.
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3. Results
3.1. Literature search and selection of studies

The systematic search through Medline, Embase and SPORTdiscus
databases yielded 373 potential articles, and was supplemented by four
papers identified via hand search. The non-specific searches for grey
literature produced no relevant hits. After titles and abstracts were
reviewed and the duplicates eliminated, 49 full text articles were as-
sessed for eligibility. Nineteen studies met the inclusion criteria for
qualitative data analysis Fig. 1 and Table 2. Finally, eleven of those
studies were incorporated into the meta-analysis. Fig. 1 shows a flow
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chart for the selection process, and in Table 2 the demographics and
characteristics of included studies (n = 19) are outlined.

3.2. Study types and measurement properties of included studies

An overview of the evaluated measurement properties in every in-
dividual study of the 19 studies included is provided in Table2. The
publication by Paula Simola et al. (2016a) comprised two experiments —
in the first part the inter-day reliability of TMG was surveyed, and the
second experiment investigated the instrument’s ability to assess ex-
ercise-induced fatigue (i.e. its validity). The data on validity of TMG
quoted in the second experiment seem to stem from the same data
collection as the data used to analyse the instrument’s validity in an-
other included article by the same authors (Paula Simola et al., 2015).
Paula Simola et al. (2016acxp2) analysed five separate strength training
protocols, whereas in the second publication by Paula Simola et al.
(2015), the mean values from the five training interventions were
averaged for further analysis. Unfortunately, we received no reply from
the authors on our enquiry regarding this concern. To avoid a possible
over-representation of results stemming from the same dataset, the
aforementioned studies (Paula Simola et al., 2015, 2016aexp2) Will not
be rated separately in the further course of the review.

As shown in Table 2, this review comprises 373 healthy volunteers
of whom 48 (13%) were women, ranging from 0% (Ditroilo et al., 2013;
Garcia-Garcia et al., 2018; Harmsen et al., 2018; Hunter et al., 2012;
Krizaj et al., 2008; Paula Simola et al., 2015; Paula Simola et al.,
2016@exp1/exp2; Rey et al., 2012; Rodriguez-Matoso et al., 2010;
Sanchez-Sanchez et al., 2018; Simunic, 2012; Tous-Fajardo et al., 2010;
Wiewelhove et al., 2017) to 54% (Lohr et al., 2018a), with average ages
ranging from 14.9 + 1.2 (Wiewelhove et al., 2017) to 38 + 12years
(Lohr et al., 2018a). The sample size ranged from 10 (Harmsen et al.,
2018; Simunic, 2012) to 50 participants (Garcia-Garcia et al., 2018).
The included studies focused, with one exception (Lohr et al., 2018a),
on muscles of the lower or upper extremities: soleus (Paravli¢ et al.,
2017), gastrocnemius medialis (Ditroilo et al., 2013), gastrocnemius
lateralis (Paula Simola et al., 2016acxp1), vastus medialis (Garcia-Garcia
et al., 2018; Raeder et al., 2016; Simunic, 2012; Tous-Fajardo et al.,
2010), vastus lateralis (Garcia-Garcia et al., 2018; Simunic, 2012),
rectus femoris (Garcia-Garcia et al., 2018; Paula Simola et al., 2015;
Paula Simola et al., 2016a; Rodriguez-Matoso et al., 2010; Sanchez-
Sanchez et al., 2018; Wiewelhove et al., 2015; Wiewelhove et al., 2017;
Wilson et al., 2018), biceps femoris (Ditroilo et al., 2011; Garcia-Garcia
et al., 2018; Paula Simola et al., 2016a.,1; Rey et al., 2012; Sanchez-
Sanchez et al., 2018; Wiewelhove et al., 2015), biceps brachii (Harmsen
et al., 2018; Hunter et al., 2012; Krizaj et al., 2008). The investigation
by Lohr et al. (2018a) examined lumbar erector spinae muscles. Three
studies reported the inter-electrode distance (IED) (Lohr et al., 2018a;
Paravli¢ et al., 2017; Tous-Fajardo et al., 2010) while the remaining
studies specified the position of the electrodes in relation to the sensor,
with one exception, Harmsen et al. (2018) have not provided in-
formation regarding the precise positioning of the electrodes. The used
inter-stimulus interval (ISI) was reported in all studies except Raeder
et al. (2016), Rodriguez-Matoso et al. (2010), Sdnchez-Sénchez et al.
(2018), Simunic (2012), and Wiewelhove et al. (2015). In the fol-
lowing, further information on diagnostic accuracy/validity studies (see
Section 3.2.1) and reliability studies (see Section 3.2.2) will be outlined
in detail.

3.2.1. Included diagnostic accuracy and validity studies

In case of the six studies that investigated diagnostic accuracy and/
or validity the reference standard as well as the fatigue inducing in-
tervention differed between the studies (Table 2). Wiewelhove et al.
(2015) and Sanchez-Sanchez et al. (2018) utilized repeated sprint
ability (RSA), whereas Raeder et al. (2016) applied estimated 1 re-
petition maximum (1RMs) as reference standard of fatigue, and
Wiewelhove et al. (2017) implemented countermovement jump (CMJ)
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performance. Paula Simola et al. (2015; 2016acxp2) and Hunter et al.
(2012) used maximal isometric voluntary contraction (MVIC). As in-
direct measures of exercise induced muscle damage (EIMD) Harmsen
et al. (2018) and Hunter et al. (2012) used several biomarkers to assess
EIMD. A running-based 6-day high intensity interval training (HIIT),
and a 4-day HIIT respectively, was used to induce fatigue in two studies
(Wiewelhove et al., 2015; Wiewelhove et al., 2017), whereas Sidnchez-
Sanchez et al. (2018) implemented Repeated Sprint Ability (RSA) tests
to generate fatigue. Raeder et al. (2016) induced muscle fatigue using a
6-day intensified strength training micro-cycle (STM), and five different
strength training protocols were conducted in the studies by Paula
Simola et al. (2015; 2016aexp2). Finally, Hunter et al. (2012) and
Harmsen et al. (2018) intended to provoke EIMD by five sets of ten
maximal eccentric contractions and six sets of ten eccentric contractions
at 110% of the 1RM, respectively.

In case of diagnostic accuracy studies, the measures sensitivity (SN)
and specificity (SP) were calculated by Wiewelhove et al. (2017). Po-
sitive predictive values (PPV) and negative predictive values (PPV)
were assessed by Raeder et al. (2016). One study (Wiewelhove et al.,
2017) analysed the area under the curve (AUC), whereas the Youden’s
index (J) was calculated in two studies (Wiewelhove et al., 2015;
Wiewelhove et al., 2017). The misclassification rate (MR) was reported
by Wiewelhove et al. (2015). Finally, all aforementioned studies re-
ported the diagnostic effectiveness (DE) (Raeder et al.,, 2016;
Wiewelhove et al., 2015; Wiewelhove et al., 2017). To assess the va-
lidity of the studied TMG parameters, criterion related validity (i.e.
concurrent validity) was implemented in six studies (Hunter et al.,
2012; Paula Simola et al., 2015; Paula Simola et al., 2016acyp2; Raeder
et al., 2016; Sanchez-Sinchez et al., 2018; Wiewelhove et al., 2015),
and construct validity (hypothesis testing, convergent validity) was
evaluated by Harmsen et al. (2018) and Hunter et al. (2012).

3.2.2. Included reliability studies

The twelve articles reporting on reliability of TMG assessed different
types of reliability (Table 2). Inter-day (Ditroilo et al., 2013; Lohr et al.,
2018a; Paravli¢ et al., 2017; Paula Simola et al., 2016acyp1; Simunic,
2012) as well as intra-day reliability (Krizaj et al., 2008; Lohr et al.,
2018a; Paravli¢ et al., 2017; Rey et al., 2012; Rodriguez-Matoso et al.,
2010; Wilson et al., 2018) was determined. Furthermore, one study
focused on inter-day reliability measuring at varying knee joint angles
(Ditroilo et al., 2011). Paravli¢ et al. (2017) and Tous-Fajardo et al.,
2010 both assessed inter-rater reliability, additionally the effect of
different inter-electrode distance was investigated by Tous-Fajardo
et al,, 2010 and Wilson et al. (2018). Measurements with differing
sensor positioning was investigated by Rodriguez-Matoso et al. (2010).

Eleven studies assessed relative reliability through ICC (Ditroilo
et al., 2011; Ditroilo et al., 2013; Garcia-Garcia et al., 2018; Krizaj et al.,
2008; Lohr et al., 2018a; Paravli¢ et al., 2017; Paula Simola et al.,
2016acxp1; Rey et al., 2012; Simunic, 2012; Tous-Fajardo et al., 2010;
Wilson et al., 2018), and in one study the authors utilised Cronbach’s
Alpha as an index of reliability (Rodriguez-Matoso et al., 2010). Ab-
solute reliability was assessed through CV in nine studies (Ditroilo
et al., 2011; Ditroilo et al., 2013; Garcia-Garcia et al., 2018; Lohr et al.,
2018a; Paravli¢ et al., 2017; Paula Simola et al., 2016aexp1; Simunic,
2012; Tous-Fajardo et al., 2010; Wilson et al., 2018), and SEM was
calculated in six papers (Ditroilo et al., 2013; Lohr et al., 2018a;
Paravli¢ et al., 2017; Paula Simola et al., 2016aeyp;; Simunic, 2012;
Tous-Fajardo et al., 2010). However, in some cases details on metho-
dology of calculation (e.g. ICC model) is lacking of the above mentioned
indexes.

3.3. Methodological quality and risk of bias
Each study was assigned to one of the methodological appraisal

tools depending on the key aspect and main outcome of the investiga-
tion. Three of the studies (Raeder et al., 2016; Wiewelhove et al., 2015;
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Table 3
Quality and risk of bias assessment of the included diagnostic accuracy studies, utilized with the Quality Assessment of Diagnostic Accuracy Studies (QUADAS) tool
(Whiting et al., 2003).

Author (Year of Publication) Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 Q13 Q14 Total Risk of bias
Raeder et al., 2016 Y Y Y Y Y Y Y Y Y Y U Y N 18} 11/14 Low
Wiewelhove et al., 2015 Y Y Y Y Y Y Y N Y Y U Y Y 18) 11/14 Low
Wiewelhove et al., 2017 U Y Y Y Y Y Y Y Y Y U Y Y U 11/14 Low

Abbreviations: N, no; U, unclear; Y, yes. *Item 1: was the spectrum of patients representative of those in clinical practice? Item 2: were selection criteria clearly
described? Item 3: is the reference standard likely to classify the target condition correctly? Item 4: is the period of time between the reference standard and index test
acceptable? Item 5: did the whole sample of patients receive verification using the reference standard? Item 6: did patients receive the same reference standard
regardless of the index test result? Item 7: was the reference standard independent of the index test? Item 8: was the execution of the index test described in sufficient
detail for replication? Item 9: was the execution of the reference standard described in sufficient detail for replication? Item 10: were the index test results interpreted
without knowledge of the reference standard? Item 11: was the reference standard interpreted without knowledge of the results of the index test? Item 12: were the
same clinical criteria available when test results were interpreted as would be in clinical practice? Item 13: were uninterpretable/intermediate test results reported?

Item 14: were withdrawals from the study explained?

Wiewelhove et al., 2017) focused on diagnostic accuracy and were
evaluated via QUADAS. Four papers focusing on validity (Harmsen
et al., 2018; Hunter et al., 2012; Paula Simola et al., 2015, 2016acxp2;
Sanchez-Sanchez et al., 2018) were assessed by CAT and the remaining
twelve studies (Ditroilo et al., 2011; Ditroilo et al., 2013; Garcia-Garcia
et al., 2018; Krizaj et al., 2008; Lohr et al., 2018a; Paravli¢ et al., 2017;
Paula Simola et al., 2016a.xp1; Rey et al., 2012; Rodriguez-Matoso et al.,
2010; Simunic, 2012; Tous-Fajardo et al., 2010; Wilson et al., 2018) set
an emphasis on reliability and were evaluated via QAREL.

3.3.1. Quality of diagnostic accuracy studies

The results for the methodological quality and risk of bias scores
using QUADAS are gathered in Table 3. All three accuracy studies had a
quality score above 10, indicating a high quality and low risk of bias. In
one case Item 1 (Was the spectrum of patients representative of those in
clinical practice?) was rated ‘unclear’ because female subjects were not
included (Wiewelhove et al., 2017). Due to the unavailability of further
details concerning the interpretation of the reference standard and the
index test, Item 11 (Was the reference standard interpreted without
knowledge of the results of the index test), and furthermore, because of
missing information regarding potential withdrawals, Item 14 (Were
withdrawals from the study explained) were rated as ‘unclear’ (Raeder
et al., 2016; Wiewelhove et al., 2015; Wiewelhove et al., 2017).

3.3.2. Quality of validity studies

Table 4 shows the methodological quality scores utilizing CAT.
Three of the four validity studies being evaluated had a quality score of
seven out of nine (Harmsen et al., 2018; Hunter et al., 2012; Paula
Simola et al., 2015, 2016a.yp2), and one study (Sanchez-Sanchez et al.,
2018) achieved a score of six out of nine, which all represent a mod-
erate quality as well as a moderate risk of bias. The assessor’s qualifi-
cation or competence (Item 2) was not clarified in any of the studies. In

one case (Sanchez-Sanchez et al., 2018), Item 10 (was the execution of
the (index) test described in sufficient detail to permit replication of the
test?) was rated ‘no’ because of insufficient information concerning the
testing procedure. Item 12 (were withdrawals from the study ex-
plained?) was rated ‘not applicable’, because no information has been
provided by the authors.

3.3.3. Quality of reliability studies

The results of the methodological quality assessment of the twelve
reliability studies via QAREL are presented in Table 5. Two studies out
of twelve were of high quality and low risk of bias with a score of seven
out of nine (77.7%; Paravli¢ et al., 2017), and six out of eight (75.0%;
Lohr et al., 2018a), respectively. One investigation achieved a score of
six out of nine (66.7%), and was therefore considered to be of moderate
quality and moderate risk of bias (Tous-Fajardo et al., 2010). The re-
maining nine studies had a quality score of 50% or less, and thus,
conceivably present a high risk of bias. Only Paravlic¢ et al. (2017) and
Lohr et al. (2018a) utilized a representative subject sample (Item 1).
Item 2 (Was the test performed by raters who were representative of
those to whom the authors intended the results to be applied?) had to
be judged as ‘unclear’ in six out of twelve studies due to insufficient
information about the assessor’s experience and qualification. In one
case (Rodriguez-Matoso et al., 2010), Item 11 (Were appropriate sta-
tistical measures of agreement used?) was rated with ‘no’. For this
reason, the aforementioned study was omitted from the quantitative
analysis (see Section 3.4.3).

3.4. Outcome of the studies
3.4.1. Diagnostic accuracy outcome

In total, three studies with low risk of bias evaluated the diagnostic
accuracy of two primary (Dm, Tc) and two secondary (Vio, Voo) TMG

Table 4

Quality and risk of bias assessment of the included validity studies, utilized with the Critical appraisal tool (CAT) (Brink and Louw, 2012).
Author (Year of Publication) Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 Q13 Total Risk of bias
Harmsen et al, 2018 Y N Y N/A N/A N/A Y N/A Y Y Y U Y 7/9 Moderate
Hunter et al., 2012 Y N Y N/A N/A N/A Y N/A Y Y Y U Y 7/9 Moderate
Paula Simola et al., 2015/20168cxp2 Y N Y N/A N/A N/A Y N/A Y Y Y 18] Y 7/9 Moderate
Sanchez-Sanchez et al., 2018 Y N Y N/A N/A N/A Y N/A Y N Y U Y 6/9 Moderate

Abbreviations: N, no; U, unclear; Y, yes; N/A, not applicable. *Item 1: If human subjects were used, did the authors give a detailed description of the sample of subjects
used to perform the (index) test? Item 2: Did the authors clarify the qualification, or competence of the rater(s) who performed the (index) test? Item 3: Was the
reference standard explained? Item 4: If interrater reliability was tested, were raters blinded to the findings of other raters? Item 5: If intrarater reliability was tested,
were raters blinded to their own prior findings of the test under evaluation? Item 6: Was the order of examination varied? Item 7: If human subjects were used, was
the time period between the reference standard and the index test short enough to be reasonably sure that the target condition did not change between the two tests?
Item 8: Was the stability (or theoretical stability) of the variable being measured taken into account when determining the suitability of the time interval between
repeated measures? Item 9: Was the reference standard independent of the index test? Item 10: Was the execution of the (index) test described in sufficient detail to
permit replication of the test? Item 11: Was the execution of the reference standard described in sufficient detail to permit its replication? Item 12: Were withdrawals
from the study explained? Item 13: Were the statistical methods appropriate for the purpose of the study?
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Table 5
Quality and risk of bias assessment of the included diagnostic reliability studies, utilized with the Quality Appraisal of Reliability Studies (QAREL) checklist (Lucas
et al., 2010).
Author (Year of Publication) Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Total Risk of bias
Ditroilo et al., 2011 19) U N/A 19) N/A N/A U Y Y Y Y 4/8 High
Ditroilo et al., 2013 U 0) N/A U N/A N/A 0) U Y Y Y 3/8 High
Garcia-Garcia et al., 2018 U Y N/A U N/A N/A U U Y Y Y 4/8 High
Krizaj et al., 2008 U U N/A 1) N/A N/A U U Y Y Y 3/8 High
Lohr et al., 2018a Y Y N/A 1) N/A N/A U Y Y Y Y 6/8 Low
Paravlic¢ et al., 2017 Y Y Y 1) N/A N/A U Y Y Y Y 7/9 Low
Paula Simola et al., 2016acxp1 U U N/A 1) N/A N/A U 18] Y Y Y 3/8 High
Rey et al., 2012 1) Y N/A U N/A N/A U U Y Y Y 4/8 High
Rodriguez-Matoso et al., 2010 U 0) N/A U N/A N/A 0) U Y Y N 2/8 High
Simunic, 2012 U Y N/A 18) N/A N/A U 18] Y Y Y 4/8 High
Tous-Fajardo et al., 2010 U Y Y 1) N/A N/A U Y Y Y Y 6/9 Moderate
Wilson et al., 2018 18] U N/A 1) N/A N/A U U Y Y Y 3/8 High

Abbreviations: N, no; U, unclear; Y, yes; N/A, not applicable. *Item 1: Was the test evaluated in a sample of subjects who were representative of those to whom the
authors intended the results to be applied? Item 2: Was the test performed by raters who were representative of those to whom the authors intended the results to be
applied? Item 3: Were raters blinded to the findings of other raters during the study? Item 4: Were raters blinded to their own prior findings of the test under
evaluation? Item 5: Were raters blinded to the results of the reference standard for the target disorder (or variable) being evaluated? Item 6: Were raters blinded to
clinical information that was not intended to be provided as part of the testing procedure or study design? Item 7: Were raters blinded to additional cues that were not
part of the test? Item 8: Was the order of the examination varied? Item 9: Was the time interval between repeated measurements compatible with the stability (or
theoretical stability) of the variable being measured? Item 10: Was the test applied correctly and interpreted appropriately? Item 11: Were appropriate statistical

measures of agreement used?

measures (Raeder et al., 2016; Wiewelhove et al., 2015; Wiewelhove
et al., 2017). The results are outlined in detail in Table 6. Table 7 shows
the quality of the assessed measurement properties (Mokkink et al.,
2018; Prinsen et al., 2018; Terwee et al., 2007). The TMG parameter
Dm was rated insufficient on diagnostic accuracy (SN, SP, PPV, NPV,
DE, MR, J, AUC) in all three studies. The same applies for the time-
based parameter Tc, being rated insufficient by two of the aforemen-
tioned investigations (Wiewelhove et al., 2015; Wiewelhove et al.,
2017). The assessed accuracy measures were: SN, SP, DE, MR, J, and
AUC. Only Wiewelhove et al. (2017) evaluated the secondary TMG
variable V. All surveyed data on diagnostic accuracy (SN, SP, DE, MR,
J, and AUC) were rated insufficient. Finally, the accuracy of Vg was
assessed by Raeder et al. (2016) and Wiewelhove et al. (2017). This
parameter was rated insufficient as well, with one exception: Raeder
et al. (2016) assessed PPV, inter alia, and compared the measurements
at several time points. In one case (changes between pre- and post-
training after a 6-day HIIT), PPV of Vg, reached 80% and was therefore
rated sufficient. However, taking all available data together, the tested
TMG parameters demonstrated questionable overall diagnostic accu-
racy to discriminate between fatigued and recovered athletes.

3.4.2. Validity outcome

The results of the six studies on validity are summarized in Tables 8
and 9. In terms of concurrent criterion related validity, the assessed
TMG parameters were rated insufficient due to the fact that none of the
analysed measures (Dm, Tc, Td, Vo, and Vgo) exceeded a correlation of
=>0.70 with the criterion measure of fatigue (Hunter et al., 2012; Paula
Simola et al., 2015; Raeder et al., 2016; Sanchez-Sanchez et al., 2018;
Wiewelhove et al., 2015), with one exception for the parameter Dm in
the study by Paula Simola et al. (2016acxp2). Here, changes between
pre- and post-training in Dm correlated (r = 0.705) with the criterion
measure (MVIC) after one out of five training protocols and was
therefore rated sufficient for this protocol. Two studies with moderate
risk of bias (Harmsen et al., 2018; Hunter et al., 2012) evaluated con-
vergent construct validity of the variable Dm. In case of Harmsen et al.
(2018), convergent construct validity was sufficient, whereas the va-
lidity measures determined by Hunter et al. (2012) were rated in-
sufficient. The convergent construct validity of the parameters Tc and
Td - assessed only by Harmsen et al. (2018) — was rated insufficient in
both cases.

3.4.3. Reliability outcome

The results on relative and absolute reliability of TMG measures
(Dm, Tc, Td, V¢, V19, and Vgp) are gathered in Table 10. With regard to
relative reliability, one of the original twelve reliability studies that
were included in the qualitative assessment had to be excluded from the
quantitative assessment via meta-analysis because of the use of Cron-
bach’s alpha instead of ICC (Rodriguez-Matoso et al., 2010).

Eleven studies (one inter-rater and eleven test-retest reliability)
evaluated the relative reliability (i.e. ICC) of the spatial parameter Dm.
The time-dependent measures Tc and Td were analysed in nine (one
inter-rater and nine test-retest), and in seven studies (one inter-rater
and seven test-retest reliability), respectively. The relative reliability
results for the parameters Dm, Tc, and Td were summarized quantita-
tively in a meta-analysis. The evaluated heterogeneity (t?) for the TMG
measures was as follows: Dm: 0.01%, Tc: 0.04%, and Td: 0.07%, re-
spectively. Thus, the heterogeneity was so small that the reliabilities of
each study could be pooled. The point estimates with respective CIs for
the reliabilities of Dm, Tc, and Td were 0.98 (0.96; 0.99), 0.95 (0.93;
0.98), and 0.91 (0.88; 0.95), respectively. The forest-plots illustrate
these results (Figs. 2-4). These values indicate an excellent relative
reliability for all three assessed TMG parameter (Dm, Tc, and Td). As
mentioned above, the study by Rodriguez-Matoso et al. (2010) had to
be excluded from the meta-analysis due to the use of inappropriate
statistical measures (Cronbach’s alpha). Nevertheless, the results of this
study were also rated sufficient for the analysed parameters (Dm, Td,
Tc), and thus support the aforementioned outcomes. As described in
Section 3.3.3), the secondary parameter velocity of contraction (Vc,
V10, Vgo) had been assessed by only two test-retest studies, one study
with low risk of bias (Lohr et al., 2018a), and one with high risk of bias
(Paula Simola et al., 2016a.xp1). Because of the scant data available and
varying methods of calculation between the two studies, a meta-ana-
lysis was not performed for this TMG measure. However, in both in-
vestigations, the velocity parameters showed excellent relative relia-
bility — Vc: ICC scores =0.97 (Lohr et al., 2018a), V1¢/Vgo: ICC scores
=0.92 Paula Simola et al. (2016aexp1), and were rated sufficient.

Absolute reliability, i.e. CV, was assessed in nine studies for the
parameter Dm (two inter-rater and nine test-retest). The measures Tc
and Td were analysed in seven (one inter-rater and seven test-retest),
and in five studies (one inter-rater and five test-retest), respectively.
The results for the quality of CV are outlined in Table 11. In four of the
nine studies, Dm was rated sufficient (Garcia-Garcia et al., 2018;
Simunic, 2012; Tous-Fajardo et al., 2010; Wilson et al., 2018), while in
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Table 7
Quality of measurement properties for diagnostic accuracy.

Risk of
bias

Diagnostic accuracy

TMG
Variables

Measurement
property

Study reference rating

Dm Raeder et al., 2016 PPV
NPV

DE

7/7
_/_
_/_
DE -/=/=/-
MR —/=/=/-
J —/=/=/-

Low

Wiewelhove et al., Low

2015

SN -
SP -
DE -
AUC -
J —

Wiewelhove et al.,
2017

Tc DE —-/—=/—/— Low
MR —/=/=/=

J —/=/=/-

Wiewelhove et al.,
2015

SN -
SP -
DE -
AUC -
J —

Wiewelhove et al.,
2017

SN -
SP -
DE -
AUC -
J —

Wiewelhove et al., Low

2017

Raeder et al., 2016 PPV
NPV

DE

Low

SN -
SP -
DE -
AUC -
J —

Wiewelhove et al., Low

2017

(+) sufficient; (—) insufficient; (?) indeterminate; Abbreviations: AUC, area
under the curve; DE, diagnostic effectiveness; Dm, muscle displacement; J,
Youden’s index; MR, misclassification rate; NPV, negative predictive value;
PPV, positive predictive value; r, correlation coefficient; SN, sensitivity; SP,
specificity; Tc, time of contraction; V4, Voo, velocity of contraction.

the study by Ditroilo et al. (2011), CV was > 10%, and therefore rated
insufficient. In the remaining four publications (Ditroilo et al., 2013;
Lohr et al., 2018a; Paravli¢ et al., 2017; Paula Simola et al., 2016axp1)
the results for Dm varied between protocols within each study. In the
studies by Ditroilo et al. (2013) and Lohr et al. (2018a), Dm was rated
insufficient in three out of four protocols. In case of the investigation by
Paravlic et al. (2017), Dm was found to be sufficient in two out of three
protocols. Finally, the ratings for Dm in the study by Paula Simola et al.
(2016acxp1) varied depending on the examined muscle. Dm was rated
sufficient for the examination of rectus femoris, whereas the parameter
was found to be insufficient in case of biceps femoris and gastrocnemius
lateralis. The time-dependent variables Tc and Td were rated sufficient
(Ditroilo et al., 2013; Garcia-Garcia et al., 2018; Lohr et al., 2018a;
Paula Simola et al., 2016ayy1; Simunic, 2012; Tous-Fajardo et al.,
2010), with one exception for the parameter Tc as assessed by Ditroilo
et al. (2011). Here, the parameter was rated insufficient. The absolute
reliability of the TMG-derived variables Vc, Vig, and Vg9 was in-
vestigated, in each case, by one test-retest study. The parameter Vc
(CV < 8%) was rated sufficient (Lohr et al., 2018a), whereas the rat-
ings for Vyo and Vg (Paula Simola et al., 2016a.yp1) again differed
depending on the examined muscle. The variables were rated sufficient
in case of rectus femoris and biceps femoris (CV < 10%), while the
rating was insufficient for the evaluation of gastrocnemius lateralis
(CV > 10%).
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3.5. Strength of evidence

A summary of the evidence synthesis for each individual TMG
variable is provided in Table 12. With respect to the TMG parameters’
overall diagnostic accuracy, the evidence ranged from moderate nega-
tive (Vy0) to strong negative (Dm, Tc, and Vgp). The determined evi-
dence for the parameters’ accuracy are based on small total numbers of
participants across the TMG parameters, ranging from 14 to 59 vo-
lunteers, with a notably low share of female participants (range:
0-34%).

In terms of concurrent criterion validity, the evidence was found to
be limited negative for the variables Td, and V;o, and moderate nega-
tive for the variables Tc and Vg,. Finally, Dm was rated strong negative.
The evidence for convergent construct validity (Dm) was rated con-
flicting, whereas the parameters Td and Tc were rated limited negative.
Again, it should be mentioned, that the data rely upon relatively small
total numbers of subjects (range: 10-98), with a remarkably low share
of female participants (range: 0-26%).

Regarding the TMG parameters’ relative reliability, the findings are
based on the pooled data from the meta-analysis for the parameters Dm,
Tc, and Td, and the synthesized evidence from the two studies ex-
amining the secondary TMG parameters. The evidence from the meta-
analysis was strong positive for all included parameters, with total
sample sizes ranging from 147 (Td) to 209 (Dm). Finally, the evidence
for the secondary TMG parameters (total sample sizes: 20-24) ranged
from unknown (V;o, Vgo; due to the high risk of bias of the only study
assessing these parameters) to moderate positive (Vc). Again, the per-
centage of female participants was predominantly low (0-13%), with
one exception for the parameter Vc (54%).

In contrast to the findings of relative reliability, the evidence re-
garding TMG’s absolute reliability varied. Depending on the parameter,
the evidence was found to be unknown (Vio, Vgo; see above), con-
flicting (Dm), limited positive (Td), or moderate positive (Tc, Vc). The
assessed results are based on total numbers of subjects ranging from 20
(Vi0, Vgo) to 181 (Dm), again with a predominantly low share of
women (range: 0-54%).

4. Discussion
4.1. Main findings

We conducted a comprehensive systematic review on the diagnostic
accuracy, validity, and reliability of the three primary TMG measures
muscle displacement (Dm), contraction time (Tc), and delay time (Td),
and the secondary TMG-derived parameter velocity of contraction (Vc,
V10, Voo). In case of relative reliability, also a quantitative assessment
(meta-analysis) was carried out for the three primary TMG parameters.
The methodological quality was assessed for each of the 19 studies that
were included. The three studies focusing on diagnostic accuracy were
evaluated via QUADAS (Whiting et al., 2003), the four validity studies
were assessed using CAT (Brink and Louw, 2012), and the remaining
twelve studies, which focused on reliability, were rated by means of
QAREL (Lucas et al., 2010).

The main findings of the present review suggest that robust evi-
dence for diagnostic accuracy of TMG measures (Dm, Tc, V1o, and Vgo)
to discriminate between fatigued and recovered healthy subjects has yet
to be determined (Raeder et al., 2016; Wiewelhove et al., 2015;
Wiewelhove et al.,, 2017). A similar picture emerges with regard to
criterion referenced validity (Hunter et al., 2012; Paula Simola et al.,
2015; Paula Simola et al., 2016aexp2; Raeder et al., 2016; Wiewelhove
et al., 2015). Construct validity was found to be conflicting for the
variable Dm (Harmsen et al., 2018; Hunter et al., 2012), or limited
negative for Tc and Td (Harmsen et al., 2018).

Moreover, as demonstrated in the meta-analysis of the reliability
studies, the relative reliability for the analysed TMG parameters was
high to excellent (Td 0.91, Tc 0.95, Dm 0.98) (Ditroilo et al., 2011;
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Table 9
Quality of measurement properties for validity.
Validity Risk of bias
Criterion Construct
TMG Variables Study reference Measurement property rating Measurement property rating
Dm Harmsen et al., 2018 r + Moderate
Hunter et al., 2012 r —/=/=/=/—/— r - Moderate
Paula Simola et al., 2015/20168cxp2 r —/=/=/=/+/— Moderate
Raeder et al., 2016 r - Low
Séanchez-Sénchez et al., 2018 r -/ = Moderate
Wiewelhove et al., 2015 r - Low
Td Harmsen et al., 2018 r - Moderate
Sénchez-Sanchez et al., 2018 r —/— Moderate
Te Harmsen et al., 2018 r - Moderate
Sanchez-Sanchez et al., 2018 r —-/= Moderate
Wiewelhove et al., 2015 r — Low
Vio Paula Simola et al., 2015/2016aexp2 r —/=/=/=/=/= Moderate
Voo Paula Simola et al., 2015/20168cxp2 r —/=/=/=/=/= Moderate
Raeder et al., 2016 r — Low

(+) sufficient; (—) insufficient; (?) indeterminate; Abbreviations: AUC, area under the curve; DE, diagnostic effectiveness; Dm, muscle displacement; J, Youden’s
index; MR, misclassification rate; NPV, negative predictive value; PPV, positive predictive value; r, correlation coefficient; SN, sensitivity; SP, specificity; Tc, time of

contraction; Vg, Voo, velocity of contraction.

Ditroilo et al., 2013; Garcia-Garcia et al., 2018; Krizaj et al., 2008; Lohr
et al., 2018a; Paravli¢ et al., 2017; Paula Simola et al., 2016aexp1; Rey
et al., 2012; Simunic, 2012; Tous-Fajardo et al., 2010; Wilson et al.,
2018). Our results demonstrate strong positive evidence to support
relative reliability for the analysed TMG variables. In terms of absolute
reliability the results were less unequivocal for the primary TMG
measures, ranging from conflicting (Dm) to moderate positive (Tc). In
case of the indirect measures of contraction speed the evidence ranged
from unknown (V, Vgo) to moderate positive (Vc) for both relative
and absolute reliability.

Finally, the data collected here suggest that there is a crucial need to
implement higher methodological standards for the conduct and re-
porting of TMG studies. This particularly applies for the included re-
liability studies — only two out of twelve studies were of high quality,
with a low potential risk of bias considering the pre-established defi-
nition of quality ranking (Lohr et al., 2018a; Paravli¢ et al., 2017). In
the following, the findings will be discussed in more detail.

4.1.1. Diagnostic accuracy and validity

One objective of this study was to review available data on the
accuracy and validity of TMG parameters to differentiate between fa-
tigued and non-fatigued individuals. In case of diagnostic accuracy
studies, TMG failed to detect post-interventional muscular performance
alterations. The evaluated overall evidence for criterion related validity
ranged from limited negative to moderate negative, since the prevailing
majority of the analysed parameters (Dm, Tc, V;o, and Vgo) did not
exceed a correlation of =0.70 with the reference criterion. In some
cases, however, there were significant correlations between changes in
the considered gold standard of fatigue (i.e. maximal voluntary con-
traction) and changes in the spatial TMG measure Dm following EIMD
(Hunter et al., 2012), or in the TMG variables Dm, V,,, and Vgo sub-
sequent to an eccentric overload strength intervention protocol (Paula
Simola et al., 2016acyp2). The conflicting evidence assessed for con-
struct validity (Dm) failed to underpin this slight positive trend suffi-
ciently.

Apart from general methodological shortcomings (see Sections 4.2.
and Section 4.3 below), these mostly unsatisfactory results might be
specifically attributable to issues related to the experimental setup. The
nature of exercise-induced muscle fatigue is very complex, and its
characteristics are influenced (amongst others) by the task being per-
formed - such as the type of contraction as well as its duration and
intensity (Millet and Lepers, 2004). For example, it could be shown that
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isometric, concentric, and eccentric muscle activity differ in their
neuromuscular fatigue profile (Kay et al., 2000). Another point to note
is that the participant’s training background (e.g. endurance-trained vs.
power-trained subjects) affects functional structures of the neuromus-
cular system (Garrandes et al., 2007). Looking at the experimental
setup of the studies by Wiewelhove et al. (2015; 2017), the authors
implemented running-based interventions (4-day HIIT, 6-day HIIT),
and as criterion measures of fatigue, they used countermovement jump
performance and repeated sprint ability. Since these skills or tasks in-
volve multiple well-defined and coordinated muscle groups (Zarrouk
et al., 2012), it is questionable whether the interventions and criterion
measures of fatigue chosen for these studies were potent enough to have
an adequate impact on TMG measures. In this context, one should also
keep in mind that TMG is a method for the evaluation of isolated
muscular structures (Simunic, 2012). This assumption is backed up by
the validity investigation of Paula Simola et al. (2015; 2016aexp2) Who
assessed neuromuscular function after five different strength training
protocols. The authors only found positive correlations between the
reduction in muscle force capacity and alterations in the TMG para-
meters Dm, V3o, and Vg, subsequent to the eccentric overload protocol
(Paula Simola et al., 2016aexp; cf. Tables 8 and 9). This observation
supports the assumption that the effect on TMG measures is dependent
on the training load and on its duration (Paula Simola et al., 2016b).
Consequently, routines that include eccentric exercise might have a
greater impact on TMG indices, especially when applied to strength-
trained athletes. Consistent with these findings, Hunter et al. (2012) —
who assessed local eccentric EIMD of the elbow flexors via TMG - found
that post-interventional changes of the TMG parameter Dm sig-
nificantly correlated with reductions in muscle force capacity (Torque
vs TMG Dm ranged from r = 0.55 [ + 0.20] to r = 0.67 [ = 0.27]).
Immediate alterations of TMG Dm after performing eccentric EIMD of
the elbow flexors were also observed in a recently published study
(Franz et al., 2017), and thus support the notion that local eccentric
exercise may lead to higher accuracy of TMG measures.

Here it should be mentioned that muscle fatigue, which usually
requires a short regeneration period, ought to be distinguished from
muscle damage, which was investigated by Hunter et al. (2012) and
Harmsen et al. (2018). Muscle damage is characterized by a prolonged
phase of regeneration (Finsterer, 2012). Moreover, muscle damage
corresponds with structural changes (e.g. damage to sarcomeres in
myofibrils, damage to the excitation-contraction coupling system),
whereas fatigue is considered as a functional sign (Allen et al., 2005;
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Table 10

Reliability of tensiomyographic measures.
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Data analysis

Author, Year Type of Reliability, Muscle(s) TMG Relative Absolute Reliability
subjects variables Reliability
Ditroilo et al., Inter-day reliability Angle () ICC, Model Yes, CV, (95% CI)
2011 (48, varying knee (95% CI)
joint angles), n = 10
BF Dm 0° 0.82 (0.42-0.95) 19.8
(11.9-27.6)
45° 0.57 19.7
(-0.05-0.87) (11.2-28.1)
90° -0.57 43.1
(—0.87-0.05) (24.4-61.7)
Tc 0° 0.82 (0.42-0.95) 16.5 (8.9-24.0)
45° 0.62 (0.03-0.89) 20.5
(10.7-30.3)
90° —0.40 33.3
(17.0-49.7) (—-0.81-0.27)
Ditroilo et al., Inter-day reliability Time point of ICC, Model Yes, CV, (95% CI) SEM MDC MDC % Bias
2013 (4 weeks), n = 21 measurement (95% CI)
GM Dm M1 0.86 (0.68-0.94) 14.8 0.30 0.84 22.07 p < .05
(10.4-19.3)
M2 0.91 (0.79-0.96) 11.1 (7.0-15.1) 0.26 0.72 18.19 p < .01
M3 0.92 (0.82-0.97) 10.1 (5.0-15.2) 0.21 0.58 17.13 ns
M4 0.95 (0.87-0.98) 8.0 (5.0-11.0) 0.19 0.51 15.05 ns
Tc M1 0.62 (0.27-0.82) 9.4 (6.3-12.5) 1.36 3.77 15.79 ns
M2 0.63 (0.28-0.82) 9.1 (6.4-11.8) 1.36 3.77 14.95 ns
M3 0.62 (0.26-0.82) 8.1 (5.4-10.8) 1.18 3.28 13.70 ns
M4 0.92 (0.82-0.97) 3.8 (2.3-5.3) 0.61 1.68 7.33 ns
Td M1 0.60 (0.24-0.82) 9.2 (5.2-12.9) 1.34 3.72 16.41 ns
M2 0.56 (0.18-0.80) 8.2 (4.2-12.3) 1.52 4.21 19.05 ns
M3 0.62 (0.27-0.83) 7.8 (3.7-11.9) 1.27 3.53 17.15 ns
M4 0.62 (0.26-0.82) 7.0 (3.2-10.8) 1.16 3.20 14.98 ns
Garcia-Garcia Intra-day reliability;  BF, RF, VL, VM ICC (0.95% CI), CcvV
et al., 2018 2 sessions 20-45min randomly Model Yes
apart, n = 50 selected
Dm 0.99 (0.98-1.00) 1.6
Tc 0.97 (0.94-0.99) 4.0
Td 0.91 (0.80-0.96) 3.4
Krizaj et al., 2008  Short-term ICC, Model Yes N-SEM
test-retest reliability,
n=13
BB Dm 0.98 1.23
Te 0.97 0.48
Td 0.94 0.48
Lohr et al., 2018a Intra-day and inter- Time points of ICC, Model Yes, CV (95% CI) SEM SEM % MDC MDC% Bias
day reliability, 2 measurement (95% CI)
sessions, n = 24
ES Dm right M1 0.95 (0.88-0.98) 10.2 (5.4-14.9) 0.54 13.2 1.50 36.7 ns
Dm left M1 0.94 (0.87-0.97) 12.2 (7.0-17.4) 0.52 13.3 1.50 38.5 ns
Dm right M2 0.96 (0.90-0.98) 12.3 (8.4-16.2) 0.51 12.3 1.41 34.1 ns
Dm left M2 0.96 (0.92-0.98) 9.7 (6.6-12.9) 0.41 10.6 1.14 29.5 ns
Tc right M1 0.88 (0.74-0.95) 4.4 (2.6-6.3) 1.40 7.3 3.90 20.4 ns
Tc left M1 0.81 (0.60-0.91) 5.2 (2.3-8.2) 1.72 8.9 4.80 24.7 ns
Tc right M2 0.80 (0.59-0.91) 6.9 (4.3-9.6) 1.91 10.1 5.30 27.9 ns
Te left M2 0.75 (0.45-0.88) 7.3 (4.7-9.9) 2.14 11.0 5.93 30.5 ns
Ve right M1 0.99 (0.97-0.99) 4.4 (2.6-6.3) 12.00 6.9 33.30 19.1 ns
Ve left M1 0.99 (0.97-0.99) 5.2 (2.3-8.2) 10.93 6.7 30.30 18.7 ns
Ve right M2 0.97 (0.93-0.99) 6.9 (4.3-9.6) 19.00 10.7 52.70 29.8 ns
Ve left M2 0.98 (0.96-0.99) 7.3 (4.7-9.9) 13.17 7.9 35.51 21.4 ns
Paravli¢ et al., Intra- and inter-day ICC, Model Yes, cv SEM MDC RE Bias
2017 and inter-rater (95% CI)
reliability, n = 18
SOL Dm Intra-day 0.92 (0.81-0.97) 7.5 0.63 1.80 +0.08 ns
Inter-day 0.88 (0.76-95) 10.5 0.93 0.85 +0.08 ns
Inter-rater 0.96 (0.90-0.98) 8.5 0.50 1.39 + 0.09 ns
Paula Simola Inter-day reliability; ICC, Model NM cv SEM Bias
et al., 2 sessions over one
2016aexp1 week period’, n = 20
RF Dm 0.92 9.3 1.0 0.811
Te 0.94 4.9 1.9 0.411
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Table 10 (continued)
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Data analysis

Author, Year Type of Reliability, Muscle(s) TMG Relative Absolute Reliability
subjects variables Reliability
Td 0.87 3.8 1.2 0.165
Vio 0.92 9.0 4.0 0.544
Voo 0.92 9.9 19.9 0.548
BF Dm 0.95 10.4 0.9 0.465
Tc 0.91 8.7 5.6 0.089
Td 0.92 2.4 0.8 0.635
Vio 0.94 7.7 3.2 0.889
Voo 0.95 7.7 11.7 0.330
GL Dm 0.94 13.7 0.9 0.400
Tc 0.93 8.5 6.8 0.126
Td 0.90 7.7 1.3 0.056
Vio 0.92 12.3 3.5 0.604
Voo 0.92 11.3 10.1 0.686
Rey et al., 2012 Intra-session ICC, Model NM,
reliability, n = 15 (95% CI)
BF Dm 0.95 (0.92-0.97)
Tc 0.86 (0.78-0.93)
Td 0.82 (0.76-0.86)
Rodriguez-Matoso  Test-retest- Cronbach's alpha
et al., 2010 reliability, n = 25
RF Dm 0.920
Tc 0.970
Td 0.897
Simunic, 2012 Between-day ICC, Model NM, CV SEM RE Bias
reliability, three (95% CI)
consecutive days,
n =10
VMO Dm 0.98 (0.95-0.99) 4.7 +0.17 *0.30 ns
Tc 0.98 (0.95-0.99) 2.2 +0.40 =*=0.56 ns
Td 0.94 (0.82-0.98) 2.8 +0.42 =*=0.62 ns
VL Dm 0.99 (0.97-1.00) 4.7 +0.25 =*0.38 ns
Tc 0.98 (0.94-0.99) 1.5 +0.25 =041 ns
Td 0.89 (0.69-0.97) 1.8 +0.30 =*=0.44 ns
BF Dm 0.99 (0.98-1.00) 4.2 +043 =*0.23 ns
Tc 0.98 (0.95-1.00) 4.9 +1.06 =150 ns
Td 0.98 (0.87-0.99) 2.6 +0.40 =*=0.61 ns
Tous-Fajardo Inter-rater and inter- ICC, Model Yes, CV SEM RE Bias
et al., 2010 electrode distance, (95% CI)
n=18
VM (IRR) Dm 0.97 (0.92-0.99) 4.7 *0.3 +09 ns
Tc 0.92 (0.81-0.97) 3.4 +0.9 +25 ns
Td 0.86 (0.86-0.95) 2.7 + 0.9 + 2.7 ns
VM (IED) Dm 0.97 (0.91-0.99) 6.7 + 0.3 +08 p<0.01
Tc 0.84 (0.62-0.94) 4.5 +1.3 +37 ns
Td 0.85 (0.65-0.94) 2.0 +0.7 +2.0 ns
Wilson et al., Test-retest reliability, ICC, Model NM, CV
2018 n =10
RF Dm 0.92 5.7

“data from submaximal stimulation are not listed. Abbreviations: BB, Biceps brachii; BF, Biceps femoris; CI, Confidence interval; CV, Coefficient of variation; Dm,
muscle displacement; ES, Erector spinae; GM, Gastrocnemius medialis; GL, Gastrocnemius lateralis; ICC, Intra-class correlation coefficient; IED, Inter-electrode
distance; IRR, Inter-rater reliability; M, time point of measurement; MDC, Minimal detectable change; NM, not mentioned; ns, not significant; N-SEM, Normalized
standard error of the mean; RE, Random error; RF, Rectus femoris; SEM, Standard error of measurement; SOL, Soleus; Tc, Time of contraction; Td, Delay time; VL,
Vastus lateralis; VM, Vastus medialis; VMO, Vastus medialis obliquus; Ve, V;¢ and Vg, Velocity of contraction.

Appell et al., 1992). Nevertheless, due to the fact that these phenomena
overlap (Allen et al., 2005), and considering the limited number of
studies available on this topic, we refrained from further thematic dif-
ferentiation between the two types of muscle impairments.

As mentioned above, conflicting evidence was found for construct
validity of the parameter Dm (Harmsen et al., 2018; Hunter et al.,
2012). The researchers reported partially high post-interventional cor-
relations (range: r = 0.15 to r = 0.95) between TMG Dm and two es-
tablished biomarkers (Brancaccio et al., 2010) of muscle damage:
Creatine Kinase (CK) and Myoglobin (Mb). In the review by Macgregor
et al. (2018b) the authors stated that construct validity of TMG has been
successfully established. By way of qualification, it must however be
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conceded that this statement pertains to correlations found between
TMG Tc and slow-twitch muscle fibres (type I) (Dahmane et al., 2001;
Dahmane et al., 2005; Simunic et al., 2011) in order to estimate muscle
fiber type distribution. Nevertheless, there are further TMG publica-
tions that have assessed post-interventional significant effects on TMG
measures after intense exercise (Carrasco Paez et al., 2011; Garcia-
Manso et al., 2012) or in long distance sports (Garcia-Manso et al.,
2011; Giovanelli et al., 2016; Gutiérrez-Vargas et al., 2018). Although
the researchers did not survey data on validity, these findings sub-
stantiate our partly positive results, especially for the parameter Dm.
Further research to obtain additional insights into muscles’ contractile
alterations as a result of exercise induced fatigue/damage is therefore
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Study Total Relative reliability - Dm Rel. 95%-Cl Weight
Garia-Garcia et al., 2018 50 0.99 [098;1.00] 33.8%
Simunic, 2012 10 1 099 [097;1.00] 20.7%
Krizaj et al., 2008 13 #= 098 [0.96;1.00] 15.0%
Tous-Fajardo et al., 2010 18 = 097 [0.94;1.00] 11.2%
Lohretal., 2018a 24 = 0.95 [0.92;0.99] 7.3%
Paula Simola et al., 2016aexp1 20 — 094 [0.88;099] 39%
Paraviic et al., 2017 18 — 0.93 [0.86;0.99] 2.6%
Rey etal,, 2012 15 —— 092 [0.84;1.000 1.9%
Wilson et al., 2018 10 —+—— 092 [0.82;1.02] 12%
Ditroilo et al., 2013 21 ——+ 092 [0.84;099] 24%
Ditroilo et al., 2011 10 i 037 [[0.20;093] 0.0%
Random effects model 209 ¢ 098 [0.96; 0.99] 100.0%
Prediction interval - [ 0.95; 1.00]
Heterogeneity: 7% < 0.0001 ! ] ! !
0 02 04 06 08 1

Fig. 2. Pooled inter-rater and test-retest reliabilities with 95% confidence intervals (CI) for muscle displacement (Dm).

highly desirable.

Another reason for the poor results on the instruments’ ability to
differentiate between fatigued and non-fatigued individuals in the three
included accuracy studies as well as in the validity studies might be that
the sample sizes of these studies were very limited with a range from 10
to 23 participants, which could considerably hamper the applicability
of the results. Sample size determination is an important topic within
the context of planning of validity and/or accuracy studies (Hajian-
Tilaki, 2014). For instance, a small sample size might have limited
power, and therefore generate an imprecise estimate of accuracy with
wide confidence intervals (Hajian-Tilaki, 2014). The reason for the
authors’ choice of sample size was not provided in any of the publica-
tions on accuracy or validity. Despite the small samples, the authors of
the accuracy studies concluded that TMG markers were not sensitive
enough to distinguish between fatigued and recovered athletes in
comparison with the criterion measure. In this regard, particular
mention should be made on the study by Wiewelhove et al. (2017), a
pre-post single-group study design with only 14 youth male partici-
pants. In a commentary on this publication, Martin-Rodriguez et al.
(2017b) not only detected some errors within the statistical calcula-
tions, but also postulated that a larger sample size might have identified
significant changes in some of the TMG measures (Dm, Vi, and Vg),
and therefore, muscle fatigue could have been detected. However,
based on the limited amount of studies currently available, it is not
possible to give a final evaluation on this complex issue.

4.1.2. Reliability

The results of the quantitative summarization of individual relia-
bility studies confirm the high to excellent relative reliability of all
considered primary TMG measures: muscle displacement (Dm 0.98),
time of contraction (Tc 0.95), and delay time (Td 0.91), demonstrating
strong positive evidence. Our results regarding the relative reliability of
the primary TMG variables are in line with the findings of Martin-
Rodriguez et al. (2017a) who conducted the first qualitative systematic
review on the instruments’ reliability. They found Dm, Tc, and Td to be
highly reliable, and also critically mentioned the low methodological
quality of the studies included. Unfortunately, we were not able to
compare the evaluated level of evidence directly, since these results
were not reported by the authors. The secondary measure Vc was not
included in the review by Martin-Rodriguez et al. (2017a), probably
due to the limited data at the time the survey was carried out.

In contrast to relative reliability, the evidence for the primary TMG
parameters’ absolute reliability was less strong, especially for the spa-
tial parameter Dm, which was rated conflicting. Possible causes for
these divergent findings in terms of relative and absolute reliability will
be elaborated in the further course of this section.

As previously described, the secondary TMG measure velocity of
contraction (Vc, Vio, and Vgg) is of particular interest as a potential
measure of fatigue and recovery (Macgregor et al., 2016; Paula Simola
et al., 2015; Raeder et al., 2016; Sanchez-Urena et al., 2018). Due to the
limited number of studies investigating the reproducibility of this TMG-
derived parameter, and to the varying methods of calculation, we were
not able to include this variable in the meta-analysis of relative

Study Total Relative reliability - Tc Rel. 95%-Cl Weight
Simunic, 2012 10 == 098 [0.95;1.01] 24.4%
Krizaj et al., 2008 13 -+ 097 [0.94;1.00] 20.5%
Garia-Garcia et al., 2018 50 . 097 [0.95;0.99] 29.4%
Paula Simola et al,, 2016aexp1 20 —#— 0.93 [0.86;0.99] 10.2%
Tous-Fajardo et al., 2010 18 —+== 092 [0.85,099] 82%
Reyetal, 2012 15 —— 0.86 [0.72;1.00] 2.8%
Lohr et al., 2018a 24 ——— 082 [068;095] 28%
Ditroilo et al., 2013 21 i 074 [054;094] 14%
Ditroilo et al., 2011 10 0.45 [-0.07;097] 02%
Random effects model 181 ¢ 0.95 [0.93; 0.98] 100.0%
Prediction interval e [0.90; 1.01]
Heterogeneity: 7° = 0.0004 I ' ' l '

0 02 04 06 08 1

Fig. 3. Pooled inter-rater and test-retest reliabilities with 95% confidence intervals (CI) for time of contraction (Tc).
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Study Total Relative reliability - Td Rel. 95%-Cl Weight
Simunic, 2012 10 “+— 0.95 [0.88;1.01] 21.2%
Krizaj et al., 2008 13 —=+— 0.94 [0.87;1.01] 20.9%
Garia-Garcia et al., 2018 50 == 091 [0.86;0.96] 32.2%
Paula Simola et al., 2016aexp1 20 —+— 090 [0.81;0.99] 13.5%
Tous-Fajardo et al., 2010 18 ——— 086 [0.73;098] 6.8%
Rey et al., 2012 15 : 0.82 [0.65;0.99] 39%
Ditroilo et al., 2013 21 060 [0.32;0.88] 1.5%
Random effects model 147 0 0.91 [0.88; 0.95] 100.0%
Prediction interval ] [0.84; 0.98]
Heterogeneity: 7% = 0.0004 l ' ! '

0 02 04 06 08 1

Fig. 4. Pooled inter-rater and test-retest reliabilities with 95% confidence intervals (CI) for delay time (Td).

reliability. These differences stress the need for future research to im-
plement consistent standards to define and calculate Vc. Nevertheless,
the investigation by Paula Simola et al. (2016aexp;) and the recent re-
liability study conducted in our lab (Lohr et al., 2018a) offered first
promising results in this regard - indicating excellent relative reliability
(Vc: ICC scores =0.97; Vqo: ICC scores =0.92; Vgo: ICC scores =0.92)
for this secondary measure of speed of contraction. In this regard it
should be mentioned that the evidence for V;¢ and Voo needed to be
categorized as unknown in the evidence synthesis (see Table 12) due to
the low methodological quality of the study by Paula Simola et al.
(2016aexp1). Nevertheless, the results of the aforementioned investiga-
tion were entirely coherent with the variable Vc being assessed in a
high quality study (Lohr et al., 2018a), and also with the relative re-
liability results for the primary TMG variables.

In terms of absolute reliability, the results for the parameters Vi,
and Vg0 were less unequivocal compared to Vc. In the investigation by
Paula Simola et al. (2016aexp1), V1o and Vo, differed depending on the
muscle under observation (cf. Tables 10 and 11). This muscle-depen-
dent within-subject variation across different time points might be

Table 11
Quality of measurement properties for absolute reliability.

based on the muscle’s specific function with varying fibre type dis-
tribution, and not least the anatomical region (Haizlip et al., 2015).
Furthermore, regional specific and intra-individual subcutaneous fat
distribution might have affected the measurements, with more or less
pronounced within-subject differences (Wallner-Liebmann et al., 2013).
These results further underline the known fact that the response to an
external stimulus is individual in each skeletal muscle (Hunter, 2014).

The observed discrepancies between relative and absolute reliability
for the primary and secondary TMG parameters demonstrate im-
pressively the necessity of establishing a combination of relative and
absolute indices in order to comprehensively analyse and evaluate an
instruments’ reproducibility (Atkinson and Nevill, 1998). The CV is a
measure of within-subject variation when assessed at different time
points (Atkinson and Nevill, 1998), while the ICC is indicative for the
robust ability of a test or instrument to differentiate between different
individuals across different time-points or raters (Weir, 2005). Based on
the divergent findings for relative vs. absolute reliability, TMG can be
recommended for applications where various study populations are
being compared, due to its excellent relative reliability. In contrast,

Absolute reliability

Risk of bias

TMG variables Study reference Measurement property rating

Dm Ditroilo et al., 2011 Ccv —/=/= High
Ditroilo et al., 2013 CcvV —/=/=/+ High
Garcia-Garcia et al., 2018 Ccv + High
Lohr et al., 2018a Ccv —/=/=/+ Low
Paravli¢ et al., 2017 CV +/=/+ Low
Paula Simola et al., 2016acxp1 Ccv +/=/— High
Simunic, 2012 cv +/+/+ High
Tous-Fajardo et al., 2010 Ccv +/+ Moderate
Wilson et al., 2018 cv + High

Tc Ditroilo et al., 2011 cv —/=/= High
Ditroilo et al., 2013 Ccv +/+/+/+ High
Garcia-Garcia et al., 2018 cv + High
Lohr et al., 2018a CV +/+/+/+ Low
Paula Simola et al., 2016aexp1 CcvV +/+/+ High
Simunic, 2012 CvV +/+/+ High
Tous-Fajardo et al., 2010 CcvV +/+ Moderate

Td Ditroilo et al., 2013 Ccv +/+/+/+ High
Garcia-Garcia et al., 2018 cv + High
Paula Simola et al., 2016aexp1 CcvV +/+/+ High
Simunic, 2012 Ccv +/+/+ High
Tous-Fajardo et al., 2010 Ccv +/+ Moderate

Ve Lohr et al., 2018a CV +/+/+/+ Low

Vio Paula Simola et al., 2016acxp1 Ccv +/+/- High

Voo Paula Simola et al., 2016aexp1 CcvV +/+/— High

Abbreviations: Dm, muscle displacement; CV, coefficient of variation; Tc, contraction time; Td; delay time; Vc, Vi, Vg, velocity of contraction.
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Table 12
Summary of evidence synthesis.

Journal of Electromyography and Kinesiology 47 (2019) 65-87

Diagnostic accuracy Validity

Reliability

TMG variables (N, F%) Criterion validity (N, F%)

Construct validity (N, F%)

Relative (N, F%) Absolute (N, F%)

Dm Strong neg. (59, 34%) Strong neg. (98, 20%)

Tc Strong neg. (36, 31%) Moderate neg. (42, 26%)

Td 0 Limited neg. (20, 0%)

Ve* 0 0 0
Vio* Moderate neg. (14, 0%) Limited neg. (14, 0%) 0
Voo Strong neg. (37, 24%) Moderate neg. (37, 24%) 0

Conflicting (29, 0%)
Limited neg. (10, 0%)
Limited neg. (10, 0%)

Strong pos.** (209, ~13%)
Strong pos.** (181, ~8%)
Strong pos.** (147, 9%)
Moderate pos. (24, 54%)
Unknown (20, 0%)
Unknown (20, 0%)

Conflicting*** (181, ~12%)
Moderate pos.*** (153, ~9%)
Limited pos. (119, 11%)
Moderate pos.*** (24, 54%)
Unknown*** (20, 0%)
Unknown*** (20, 0%)

Levels of evidence based on van Tulder et al., 2003; *different methods of calculation; **results are based on the findings of the meta-analysis;

results are based

on the coefficient of variation; (0) not analyzed; Abbreviations: Dm, muscle displacement; F, female; N, total numbers of subjects; neg., negative; pos., positive; Tc,

time of contraction; Td, delay time; Vc, Vi, Vgo, velocity of contraction.

considering the less pronounced positive results for absolute reliability,
the instrument’s applicability on an individual basis, for example, for
the assessment of change within single patients, cannot be approved
sufficiently yet and needs to be explored in subsequent investigations.

While the results on the TMG measures’ reliability are mainly good
to excellent, owing to methodological constraints of a majority of the
included reliability studies, there is considerable potential for bias,
which has become evident from the methodological evaluation via
QAREL. In the following, additional methodological issues will be
highlighted. As could be shown in the present review, scientists con-
ducting reliability investigations relating to the reproducibility of a
measurement device ideally should implement a combination of re-
lative (e.g. intra class correlation coefficients [ICC]) and absolute re-
liability indices (e.g. standard errors of measurement [SEM], coeffi-
cients of variation [CV]) (Atkinson and Nevill, 1998). Two of the
included studies have not addressed this issue adequately, namely: Rey
et al. (2012), and Rodriguez-Matoso et al. (2010). In other cases, details
on the methodology of calculation (e.g. specification of the ICC model)
are lacking (Paula Simola et al., 2016a.,,:; Rey et al., 2012; Wilson
et al., 2018). Since different forms of ICCs can have an impact on the
results when applied to an identical set of data, this potentially influ-
ences the interpretation of the results (Weir, 2005). Due to this, re-
searchers ought to be aware of the ICC version they use and, for the
sake of transparency, give adequate importance to the reporting of the
‘model’, ‘type’, ‘definition’, and the respective confidence intervals (Koo
and Li, 2016).

4.2. Gender bias

One of the most striking observations of this systematic review was
the remarkably low share of female participants (13%) in the included
studies. This inconceivably low percentage of female volunteers is even
considerably smaller than what is common in the current sports and
exercise medicine literature, where female participants are still sig-
nificantly under-represented with a share of just about 39%
(p < .000001) (Costello et al., 2014). In fact, only four of the included
studies had an even gender composition (Lohr et al., 2018a; Paravli¢
et al., 2017; Raeder et al., 2016; Wiewelhove et al., 2015). This affected
the qualitative evaluation via QUADAS and QAREL: In case the authors
refrained from explicitly defining a gender specific restriction in their
eligibility criteria, or if the gender distribution was unbalanced, we
consequently answered Item 1 of QUADAS/QAREL (‘Was the test
evaluated in a sample of subjects who were representative of those to
whom the authors intended the results to be applied?’) with ‘unclear’.

Generally it can be said that, to date, insufficient attention has been
paid to sex-related differences in evidence-based (sports) medicine —
this refers to study design as well as analysis (Holdcroft, 2007; Reider,
2012). Our results confirm this gender insensitivity or androcentrism,
which is becoming increasingly critical considering the growing body of
evidence on gender differences in health (Ruiz-Cantero et al., 2007;
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Verdonk et al., 2009). In sports and exercise medicine, it is well known
that muscle physiological as well as pathophysiological aspects such as
muscle force generation, muscle thickness, rate of muscle fatigue, and
risk of injuries, inter alia, are significantly influenced by sex (Ansdell
et al.,, 2017; Fujisawa et al., 2017; Hill et al., 2018; Hunter, 2016;
Pincivero et al., 2003; Zazulak et al., 2007). This opens up the possi-
bility of potential effects of sex-related differences on the determined
TMG parameters. Due to the observed gender disparity in the included
samples, there is a substantial risk of gender bias, and therefore the
results and the corresponding conclusions of the studies should not be
indiscriminately generalized to women, but rather be treated with
caution (Holdcroft, 2007; Ruiz-Cantero et al., 2007; Verdonk et al.,
2009). Investigations by (Rodriguez-Ruiz et al., 2014; 2011), and
Martin-San Agustin et al. (2018) further substantiate this position
(Rodriguez-Ruiz et al., 2014; 2011) evaluated muscle mechanical
characteristics of the lower limbs in female and male volleyball players
using TMG - the researchers found clear disparities between genders in
some of the analysed muscles and TMG parameters, respectively. Re-
cently, Martin-San Agustin et al. (2018) investigated potential sex-re-
lated differences in muscle stiffness of several lower limb muscles. They
found significant (p < .05) dissimilarities between the female and
male participants in TMG Dm of biceps femoris. Future validating re-
search on Tensiomyography™ should therefore take these points into
account by ensuring a well-balanced gender distribution during study
planning and conduct. Moreover, researchers are responsible for car-
rying out a sex-specific analysis and interpretation of the outcomes
(Ruiz-Cantero et al., 2007). Failing this, the authors ought to state
clearly that the evidence from the collected data has been obtained
primarily for men (Holdcroft, 2007).

4.3. Adherence to reporting standards and guidelines

In the following, several general methodological issues relating to
the trial design and conduct of the incorporated studies will be dis-
cussed. There are existing reporting guidelines for the main study types
in health and medical care research helping to improve the quality of
reporting and publishing research. For example, the Standards for
Reporting Diagnostic Accuracy (STARD) by Bossuyt et al. (2003) were
developed to improve the quality of reporting on diagnostic accuracy
studies. For reliability studies, eight experts in reliability and agreement
investigations published the Guidelines for Reporting Reliability and
Agreement Studies (GRRAS) (Kottner et al., 2011). However, only one
of the studies included in this review stated the use of a guideline (Lohr
et al., 2018a), although all included diagnostic accuracy and validity
studies were published after the publication of STARD, and eight of the
twelve reliability studies were released after the publication of GRRAS.
Of course, it cannot be ruled out that the authors in fact implemented
said reporting guidelines but did so without stating this adequately in
their methods section. However, it is clear that the authors did not
adhere to several specific reporting guidelines which will be discussed



C. Lohr, et al.

in the following.

The assessor’s qualification or competence can have a substantial
impact on validity and reliability results and should therefore be
transparently described (Brink and Louw, 2012; Kottner et al., 2011). In
order to identify anatomical landmarks, for example, a precise and
reliable palpation examination is indispensable, and in fact, this multi-
layered task is not easy to learn (Browning, 2014). It could be shown
that the improvement of these capabilities (i.e. reliability of examina-
tion) is facilitated by training sessions and the examiner’s experience
(Lavazza et al., 2018). Actually, five studies provided information in
this regard, namely: Lohr et al. (2018a), Paravlic¢ et al. (2017), Rey et al.
(2012), Simunic (2012), and Tous-Fajardo et al. (2010).

Another issue refers to the insufficiently reported blinding of raters
(e.g. to the reference standard). None of the included studies on diag-
nostic accuracy or validity has clearly documented this point. To ensure
an unbiased collection of outcomes, the blinding of raters is a crucial
factor (Karanicolas et al., 2010). Neglecting this may cause, inter alia,
an overestimation of reliability (Lange et al., 2017).

Another procedural aspect refers to the used IED. Tous-Fajardo et al.
(2010) as well as Wilson et al. (2018) demonstrated that the IED has an
impact on the measurement results. Therefore, it is strongly encouraged
to state the electrodes’ positions very precisely — in particular, this in-
cludes the size of the electrodes and the correct measuring point (e.g. at
the centre vs. the edge of the electrode). Furthermore, the researchers
should document exactly whether they actually measured the IED or
the distance between the electrodes and the sensor, which equals half of
the IED, which in fact was not documented in one of the studies in-
cluded (Harmsen et al., 2018).

A further methodological point that was scarcely reported within
the studies refers to the used ISI. In case the ISI was documented, a rest
period of 10 s between stimuli was chosen, with one exception: Wilson
et al. (2018) used an ISI of 60 s (see Table 2). The rationale behind this
procedure was to avoid the possible effect of fatigue and post-activation
potentiation (Tous-Fajardo et al., 2010). According to Wilson et al.
(2018), Dm and Tc can significantly be affected by the ISI. For example,
Dm is significantly higher when using an ISI of 10 s compared to 30s
(p = .017) (Wilson et al., 2018). In order to circumvent this potential
source of error, the authors support the implementation of an ISI of 30 s
in upcoming investigations.

Finally, apart from the aforementioned statistical issues that should
be addressed in future studies (i.e. sample size calculation, relative and
absolute indices, ICC-type), it is advised to state the precision of sta-
tistical measures (e.g. measures of diagnostic accuracy or reliability) by
reporting the respective confidence limits (Guyatt et al., 1995; Hess
et al., 2012), because these data provide guidance for clinicians and
researchers on the interpretation of a given measure. Unfortunately,
confidence limits were hardly reported in the included diagnostic ac-
curacy and validity studies (Hunter et al., 2012; Wiewelhove et al.,
2017).

While not a shortcoming of any single study, we noticed one more
limitation when looking at the mainly evaluated muscles as outlined in
Table 2: The included studies primarily focused on limb muscles, with
one exception (Lohr et al., 2018a). This is partly attributable to the easy
accessibility of these anatomical regions, and moreover to the fact that
muscle injury and strain of the lower limbs are very common in athletes
(Zazulak et al., 2007). That is why these structures are of great interest
in sport scientific research as well as for clinicians and trainers in order
to support and monitor training and rehabilitation processes. Never-
theless, in the light of structural differences such as varying fibre type
distributions and their respective functional requirements, different
muscles respond differently in response to external stimulation
(Dahmane et al., 2006) and fatiguing exercise (Hill et al., 2018).
Therefore, we recommend extending further validating research to in-
tegrate and investigate a larger variety of muscular structures (e.g.
trunk muscles).

Taken together, we established an overall level of evidence for the
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analysed TMG parameters of the studies on diagnostic accuracy, va-
lidity, and reliability of TMG to assess exercise-induced muscle fatigue
by synthesizing the risk of bias and the quality of the measurement
properties. The results indicate insufficient overall diagnostic accuracy
for the TMG parameters Dm, Tc, Vio, and Vg,. Similarly, the evidence
for criterion related validity (Dm, Tc, Td, V9, Vgo) as well as construct
validity (Dm, Tc, Td) was found to be either negative or inconclusive.
For reliability studies, a meta-analysis was carried out; demonstrating
high to excellent relative reliability for the primary TMG measures Dm,
Td, and Tc. The results for the scarcely analysed secondary parameters
Ve, Vi, and Voo showed evidence for good to excellent relative relia-
bility, which, however, needs to be corroborated by additional high-
quality studies, especially for V;¢ and Vgo. In case of absolute reliability
(Dm, Tc, Td, Vc, V10, Vgo) the positive evidence was less pronounced, in
particular for the parameters Dm, V4, and Vgo. We evaluated a series of
methodological weaknesses in the included studies. These included a
striking gender bias due to the low share of female participants in the
studies (Costello et al., 2014), small sample sizes (Bonett, 2002; Hajian-
Tilaki, 2014), and an oftentimes poor adherence to reporting standards
and guidelines (Bossuyt et al., 2003; Kottner et al., 2011).

4.4. Limitations of this review

In the current review, we have not succeeded in including ex-
clusively high-quality studies. This is due to the limited number of
studies available on the individual topics evaluated in this compre-
hensive systematic review. In order to evaluate the quantitative results
of each measurement property we established quality criteria adapted
from Mokkink et al. (2018), Prinsen et al. (2018), and Terwee et al.
(2007). Originally, these quality criteria were developed for reviews of
questionnaire-based patient-reported outcomes (Terwee et al., 2007).
Nevertheless, numerous reviews on physical performance measures in
(sport) scientific research have employed these criteria over the recent
years (Drake et al., 2017; Hegedus et al., 2015; Kroman et al., 2014).
Responsiveness, which is considered a further important feature of an
instrument (Terwee et al., 2007), has not been addressed in the present
study. In fact, exercise-induced muscle fatigue is considered as a re-
versible decrease of muscle force during or subsequent to work over
time. Due to this temporal component in the definition of muscle fa-
tigue, responsiveness and validity cannot conclusively be dissociated in
this TMG application. A major constraint refers to the markedly small
sample sizes in most of the studies included. This in fact is a common
issue and major challenge in (longitudinal) investigations within sports
science (Drake et al., 2017). Against this backdrop, we refrained from
pre-establishing any standard about sample size requirements, as in-
corporated, for example, in the COSMIN guidelines (Prinsen et al.,
2018). To achieve better comparability and the best possible homo-
geneity, the investigation was limited to healthy participants. Irre-
spective of our comprehensive computer-based systematic literature
search, it cannot be ruled out that inadvertent sampling bias was in-
troduced into this review, due to the fact that only one reviewer con-
ducted the database searches, notwithstanding major efforts of the
authors to assure that all relevant papers were selected. Furthermore,
only one author screened the articles for inclusion, which can be con-
sidered another potential source for sampling bias. Beside this, due to
limiting the search to English language articles, the possibility of lan-
guage bias exists.

5. Conclusion

In summary, we conclude that robust evidence for diagnostic ac-
curacy and criterion validity of TMG to assess exercise-induced muscle
fatigue in healthy participants has yet to be established, despite several
validity investigations revealing significant post-interventional corre-
lations between the TMG variables Dm, V;,, and Vo and the reference
standard of fatigue (e.g. maximal voluntary contraction). Furthermore,
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our results indicate conflicting evidence for construct validity of the
TMG parameter Dm, and limited negative evidence for the variables Tc
and Td. The meta-analysis demonstrated that there is substantial evi-
dence for the instruments’ relative reliability; this applies to the vari-
ables Dm, Tc, and Td. With respect to absolute reliability (i.e. CV) the
results for the primary TMG measures were less unequivocal, ranging
from conflicting (Dm) to moderate positive (Tc). The reliability of the
secondary parameters Vc, Vo, and Vgo — derived from a combination of
Dm and Tc or Dm, Tc, and Td - has been only occasionally examined so
far. Nevertheless, based on the current findings, the few reliability
studies investigating this relative measure of muscle contraction velo-
city indicate that Vc is highly reproducible in both relative and absolute
reliability. In case of V1o and Vg, the findings available to date are not
yet sufficient to prove the parameters’ reliability, especially in terms of
absolute reliability. Future studies implementing higher methodolo-
gical standards for the conduct and reporting of TMG validation studies
- including the avoidance of gender bias — are of crucial importance.
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