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Abstract

Background: Different field tests are used to evaluate muscle capacity, in particular maximal voluntary isometric
endurance. However, although there are some normative values for a few muscle endurance tests, these do not
consider the weight, height, gender, or age of individuals, which are well-known factors that influence muscle
performance.

Hypothesis/Purpose: The purpose of this study was to investigate the test-retest reproducibility of eight field tests
and establish muscle endurance norms, in a healthy population, based on their anthropometric characteristics,
which could allow the optimal evaluation of the entire muscle function in a quick manner.

Design: Case series.

Methods: This study was conducted in two phases. The first phase was to check the reproducibility inter- and
intra-assessor for eight isometric muscle field tests on 20 volunteer subjects aged 40.9 + 11.6 years old (age range,
21-58 years). The second part was to establish muscle maximal voluntary isometric endurance norms according to
these tests on a total of 400 healthy participants grouped by age (50 males and females in each of the age
brackets, 20-29; 30-39; 40-49; 50-59 years old, for a total of 200 males and 200 females).

Results: The intra- and inter-assessor reproducibility tests are good for all muscle measurements (the intraclass
correlation coefficients varied between 0.915 and 0.996 and the coefficient of variation between 3.6 and 11.8%). The
area under the receiver operating characteristic curves demonstrates a good sensibility with values greater than 0.7
for each test. Each muscle belt presents same ratio regardless of the age and gender group. The simultaneous
multiple regression analyses highlight that the anthropometric characteristics of subjects influence significantly the
performance of isometric tests.

Conclusion: This study has permitted establishing prediction equations in a healthy population according to their

anthropometric characteristics as well as agonist/antagonist ratios for eight muscle isometric field tests after
demonstrating a good reproducibility of all tests.

Keywords: Normative database; Muscle prediction equation; Isometric field test; Outcome assessments;
Reproducibility
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Key Points

e DPredictive equations to establish muscle maximal
voluntary isometric endurance present a good
reproducibility for all muscle groups.

e These equations are useful in the field of prevention
and/or rehabilitation (risk of falling, low back pain,
etc.) or sport (muscle injury risks).

Introduction

The assessment of muscle performance is a requirement
in many fields such as prevention [1], sport [2], or re-
habilitation [3], as the results of this assessment are used
to prevent muscle injuries, guide and individualize train-
ing programs. Thus, the knowledge of reference values is
a necessity to achieve the above goals. Muscle perform-
ance can be measured by different dynamometers, such
as the isokinetic dynamometers [4], or the manual dyna-
mometers [5]. Although the use of the isokinetic dyna-
mometers is considered as the gold standard instrument
to evaluate muscle strength [6], these devices remain
very expensive, bulky, and require trained personnel to
handle them and interpret the results. On the other
hand, to measure muscle strength, the manual dyna-
mometers present a good alternative, with a good repro-
ducibility for the assessment of the upper and lower
limbs [7, 8]. However, this reproducibility depends on
the model of dynamometers used during the assessment
[9]. In addition, although many authors propose refer-
ence values according to anthropometric data [5, 7, 10],
these reference values depend on the model of the man-
ual dynamometer and the calibration of the instrument
[9]. So, the use of manual dynamometers remains lim-
ited as the comparison of the results between models is
complicated.

Another way to simply evaluate muscle performance is
by using field tests, which allows measuring maximal
voluntary isometric endurance. In the literature, many
field tests evaluating maximal voluntary isometric endur-
ance have been validated, but, although some normative
values exist for some muscle endurances tests [11, 12],
these norms do not consider the weight, height, gender,
and age of individuals. However, all these anthropomet-
ric data are well-known factors that positively or nega-
tively influence muscle performance [13]. In addition,
the postural position of some field tests often induces
discomfort or pain [14] leading to an underestimation of
muscle capacity because the test may be stopped prema-
turely. Therefore, it seems important to modify the pos-
tural positions of the subjects during field tests in order
to decrease the limiting factors and to consider the an-
thropometric data of each subject while respecting the
validity of the tests. Finally, the evaluation encountered
in the literature on maximal voluntary isometric muscle
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endurance using isometric contractions is generally lim-
ited to four muscle groups: quadriceps, abdominals,
lumbar, and quadratus lumborum muscles [12, 15].
Therefore, this assessment provides a somewhat limited
overview of the muscle performance.

Another variable which must be taken into account in
the evaluation of muscle performance is muscle imbal-
ance or the agonist/antagonist muscle ratios. Indeed, in
the case of muscle imbalance, a joint disorder and/or
pain can result because the stabilization of the joint is
no longer ensured [16]. With the knowledge of the
muscle deficits, it is possible to propose an individual-
ized training program that can restore a normal ratio
[16]. Generally, to obtain the values of the muscle ratios,
it is necessary to measure the strength of the agonist
and antagonist muscles and then calculate their ratios.
The most widely used method is the isokinetic method,
but with the limitations of its use explained previously.
McGill et al. (1999) have proposed an easier method-
ology than the isokinetic method, to determine the ratios
in a healthy young adult population, using the endurance
time of field tests [17]. However, in their study, muscle
ratios were limited to three muscle groups, namely, the
abdominals, lumbar, and quadratus lumborum muscles.
In addition, all muscle ratios were determined from the
performance of the lumbar muscles. Therefore, it is not
possible to detect the specific imbalance in relationship
with its joint and this form of assessment remains mar-
ginal. In addition, as highlighted by the authors, their ra-
tios were established from a young population, which
might not be applicable to an older population.

Therefore, we first hypothesize that it would be pos-
sible to validate field tests of maximal voluntary isomet-
ric muscle endurance with adaptive postural positions to
best measure muscle performance; secondly, we
hypothesize that the anthropometric data of the subjects
could influence the maximal voluntary isometric muscle
performance.

The objectives of this study were (1) to validate eight
field tests of maximal voluntary isometric muscle endur-
ance with adaptive postural positions; (2) to establish
predictive equations of the entire muscle performance in
a healthy population based on its anthropometric char-
acteristics, which could allow the prevention of muscle
injuries and/or to optimize the individualization of train-
ing programs in a quick and cheap manner.

Materials and Methods

Study Design

This study was conducted in two phases. The first phase
was to check the inter- and intra-assessor reproducibility
for isometric muscle field tests, and the second part was
to establish muscle maximal voluntary isometric endur-
ance norms according to these tests. The isometric tests
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allow assessment of the trunk flexor, trunk extensor,
quadratus lumborum, quadriceps, hamstring, and back
and chest muscles (Fig. 1).

To be included in the study, the selection criteria for
the two phases were as follows: no history of chronic or
acute disease; a score < 9 on the Baecke questionnaire,
which does not correspond to a sporting way of life [18];
no psychiatric or psychological disorders; and no contra-
indication for exercise.

Before being included in the study, the design, rules,
and protocol were explained to each subject as required
by the Declaration of Helsinki. Then each subject signed
a written consent form. The study protocol was ap-
proved by the Behavioral Science Ethics Committee of
University of Lille under No. 2019-380-S77.

Part 1: Reproducibility of Muscle Maximal Voluntary
Isometric Endurance Field Tests

The aim of this first part of the study was to examine
intra- and inter-assessor reproducibility in a test—retest
during isometric field tests in order to assess the maximal
voluntary isometric endurance of the quadriceps, ham-
string, abdominal, trunk extensor, right and left quadratus
lumborum, and back and chest muscles (Fig. 1).

Subjects

Twenty subjects (9 males, 11 females), with a mean age
of 409 + 11.6 years (mean = SD), were included
(Table 1). Subjects completed the Baecke questionnaire
[18] to determine their physical activity level and were
asked about any history of medical conditions in order
to verify the entry/exclusion criteria.

Protocol

Two assessors, A and B, each performed two evaluation
sessions (Al and A2 for assessor A and Bl and B2 for
assessor B). In order to avoid habituation effect, data
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from A- and B-rater were collected randomly. Prior to
data collection, the assessors practised using the test
protocols to ensure that standardized procedures were
employed.

Each evaluation session lasted for 2 weeks with a break
of at least 24 h between each one. This 24-h interval was
chosen in order to avoid the impact of fatigue resulting
from two sessions being too close together [19, 20]. Only
the data of the last three evaluation sessions (A2, BI,
and B2) were analyzed, with the first session (Al) serv-
ing as a familiarization and therefore the results of this
session were not considered in the analysis of the data.

No attempt was made to standardize the order in
which, or the time of day when, the evaluations were
completed. Measurements from the two assessors were
recorded on separate data collection forms to ensure
that they were blinded to each other’s results and their
own previous results. Both assessors carried out two as-
sessment sessions for each subject and applied each field
test in random order. The randomization was performed
with the R software by assigning a number to each test.
During the assessment, the antagonist muscle was tested
after the agonist muscle. Prior to the assessment of each
test, the assessors explained and demonstrated the test
procedure to the subject.

Each assessment session started with 10 min of cardio-
respiratory warm-up on a cycloergometer at 65% of the
target heart rate, as determined by the Karvonen formula
[21], and subjects benefited from at least 5-min rest be-
tween each test.

Guidelines for Postures During the Tests

For this study, the objective was to reduce pain gener-
ated by the discomfort of the position tests during the
evaluation. To do this, the postural position of some
tests was modified (Fig. 1). These modifications and all
instructions for all tests, including pretest cueing,

Fig. 1 Figures illustrating the measurement muscle isometric endurance. (A) Trunk flexors, (B) trunk extensors, (C) quadratus lumborum muscles,
(D) quadriceps muscles, (E) hamstrings muscles, (F) back muscles, and (G) chest muscles
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Table 1 Characteristics of the study population

Test reproducibility Muscle norms participants

Participants Males Females p value

(n = 20) (n = 200) (n = 200)

Mean + SD Mean * SD Mean + SD
Age (years) 409+ 116 394+ 114 397 £115 NS
Weight (kg) 799+ 168 829+ 137 66.3 £ 146 xxx
Height (cm) 1726 £ 79 1780+ 75 1658 £ 59 o
BMI (kg/mz) 267 £ 43 2062 £ 43 241 £50 NS
Baecke score (a.u) 71 +£1.1 79 +21 75+18 NS
Trunk flexor muscles endurance (s) 1473 +778 1217 £479 1200 + 678 NS
Back extensor muscles endurance (s) 2100 + 76.8 181.0 + 66.8 1832 + 928 NS
Right quadratus lumborum muscles endurance (s) 80.5 £ 35.7 769 + 347 76.7 £ 352 NS
Left quadratus lumborum muscles endurance (s) 819+ 303 777 + 331 774 + 328 NS
Quadriceps muscles endurance (s) 753 + 284 81.7 +£298 768 + 324 NS
Hamstrings muscles endurance (s) 2432 + 1103 2402 + 765 2242 +90.2 NS
Back muscles endurance (s) 1857 + 774 183.7 + 588 1863 + 79.8 NS
Chest muscles endurance (s) 763 + 255 643 + 194 63.7 = 288 NS

The mean and standard deviation of all endurance muscles tests for test reproducibility correspond to overall mean of the last three assessments “A2,” “B1,” and
“B2;" BMI body mass index, a.u arbitrary units, NS non-significant; ***p < 0.001; A2 second assessment of assessor A, B1 first assessment of assessor B, B2 second

assessment of assessor B

starting position, subject instructions, and termination
criteria, are presented in the Additional file 1: Appendix.
Next, there followed a brief presentation of the used
tests with their alterations or not: (1) trunk flexor mus-
cles were evaluated with the test of Ito et al. [14]. Some
modifications were carried out, including the position of
the legs and the termination criteria; (2) trunk extension
was evaluated using the test of Ito et al. [14] without
modification; (3) right and left quadratus lumborum
muscles were evaluated using a modification of the posi-
tions in McGill et al’s tests [17]. The modification was
the position of the legs; (4) the isometric test of
quadriceps using the original Killy test described by
Bernard et al. [22] was used; (5) for the hamstring
muscles test, a derivative of the bridge exercise to the
neutral spine alignment position described by Youdas
et al. [23] was used. These modifications included the
pelvis position and the feet position; (6) the back
muscles test was an adaptation of the behind-the-
neck lat pull-down described by Sperandei et al. [24].
This test required the same movement as the behind-
the-neck lat pull-down but the subject sat on the
floor, with their back, shoulders, elbows, hands, and
head against the wall. In addition, this test was car-
ried out without equipment and in an isometric way;
(7) for the chest muscles test, a derivative of the
push-up on the knees exercise described by Vossen
et al. [25] was used. In our study, this test was per-
formed in an isometric way, so the termination cri-
teria were not the same.

Participants were individually instructed and super-
vised by experienced therapists specifically trained in the
testing methodology. In each of these tests, the weight
represented the load.

Part 2: Creation of Muscle Norms

Subjects

Four hundred healthy Caucasian participants segmented
by age (50 males and 50 females in each age bracket, 20—
29 years old; 30—39 years old; 40-49 years old; and 50-59
years old; a total of 200 males and 200 females) were in-
cluded. The female group was aged 39.7 + 11.5 years and
the male group was aged 39.4 + 11.4 years (Table 1).

Protocol

Prior to isometrics testing, participants performed 10
min of warm-up, including all articulations of the body.
After that, all subjects performed the eight maximal vol-
untary isometric muscle endurance tests. Each test was
carried out once per session. Tests were conducted in
random order with at least 5-min rest between two tests.
As for the first part, randomization was performed using
the R software by assigning a number to each test. The
antagonist muscles were systematically tested after the
agonist muscles.

Prior to the performance of each test, the assessor ex-
plained and demonstrated the test to subjects using
standardized instructions. For this part, the same re-
searcher conducted all the tests.
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Instructions for End of Tests Parts 1 and 2

For all endurance tests, in both parts 1 and 2, subjects
were encouraged to hold the test position until exhaus-
tion, and were given feedback if they deviated from the
position. Tests were terminated when the subject could
not maintain the position or if there were any obvious
signs of fatigue (not maintaining the position in spite of
verbal feedback, for example) or a significant emergence
of pain or other symptoms. The maximum holding time
was recorded in seconds using a stopwatch. The stop-
watch was triggered when the subject was in the right
position.

Statistical Analysis

Intra- and Inter-assessor Reproducibility

Intra- and inter-assessor reproducibility was estimated
using intraclass correlation coefficients (ICCs). The
intra-assessor reproducibility was quantified by calculat-
ing the ICC between the measurement conducted by the
same assessor “B1” and “B2.” The inter-assessor repro-
ducibility was measured by calculating the ICC between
the measurement of assessor A (“A2”) and assessor B
(“B1” and “B2”). For each ICC, error range and repeat-
ability were calculated with standard error of the meas-
urement (SEM), 95% confidence intervals (CIs), and 95%
limits of agreement (LOAs). The standard error of the
measurement (SEM) was calculated according to the for-
mula SEM = SD V(1-ICC) [26], to provide an estimate of
the precision of measurement, expressed in the units of
the measure. The SEM was divided by the mean of the
two measurements and multiplied by 100 to give a per-
centage value (SEM%) [27]. A percentage of 95% of LOA
demonstrates the range of measurement error within the
sample [28]. The interpretation of the ICCs was obtained
according to the study by Shrout: reproducibility was
considered strong if the ICC was between 1 and 0.81,
moderate between 0.80 and 0.61, fair between 0.60 and
0.41, low between 0.40 and 0.11, and non-reproducible if
less than 0.10 [29].

In order to determine the absolute reproducibility, the
coefficient of variation (CV) was calculated. The CV is
expressed as a percentage (CV%) and is calculated by
dividing the standard deviation by the mean, multiplied
by 100, for each test. The CV values of 10% [30] and
15% [31] have been used to consider the level of abso-
lute reproducibility of the measurement (CV < 15% =
good reproducibility; CV < 10% = excellent
reproducibility).

The Breusch-Pagan test was used to verify the hetero-
scedasticity in the regression model. The heteroscedasti-
city of the model was confirmed when p value < 0.05
[32]. The performances in all isometric tests for each
session of evaluation were expressed as mean + standard
deviation (mean + SD). Statistical analysis was
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performed using the SPSS version 20.0 software and the
Breusch-Pagan test was performed using the R software
version 4.0.4.

Muscle Norms

A sample size of 34 participants per group was needed
to detect a 10% difference (power of 0.9 and p < 0.05)
according to the results of the studies by Claxton et al.
(2009) [11] and Evans et al. (2007) [12]. However, the
present data were part of a larger study in which more
variables were assessed, which required a larger sample
size. So, 400 subjects were included in this study.

The sensitivity of all tests was determined by a receiver
operating characteristic (ROC) analysis, as a function of
the age brackets 20-29 years and 50-59 years for male
and female groups. The area under the ROC curve
(AUC) is widely used to estimate the predictive accuracy
of distributional models derived from presence/absence
data [33]. The relationship between AUC and the sensi-
tivity was considered excellent between 1 and 0.9, very
good between 0.9 and 0.8, good between 0.8 and 0.7,
average between 0.7 and 0.6, and poor between 0.6 and
0.5 [34].

The gender influence was evaluated by one-way
ANOVA. To establish the norms for the eight muscle
field tests, multiple regression analyses were conducted
to determine the influence of the anthropometric data
(age, weight, and height) on the performance of isomet-
ric tests. All values were expressed as mean + standard
deviation (mean + SD). For the gender parameter, data
normality was tested using the Shapiro—Wilk test. The
significance level was set at the 0.05 level. The statistical
analyses were performed using the R software version
3.5.0.

Results

Anthropometric characteristics of all subjects included
in this study and the overall means of the last three as-
sessments “A2,” “B1,” and “B2” for all the isometric tests
are presented in Table 1.

Part 1: Reproducibility of Muscle Endurance Tests

Table 2 presents the results of the intra-assessor (“B1”
and “B2”) reproducibility tests for all muscle measure-
ments. The ICC values of the muscle endurance mea-
surements vary between 0.946 and 0.989, thereby
indicating excellent reproducibility. The bias values
range from -3.9 to 1.0, staying close to zero and indicat-
ing a slight systematic improvement between
measurements.

Tables 3 and 4 present the results of the inter-assessor
(between assessments of “B1” and “A2” and between as-
sessments of “B2” and “A2”) reproducibility tests for all
muscle measurements. The ICC values indicate excellent
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Table 2 Intra-assessor intraclass correlation coefficients
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Muscle isometric tests B1 (sec.) B2 (sec.) Bias (sec.) cv ICC 95% LOA (sec.) SEM SEM
Mean = SD Mean + SD g/gean + (%) [95% Cl] Lower Upper (sec.) (%)

Trunk flexor muscles 1452 + 793 146.0 + 79.1 —-0.8 £ 20.1 9.1 0.984 —40.15 38.65 2.54 1.75
[0.961-0.994]

Back extensor muscles 2074 + 819 2109+ 719 -35+269 89 0.970 -56.27 49.27 4.66 223
[0.924-0.988]

Right quadratus lumborum muscles ~ 77.5 + 36.0 814 + 364 -39+147 113 0956 —32.71 2491 308 3.88
[0.891-0.983]

Left quadratus lumborum muscles 792 +£325 82.8 + 306 -36+£129 11.1 0955 —28.85 21.65 273 337
[0.889-0.982]

Quadriceps muscles 741 + 278 745+ 312 -04+£119 103 0.959 —23.84 2294 242 325
[0.897-0.984]

Hamstrings muscles 2418 £ 1143 2422 + 1126 —-05+243 6.6 0.989 —48.11 47.21 2.55 1.05
[0.972-0.996]

Back muscles 185.8 + 80.6 1848 £ 75.5 1.0+ 190 6.9 0.986 -36.18 38.18 224 1.21
[0.964-0.994]

Chest muscles 742 + 262 771+ 276 —-29+ 121 105 0946 —26.69 20.89 282 373

[0.866-0.978]

CV coefficient of variation, ICC intraclass correlation coefficients, C/ confidence intervals, SEM standard error of measurement, LOA limits of agreement, sec.

seconds, % percentage, SD standard deviation, B first assessment of assessor B, B2 second assessment of assessor B

inter-assessor reproducibility, with measurements vary-
ing between 0.915 and 0.996 for the measures of “B1”
and “A2” assessments and between 0.955 and 0.996 for
the measures of “B2” and “A2” assessments. For inter-
assessor comparison, the bias values are negative (ran-
ging from -5.6 to -0.8 for the measurement between
“B1” and “A2” and from —4.9 to -0.6 for the measure-
ment between “B2” and “A2”), indicating a slight system-
atic improvement between measurements.

Table 3 Inter-assessor intraclass correlation coefficients between

Regarding the absolute reproducibility, the CV values

vary between 3.6 and 11.8% (Tables 2, 3, 4). The intra-
assessor (Table 2) absolute reproducibility is between
good and excellent reproducibility for all tests (mini-
mum measurement, 6.6% for the hamstring test; max-
imum measurement, 11.3% for the right quadratus
lumborum test). The absolute reproducibility of inter-
assessors (Tables 3 and 4) is also between good and ex-
cellent for all tests (minimum measurement, 3.6% for

assessments “B1” and "A2"

Muscle isometric tests B1 (sec.) A2 (sec.) Bias (sec.) v ICC 95% LOA (sec.) SEM SEM
Mean = SD Mean = SD g/lDean + (%) [95% Cl] Lower Upper (sec.) (%)

Trunk flexor muscles 1452 + 793 1508 + 789 -56+102 5.1 0.995 —25.66 1446 0.72 0.50
[0.983-0.998]

Back extensor muscles 2074 + 819 211.8 £ 80.2 -45+130 45 0.993 -30.01 21.11 1.09 0.52
[0.982-0.997]

Right quadratus lumborum muscles  77.5 + 36.0 826 + 366 -51+091 93 0.980 —22.80 12.70 1.28 161
[0.937-0.993]

Left quadratus lumborum muscles 792 + 325 836+ 292 -44+£101 86 0.969 —24.29 1549 1.79 2.21
[0.916-0.988]

Quadriceps muscles 741 + 278 773+ 273 —32+97 87 0.966 —22.27 1587 1.79 242
[0.914-0.987]

Hamstrings muscles 2418 £ 1143 2456+ 1097 —-39%145 46 0.996 —32.21 2451 0.91 0.38
[0.989-0.998]

Back muscles 185.8 + 80.6 186.6 + 80.1 -08+157 53 0.991 -3151 2991 149 0.80
[0.977-0.996]

Chest muscles 742 + 262 777 + 237 —35+139 118 0915 —30.81 23.81 406 537

[0.788-0.966]

CV coefficient of variation, ICC intraclass correlation coefficients, CI confidence intervals, SEM standard error of measurement, LOA limits of agreement, sec.

seconds, % percentage, SD standard deviation, B1 first assessment of assessor B, A2 second assessment of assessor A
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Table 4 Inter-assessor intraclass correlation coefficients between

assessments “B2" and "A2"
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Muscle isometric tests B2 (sec.) A2 (sec.) Bias (sec.) cv ICC 95% LOA (sec.) SEM SEM
Mean + SD Mean + SD ISVlDean + (%) [95% ClI] Lower Upper (sec.) (%)

Trunk flexor muscles 146.0 + 79.1 150.8 + 789 -49+ 138 58 0.992 —3193 2223 124 0.85
[0.979-0.997]

Back extensor muscles 2109 £ 719 2118 +80.2 -10+202 64 0.983 —40.58 38.68 264 1.26
[0.957-0.993]

Right quadratus lumborum muscles 814 + 364 82.6 + 366 -12+117 85 0.975 —24.08 21.78 1.85 233
[0.936-0.990]

Left quadratus lumborum muscles 828 £ 306 836+ 292 -08+127 81 0.955 —25.71 2411 2.70 333
[0.886-0.982]

Quadriceps muscles 745+ 312 773+ 273 -28+119 9.2 0957 —26.06 20.56 247 332
[0.893-0.983]

Hamstrings muscles 2422 £ 1126 2456 + 109.7 —-34+136 3.6 0.99% —30.00 23.20 0.86 035
[0.991-0.998]

Back muscles 1848 £ 75.5 186.6 + 80.1 -18+146 45 0.991 —-3047 26.87 1.39 0.75
[0.978-0.997]

Chest muscles 771 +£ 276 77.7 +23.7 -06+108 84 0.956 —21.69 2049 2.26 3.00

[0.889-0.983]

CV coefficient of variation, ICC intraclass correlation coefficients, C/ confidence intervals, SEM standard error of measurement, LOA limits of agreement; sec.
seconds, % percentage, SD standard deviation, B2 second assessment of assessor B, A2 second assessment of assessor A

the hamstring test between “B2” and “A2;” maximum
measurement, 11.8% for the chest muscle test between
“B1” and “A2”).

With regard to absolute reproducibility, the values of
SEM% demonstrate a good reproducibility of the accur-
acy and precision of the measured values. Indeed, the
SEM values of intra- or inter-assessor measurements are
less than 10% of the average measured value, so the
measurement errors are small, and therefore the meas-
urement is reliable [35].

The Breusch-Pagan p values for all tests are greater
than 0.05 (the lowest value, BP = 3.6, df = 1, p value =
0.07 for the chest muscle tests between “B1” and “A2”);
thus, the null hypotheses is accepted, i.e., the data are
homoscedastic.

The intra-assessor and inter-assessor coefficient of
variation (CV) was also used to measure the absolute re-
producibility of agonist/antagonist ratios (Table 5).
Muscle ratios were determined by dividing the holding
time of the anterior chain muscles by the holding times
of the posterior chain muscles for all muscle belts. For
each muscle belt, the CV values vary between 5.8 and

12.9%, corresponding to between good to excellent re-
producibility for all agonist/antagonist ratios.

Part 2: Muscle Norms

The ROC curves are presented in Fig. 2. The AUC dem-
onstrates a good sensibility according to age brackets with
values greater than 0.7 for each test (Tables 6 and 7).

For the male and female groups, the average hold
time for each test is presented in Table 1. Each test
carried out was stopped following muscle fatigue by
the participant themself or by the assessor when the
participant showed obvious signs of fatigue (maintain-
ing of the initial position was impossible). No test
was stopped following an emergence of pain or other
symptoms.

Prediction equations to estimate muscle performance
according to anthropometric criteria are presented in
Tables 8 and 9. The muscle ratios of each muscle belt
present no significant difference between men and
women and no difference according to age bracket
(Table 10).

Table 5 Intra-assessor and inter-assessor coefficient of variation for the muscle agonist/antagonist ratios

Agonist/antagonist ratios CV (%) CV (%) CV (%)

Intra-assessor Inter-assessor (B1-A2) Inter-assessor (B2-A2)
Trunk flexor/back extensor 12.8 8.7 58
Left/right quadratus lumborum 106 64 10.7
Quadriceps/hamstrings 125 8.1 10.1
Chest muscles/back muscles 11.6 129 106

CV coefficient of variation, B1 first assessment of assessor B, B2 second assessment of assessor B, A2 second assessment of assessor A
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Fig. 2 ROC curves for all tests as a function of the age brackets. (A) Male group; (B) female group
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Discussion

Our results have demonstrated the reproducibility of
eight field tests to measure the maximal voluntary iso-
metric muscle endurance with adapted postural posi-
tions and they have enabled the creation of predictive
equations to calculate maximal theoretical voluntary iso-
metric muscle endurance in a healthy population based
on its anthropometric characteristics (age, weight,
height, and gender).

The objective of the first phase of this study was to
evaluate the relative and absolute reproducibility as well
as the sensibility of muscle tests with modified postures
for a healthy adult population, insofar as Ito et al. dem-
onstrated that the original postures could induce pain or
hyperlordosis [14]. Our results showed that all maximal
voluntary isometric endurance tests present good levels
of reproducibility. Indeed, for each test, the ICC was
greater than 0.9, the CV less than 12% and the SEM less
than 6%. The SEM of our tests was similar or lower to
those found in the literature on other field tests [12, 36].
Our ICC values were higher than those obtained in
other studies [12, 14, 17], but this is classic in studies

using field tests to obtain an ICC > 0.81 [36, 12, 14].
The between-subject variability makes it difficult to
compare the ICC between studies [26]. However, the
higher ICC values in our study could be due to the fact
that the population used for the reproducibility was het-
erogeneous, including both males and females of differ-
ent ages. Nevertheless, the good to excellent absolute
intra- and inter-assessor reproducibility measured by the
coefficient of variation confirms our good level of
reproducibility.

The sensitivity was measured by established and by
analyzing for each test, whether the muscle performance
is dependent on the age of the subjects. Our results
showed that the observed values of the area under the
ROC curves were greater than 0.7, demonstrating an in-
fluence of age on the muscle performance, which indi-
cates young adults must have higher voluntary maximal
isometric endurance than older adults. It is generally
recognized that muscle endurance and strength decrease
with aging [37, 38] and our study results on age-specific
muscle maximal voluntary isometric endurance support
the validity of our model.

Table 6 Receiver operating characteristic (ROC) analysis for all tests as a function of the age brackets for male group

20-29 50-59 p ROC

(n = 50) (n = 50)

Mean + SD Mean + SD AUC 95% ClI P
Trunk flexor muscles 1464 + 41.5%% 97.7 £415 < 0.001 0.803 0.712-0.894 < 0.001
Back extensor muscles 216.8 £ 59.7%%* 144.7 £ 56.3 < 0.001 0811 0.723-0.900 < 0.001
Right quadratus lumborum muscles 98.9 + 332%* 555+ 242 < 0.001 0.864 0.790-0.939 < 0.001
Left quadratus lumborum muscles 100.3 + 32.2%** 56.7 +22.5 < 0.001 0.864 0.792-0.936 < 0.001
Quadriceps muscles 93.6 + 28.7%** 69.0 £ 269 < 0.001 0.739 0.640-0.837 < 0.001
Hamstrings muscles 274.1 + 80.1%** 2049 + 659 < 0.001 0.742 0.646-0.838 < 0.001
Back muscles 2129 + 56.0%** 143.1 £ 449 < 0.001 0.835 0.755-0916 < 0.001
Chest muscles 752 £ 17.5%%% 502 £ 147 < 0.001 0.872 0.798-0.947 < 0.001

ROC receiver operating characteristic, AUC area under the curve, C/ confidence intervals, SD standard deviation; ***p < 0.001
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Table 7 Receiver operating characteristic (ROC) analysis for all tests as a function of the age brackets for female group

20-29 50-59 p ROC

(n = 50) (n = 50)

Mean + SD Mean + SD AUC 95% ClI P
Trunk flexor muscles 1406 + 63.1** 97.2 + 66.6 0.001 0.719 0.615-0.823 < 0.001
Back extensor muscles 2126 £ 92.9% 154.7 £ 959 0.002 0.712 0.610-0.815 < 0.001
Right quadratus lumborum muscles 96.6 + 36.6%** 555+ 30.1 < 0.001 0818 0.733-0.904 < 0.001
Left quadratus lumborum muscles 96.5 + 33.9%** 572+ 277 < 0.001 0816 0.733-0.898 < 0.001
Quadriceps muscles 88.74 + 29.7%** 64.8 +£ 322 < 0.001 0.722 0.620-0.824 < 0.001
Hamstrings muscles 2614 + 84.0%** 1893 + 92.8 < 0.001 0.749 0.651-0.847 < 0.001
Back muscles 2125 + 65.6*** 1558 + 84.7 < 0.001 0.730 0.627-0.832 < 0.001
Chest muscles 745 £ 27.2%** 49.8 + 259 < 0.001 0.772 0.677-0.867 < 0.001

ROC receiver operating characteristic, AUC area under the curve, C/ confidence intervals, SD standard deviation; **p < 0.01; *** p < 0.001

The objective of the second phase of this study was to de-
termine predictive equations of the muscle performance, tak-
ing into account the anthropometric criteria of the subjects.
In the literature, the maximal voluntary isometric muscle en-
durance performance of field tests is often analyzed between
gender and age, while height and weight are little discussed.
Among all the anthropometric criteria, only the influence of
age has been well established [11, 39] because of the well-
known decline in muscle mass and muscle quality [40]. It is
also accepted that an increase in weight has a negative influ-
ence on the performance of maximal voluntary isometric
muscle endurance, but this variable is not discussed in the
studies by Strand et al. and Latikka et al., which used isomet-
ric fields tests because the authors argued a weak relation-
ship between weight and holding time during the isometric
test [41, 39]. The influence of the other anthropometric cri-
teria—gender and height—is still debated. Let us take the
factor gender: one study demonstrated an absence of influ-
ence of gender on the muscle performance certain isometric
tests [12], whereas other studies highlighted the effect of gen-
der in favor of males [17, 41], or, conversely, in favor of fe-
males [42]. One hypothesis which could explain the sex-
specific difference could be a difference in the muscle fiber-

type distribution, muscle fiber cross-sectional area, capillary
supply, oxidative and glycolytic capacity, citrate synthase, 3-
hydroxyacyl-CoA-dehydrogenase, and lactate-dehydrogenase
enzyme activities between men and women, but an absence
of difference of these criteria between non-active adult men
and women has been demonstrated [43]. With current
knowledge, it is still impossible to generalize regarding the
influence of gender on maximal voluntary isometric muscle
endurance performance. With regard to the height factor,
the literature demonstrates its influence on the holding time
[39, 41], but the results of the studies are contradictory: ei-
ther the holding time is better [39] or it is reduced [41] in
maximal voluntary isometric muscle endurance measured
with field tests. These differences could be explained by a dif-
ferent methodology, including athletic and non-athletic sub-
jects [41], a group composed only of males with different age
[39], or even a small number of subjects [12, 17]. In our
study, the number of subjects used to analyze the influence
of anthropometric parameters on the muscle performance
was higher and more level-headed than the literature studies
[12, 14, 17], and the profile used was the same for each
group, namely, non-athletic Caucasian healthy adult subjects.
Thus, our findings support that height, weight, and age are

Table 8 Male performance prediction equations for all isometric tests

Muscle endurance tests Predictive Equations R?

Trunk flexor muscles 1092 — 1.18 x (age; years)” — 0.87 x (weight; kg)™" + 1.41 x (height; cm)” 0.200
Back extensor muscles 11242 — 1.89 X (age; years)” — 1.10 x (weight; kg)™ + 1.32 x (height; cm)’ 0.195
Right quadratus lumborum muscles 1744 — 113 X (age; years) — 0.78 x (weight; kg)™" + 0.94 x (height; cm)” 0.294
Left quadratus lumborum muscles 3549 — 1.11 X (age; years) — 0.87 X (weight; kg) ™ + 0.89 x (height; cm)”™ 0342
Quadriceps muscles —9.59 — 060 X (age; years)” — 049 x (weight; kg)” + 0.87 x (height; cm)” 0.157
Hamstrings muscles 3517 — 166 X (age; years) — 133 X (weight; kg)” + 2.14 x (height; cm)” 0.168
Back muscles 12519 — 194 X (age; years)” — 084 x (weight; kg)™ + 1.15 x (height; cm)” 0.225
Chest muscles 3876 — 064 X (age; years) — 041 x (weight; kg)” + 048 X (height; cm)” 0.284

kg kilograms, cm centimeter; *p < 0.05; **p < 0.01; ***p < 0.001
Interpretation. The expected holding time for maximal endurance trunk flexor test for a 51-year man with height of 184 cm and a weight of 97 kg is: —10.92 —

(1.18 x 51) — (0.87 x 97) + (1.41 x 184) = 103.95 s.
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Table 9 Female performance prediction equations for all isometric tests

Muscle endurance tests

Trunk flexor muscles

Back extensor muscles

Right quadratus lumborum muscles
Left quadratus lumborum muscles
Quadriceps muscles

Hamstrings muscles

Back muscles

Chest muscles

—683.83 — 1.30 X (age; years)* —2.20 x (weight; kg
—40.55 — 1.09 X (age; years)
—29.35 — 1.06 X (age; years)
—257.23 — 1.74 X (age; years)
—57.63 — 064 X (age; years)

—28291 — 1.92 X (age; years)

Performance prediction equations R?
—355.82 — 096 x (age; years) — 1.69 x (weight; kg)™ + 3.78 x (height; cm)™ 0.225
)™ + 642 x (height; cm)™A. 0.258
" — 092 x (weight; kg)™ + 1.34 x (height; cm)”™ 0331
" — 088 x (weight; kg)™" + 1.25 x (height; cm)”™” 0353
" — 147 x (weight; kg)™" + 368 x (height; cm)”™ 0.196
" — 045 x (weight; kg)™ + 1.06 X (height; cm)”™” 0217
—81.78 — 0.56 x (age; years)” — 0.74 x (weight; kg)™" + 139 x (height; cm)”™ 0.201
"~ 188 x (weight; kg)™" + 4.27 x (height; cm)™” 0.164

kg kilograms, cm centimeter; *p < 0.05; **p < 0.01; ***p < 0.001

Interpretation. The expected holding time for maximal endurance trunk flexor test for a 34-year-old female with height of 173 cm and a weight of 56 kg is:

—355.82 - (0.96 x 34) — (1.69 X 56) + (3.78 x 173) = 170.84 s

determining factors in predicting performance of maximal
voluntary isometric endurance tests, unlike gender, which
does not influence the performance.

Two limitations would be considered for the inter-
pretation of these data. Our study was carried out in
a French Caucasian population; thus, as explained by
Hogrel et al. (2007) [44], our results could present a
few variations depending on the race of the subjects
(African, Asian) because of morphologic, anatomic,
and cultural differences. In addition, the age bracket
of the participants included in this study was from 20
to 59 years old. Thus, our predictive equations and
the muscle agonist/antagonist ratios may be not be
adapted for subjects who are younger or older than
our participants.

Conclusion

Our study has permitted the validation of the reproduci-
bility of field tests and the creation of predictive equations
to calculate maximal voluntary isometric muscle endur-
ance in a healthy population according to its anthropo-
metric characteristics, namely, age, weight, height, and

gender. The creation of these normative values responds
to the need to be able to assess muscle function to identify
weakness or muscle imbalance in order to establish per-
sonalized training programs in the fields of prevention,
sport, or rehabilitation [45].

Practical Applications

These normative equations permit the determination of
the weakness of a muscle, a muscle group, or a muscle
imbalance according to the anthropometric data of the
subject. The assessor simply has to complete the predic-
tion equations with the anthropometric data of the sub-
ject (Tables 8 and 9) to obtain the theoretical value
which would need to be reached at the target test. If the
result is below the maximum theoretical value or if a
muscle imbalance exists, physical activity management is
required in the field of prevention and/or rehabilitation
(risk of falling, difficulty climbing stairs, low back pain,
etc.) or sport (muscle injuries risks). In addition, the pre-
dictive equations can be integrated into software or a
mobile application to allow subjects to self-evaluate and
benefit from an individualized program from a distance.

Table 10 Variation of agonist/antagonist ratios according to age brackets

Agonist/antagonist Males Females
ratios [20-29]  [30-39]  [40-49] [50-59]  Global  [20-29]  [30-39]  [40-49]  [50-59]  Global
n=>50 n=>50 n=>50 n=>50 n=200 n=50 n=>50 n=>50 n=50 n =200
Mean + Mean = Mean + Mean + Mean + Mean + Mean + Mean+ Meant Mean +
SD SD SD SD SD SD SD SD SD SD
Trunk flexor/back extensor  0.70 + 0.70 £ 0.70 £ 0.70 + 0,70 + 0.70 £ 0.70 £ 0.70 £ 0.70 £ 0,70 £
0.21 0.25 0.20 0.22 022 023 032 0.19 046 032
Left/right quadratus 1.00 1.00 £ 1.00 £ 1.00 £ 1,00 £ 1.00 £ 1.00 £ 1.00 £ 1.00 £ 1,00 £
lumborum 0.14 0.19 0.19 0.24 0.19 0.17 0.17 0.18 035 0.23
Quadriceps/hamstrings 037 + 037 £ 037 + 037 £ 0,37 037 + 037 + 037 + 037 + 037 +
0.09 0.12 0.12 0.13 0.12 0.14 0.18 0.12 0.17 0.16
Chest muscles/back 036 + 036 + 036 + 036 + 0,36 + 036 + 036 + 036 + 036 + 036 +
muscles 0.13 0.13 0.26 0.13 017 0.13 0.12 0.13 0.14 0.13

SD standard deviation
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