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Abstract

The main goal of this study was to investigate the reliability of muscle strength across differ-
ent levels of obesity. A sample of 142 healthy subjects performed maximum voluntary iso-
metric contractions for shoulder flexion and trunk extension on each of four days. Subjects
were recruited into one of three groups, non-obese, overweight, or obese, based on body
mass index (BMI). Reliability of the strength measurements within each session and across
the four sessions was determined from the intraclass correlation coefficient, coefficient of
repeatability, coefficient of variation, and standard error of measurement. For the shoulder
flexion measures, the coefficient of variation was < 10% and intraclass correlation coefficient
was > 0.75. The absolute reliability of trunk extension strength measurement was rejected
due to a high variability across sessions. For both tasks, comparable strengths across the
BMI groups were found.

Introduction

A shift in the adult population to include ~1.9 billion obese (body mass index (BMI) > 30 kg/
m?) and overweight (25 < BMI < 30 kg/m?) adults worldwide has had the negative conse-
quence of increased risk of injuries with obesity [1]. Increasing BMI has been shown to be
associated with impaired back extensor muscle function [2, 3] and shoulder pain complaints
[4] during physical resistance tests. In a meta-analysis of 33 publications in the Medline and
Embase databases, overweight and obesity have been linked with chronic low back pain [5].
Sedentary lifestyle and lower physical activity among individuals who are obese may contrib-
ute to weaker muscle strength. However, this negative effect can be counterbalanced with a
favorable chronic weight-bearing effect as a result of increased body mass [6].

Mixed findings have been reported in the literature on the effect of obesity on muscle
strength. Most studies have reported a higher absolute isometric strength of the trunk and
lower extremity muscles [7-11], as well as upper extremity muscles [7, 12-16] with obesity.
Interestingly, some of these studies have also reported conflicting results. For example, con-
trary to findings reported by Hulens et al. [8] and Rolland et al. [9], Kitagawa and Miyashita
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[16] reported no strength differences of the trunk and knee muscles. This increases concerns
about sources of variability such as experimental protocol, equipment settings and calibration,
postures, experimenters, and subjects. To guard against various sources of errors, reporting
the reliability or repeatability of the strength measurements is critical [17], which has been
neglected in previous studies of strength differences with obesity.

Interpretability of strength results in product and workstation design, rehabilitation deci-
sion-making, and ergonomics practice depends on the reliability of the measurements, partic-
ularly when participants with a wider range of BMI are included, as this increases the between-
subject variability. Within-subject variability, such as biological changes due to fatigue, either
physically or mentally, and learning effect, could also affect the results [18], and this effect can
vary between subject groups. For example, lack of motivation, mental fatigue, or impaired cen-
tral activation for maximal muscle contractions have been reported to be more apparent after
sustained isometric contractions to exhaustion for individuals who are obese [19, 20]. There-
fore, a reasonable number of subjects and trials is needed to have a higher inter- and intra-
individual reliability of strength measures [18].

During repeated measurements, relative reliability reflects the degree of maintaining each
individual’s rank relative to a sample of subjects, and absolute reliability shows the amount of
within-subject variability [21, 22]. As suggested by Bland and Altman [23] and Rankin and
Stokes [24], as no single measure sufficiently covers both relative and absolute reliability, mul-
tiple reliability metrics are needed for accurate assessment. In this study, maximum voluntary
isometric contractions (MVCs) were repeated across four sessions, each on a different day, in
a large heterogeneous (wide range of BMI) sample of subjects, which enabled measuring the
relative and absolute reliabilities. Verifying the reliability in this study enables generalization
of the findings more reliably to other conditions and individuals. Therefore, the main objective
of this study was to test whether maximum muscle strength is reliable across repeated mea-
surements across multiple sessions and across different levels of obesity. Two tasks of shoulder
flexion and trunk extension were selected for the purpose of strength measurement. These
muscle groups were selected for the high frequency of shoulder use during activities of daily
living and the role of trunk extensor strength in supporting the more anterior center of mass,
due to accumulated fat tissues around the abdomen, for individuals who are obese. Secondary
objectives were to capture strength differences across subject groups and to identify significant
predictors of strength. It was hypothesized that strength is affected by obesity (classified either
using BMI or percent body fat). It was also hypothesized that trunk extensor strength would
exhibit a greater influence of obesity due to the greater accumulation of fat tissue in the
abdominal area.

Methods
Subjects and ethical approval

As part of a larger study on functional capacity changes related to obesity, 142 healthy subjects
were recruited. Participants were assigned to three groups: 49 (24 males, 25 females) normal
weight (18 < BMI < 25 kg/mz), 50 (25 males, 25 females) overweight (25 < BMI < 30 kg/mz)
and 43 (22 males, 21 females) obese (BMI > 30 kg/mz). Based on an acceptable reliability (p,)
of 0.6 and an expected reliability (p) of 0.8, with o. = 0.05, power = 0.8, and number of observa-
tions = 4, the target sample size per group was 22. All participants completed demographic,
health history, and physical activity questionnaires prior to the experiment. Only healthy indi-
viduals who did not perform extensive physical activity more than one hour per day up to
three days per week were included in this experiment. Detailed demographic and anthropo-
metric information for the participants, divided by group, is provided in Table 1. As described
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Table 1. Participants’ information presented as mean (SD) by obesity level and gender.

Normal weight Overweight Obese

Female Male Female Male Female Male

(n=25) (n=24) (n=25) (n=25) (n =20) (n=22)
Age (yr)* 33.8(10.3) 289 (5.2) 35.8 (10.8) 31.0 (8.1) 32.0 (10.7) 30.9 (8.3)
Body mass (kg)* 59.4 (7.1)* 70.4 (5.6)* 71.2 (5.5)* 82.1 (6.4)* 93.3(12.7)8 106.2 (15.6)%
Stature (cm)* 163.5 (5.1) 175.4 (6.7) 162.1 (5.0) 174.2 (6.6) 165.3 (7.0) 173.7 (5.5)
BMI (kg/m?)* 222 (2.2)* 22.9(1.9)* 27.1(1.5)% 27.0 (1.3)® 34.0 (3.1)¢ 35.1(3.9)¢
Body fat (%)** 28.6 (5.6)* 14.5 (4.5)% 36.4 (2.9)° 23.4 (4.8)° 42.8 (3.6)° 30.3 (4.0)€
Fat free mass (kg)** 4.1 (3.6)" 60.1 (5.0)* 453 (3.4)* 62.8 (5.6)* 53.0 (5.5)® 73.7 (9.6)®
Waist circumference (cm)*™* 75.7 (12.4)* 84.1 (6.2)* 88.5(8.1)® 93.0 (6.9)® 102.7 (8.9)¢ 113.1 (12.6)¢
Hip circumference (cm)* 93.2 (16.2)" 97.5 (6.3)" 102.5 (7.9)® 103.9 (7.0)® 115.7 (11.1)° 121.0 (14.8)°
Waist-to-hip ratio™* 0.82 (0.07)* 0.86 (0.04)" 0.87 (0.07)® 0.90 (0.07)® 0.89 (0.05)° 0.94 (0.05)¢

* Indicates a significant difference by gender (p < 0.05)
" Indicates a significant difference by obesity level (p < 0.05)
ABC Those that do not share a letter are significantly different at p < 0.05 based on a post-hoc t-test

https://doi.org/10.1371/journal.pone.0219090.t001

in Mehta and Cavuoto [25], participants’” heights were measured with a standard stadiometer
to the nearest 0.1 cm and weights with a digital metric scale to the nearest 0.1 kg. Waist and
hip circumferences were measured to the nearest 0.1 cm using a standard flexible, inelastic
measuring tape. Body fat percentage (%BF) was measured with an electronic impedance scale
(TANITA Corporation, Tokyo, Japan). All study protocols were approved by the University at
Buffalo and Texas A&M University Institutional Review Boards and all participants provided
informed consent prior to participation. The individual pictured in this manuscript was a
research assistant who recreated the postures adopted and has given written informed consent
(as outlined in PLOS consent form) to publish this image.

Experimental setup and protocol

Three MVCs each of shoulder flexion and trunk extension were repeated across four sessions.
Sessions were separated by at least 48 hours to minimize the effect of any residual fatigue on
performance, and task order was counterbalanced across subjects. The timing of sessions was
based on participant availability, and thus could not be controlled across participants. Effort
was made to schedule each participant at the same time of day for the four sessions, but this
was not controlled. To reduce the sources of variability related to lack of motivation and
inability to fully activate motor neurons, the MVCs were repeated three times and the maxi-
mum of them was selected as a measure of muscle strength for each subject in each session.
Reproducibility or repeatability of the observed values was tested across sessions. In each ses-
sion, participants warmed up before each task with repeated shoulder and trunk flexion, exten-
sion, and rotation. The three isometric MVCs, each 4-5 seconds long with two minutes of rest
in between, were then performed, based on standard strength testing procedures [26]. Real-
time visual feedback and verbal encouragement were provided during the trials. Shoulder flex-
ion, and trunk extension were separated by at least 10 minutes each.

An isokinetic dynamometer (Cybex Humac NORM, Ronkonkoma, NY, USA) was used to
measure the shoulder flexion and trunk extension torque at a rate of 100 Hz. Shoulder flexion
of the right arm was tested with participants laying supine on the dynamometer chair with a
seat belt around the pelvis and arm flexed at 90° with extended elbow (Fig 1A). The dynamom-
eter’s axis of rotation and shoulder adaptor height were set with respect to the acromion

PLOS ONE | https://doi.org/10.1371/journal.pone.0219090 July 1, 2019 3/12


https://doi.org/10.1371/journal.pone.0219090.t001
https://doi.org/10.1371/journal.pone.0219090

@ PLOS|ONE

Reliability of BMI-specific strength

Fig 1. Postures used for isometric strength testing of (a) shoulder flexion and (b) trunk extension.

https://doi.org/10.1371/journal.pone.0219090.g001

process and arm length, respectively. The forearm was kept parallel to the shoulder adaptor
grasping a handle with the wrist in a neutral position. Participants were allowed to release the
handle during the rest periods. For trunk extension, participants stood upright on the dyna-
mometer footplate with slightly flexed (< 5°) trunk against the sacral pad (Fig 1B). The dyna-
mometer’s axis of rotation was aligned based on the iliac crest and L5/S1 location. The
scapular and chest pads were fastened in parallel across the center of the scapulae and against
the subject’s chest. The feet were placed in a fixed position against footplate heel cups separated
at about shoulder width. The thigh pad, tibial pad, and pelvic belt was attached to help firmly
securing the lower body minimizing the confounding effect of other muscles during trunk
extension.

Measures and statistical analysis

Due to differences in strength by gender, and a hypothesized interaction between obesity level
and gender on strength, all analyses were conducted separately for males and females. For each
task, the level of absolute agreement across the four MVCs for each person was evaluated
using the intraclass correlation coefficient (ICC). ICC estimates and their 95% confidence
intervals were calculated based on a single measure (k = 1), absolute agreement, two-way ran-
dom effects model. K = 1 was chosen since strength testing is typically performed on a single
day with the intent of using that value as the representative strength for an individual. The
ICCs, as a measure of relative reliability, were calculated for the overall sample of subjects as
well as for each of the three groups separately to evaluate between-group differences in reliabil-
ity [27, 28]. A high agreement (ICC > 0.9) indicates excellent reliability of repeated MVCs as a
measure of strength for each person within each task [21]. The interpretation for the ICC was
based on the benchmarks suggested by Landis and Koch [29] and updated by Shrout [30]: val-
ues between .4 and .6 were considered fair, .61-.8 moderate, and .81-1 substantial. Since the
ICC is a relative measure of reliability and cannot be used to assess trial-to-trial differences,
additional absolute indices of reliability were calculated [22, 27], including the coefficient of
repeatability (CR), standard error of measurement (SEM), and coefficient of variation (CV)
with its 95% confidence interval [17, 31]. CR, suggested by Bland and Altman [23] for the case
of repeated measures, was calculated as 2.77s,,, where s,, is the within-subject standard devia-
tion from the one-way analysis of variance (ANOVA) with subject as the factor. The mean CV
was calculated as the average of the within-subject standard deviations divided by the within-
subject means. Variability less than 10% of the mean (CV < 10%) indicates that about 68% of
the measurements are within 10% of the mean [32]. SEM was calculated overall and by group
using the relevant ICC and standard deviation of the sample strength measures
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(SEM = SD+/1 — ICC). SEM eliminates the effect of inter-individual variability calculated in
ICC [17]. The SEMs were then used to provide 95% Cls for the true strength measurements
quantified as strength + 1.96(SEM) for each task and overall population. In addition, mini-
mum detectable change (MDC) was calculated as SEMx1.96x+/2 to show the minimum con-
siderable real change in the performance [27].

Linear regression analysis was performed for each task in order to find the linear trend of
strength changes with age and either increasing BMI or percent body fat (%BF). The strength
data was then used to provide the percentile values of strength for each task overall as well as
for each group. The variability of the strength in the commonly used submaximal percentiles
(ie., 5t 10t 25t etc) in workstation, task, and product design was also considered. All statis-
tical analyses were conducted in SPSS Ver. 24 (IBM Corporation) and the level of significance
was set at o, = 0.05.

Results
Reliability of strength measurements

The ICC and CV with 95% ClIs, CR, and SEM results by gender, overall and by BMI group, are
presented in Table 2. Overall strength measurement across sessions had substantial reliability
as indicated by the ICC values exceeding 0.8 for both genders and tasks. If the average measure
was used, these ICCs would be expected to increase. When divided by BMI group, reliability
remained good, with all group-level ICCs > 0.7. The lowest mean ICC was for the obese female
group for trunk extension. The lower bound for the 95% confidence interval was above 0.6 in
all but one case (obese female for trunk extension). Therefore, MVC measurement from a

Table 2. ICC and CV with 95% CI, CR, and SEM results.

FEMALE

Shoulder Flexion
Overall
Normal
Overweight
Obese

Trunk Extension
Overall
Normal
Overweight
Obese

MALE

Shoulder Flexion
Overall
Normal
Overweight
Obese

Trunk Extension
Overall
Normal
Overweight
Obese

https://doi.org/10.1371/journal.pone.0219090.t002

ICC CR CV (%) SEM
816 (.748,.872) 10.47 9.15 (7.86,10.45) 1.87
881 (.796,.939) 7.73 8.51 (6.32,10.70) 1.57
768 (.626,.878) 13.59 9.42 (7.23,11.61) 2.05
786 (.632,.899) 8.34 9.62 (7.17,12.07) 2.03
838 (.777,.889) 4193 15.44 (13.52,17.36) 7.73
897 (.823,.948) 29.44 11.96 (8.91,15.01) 6.05
853 (.741,.927) 54.09 16.15 (13.10,19.20) 7.98
742 (.565,.876) 38.43 18.89 (15.48,22.30) 8.30
833 (.771,.884) 17.16 8.72 (7.63,9.80) 3.04
866 (.769,.934) 15.15 8.65 (6.76,10.55) 2.90
814 (.694,.903) 17.48 8.69 (6.84,10.55) 3.04
812 (.681,.906) 15.98 8.82 (6.84,10.80) 3.17
813 (.744,.870) 74.77 15.88 (13.77,17.99) 13.36
841 (.726,.921) 49.54 12.78 (9.23,16.34) 10.84
797 (.670,.893) 100.83 18.34 (14.86,21.83) 14.99
825 (.697,.915) 68.52 16.47 (12.75,20.18) 13.46
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single day can be used reliably for further analysis. Variability about the mean among the repli-
cations ranged from 1.24-26.42 for the shoulder flexion and 2.54-43.30 for the trunk extension
task. Measures of strength for the shoulder flexion task were the most reliable, which is evident
from the lower SEM and CR values. Generally, higher variability was observed for the trunk
extension compared to the shoulder flexion task, and for males compared to females. For
females, the normal weight group had lower variability between the tasks compared to the
overweight and obese groups across all measures, with the overweight group having the largest
CR value and the obese group having the largest SEM and CV values. For males, the pattern of
the overweight group having the largest CR remained for both tasks. The overweight male
group also had larger CV and SEM values for the trunk extension task, but not for shoulder
flexion.

Additionally, mean, 95% CI of the true strength estimates, and MDC for the overall sample
of subjects by gender and for each task are presented in Table 3. MDCs for females are 15.1%
and 25.6% of the mean for shoulder flexion and trunk extension tasks, respectively. For males
they are 14.3% and 26.9%, respectively.

Effect of obesity on strength

Regression analyses revealed no significant associations between BMI and strength or body fat
percentage and strength for shoulder flexion and trunk extension strengths. Age was not sig-
nificant in the regression models either. For practical purposes, strength percentiles of each
task, overall and for each obesity group, are provided in Table 4. Fig 2 presents boxplots of the
strength outcomes and the variability across participants.

Discussion

Reliability of strength measurements

Absolute and relative reliabilities of the shoulder flexion strength measures were supported by
having agreement between the measurements ICCs > 0.75, variabilities about the

means < 10%, and repeatability coefficients < 15 for females and < 20 for males [31, 32].
These results are consistent with those for healthy young adults, including those for isometric
elbow flexion strength [33], isokinetic shoulder peak torque (21), and isokinetic trunk flexion
[34]. For the trunk extension task, while relative reliability remained substantial for most
groups (only two had ICC < 0.8), the absolute reliability of the measures was not shown (CV%
> 10% for all groups and CR > 25 with large differences between groups). For this task, in
both females and males, the normal weight group had a lower mean CV (12.0% and 12.8%,
respectively) compared to the overweight (16.2% and 18.3%) and obese groups (18.9% and
16.5%). Similarly, the normal weight group had a lower CR compared to the overweight and
obese groups, with the overweight group having the largest coefficient of repeatability. The

Table 3. 95% CI for true estimates of strength values.

FEMALE

Task Mean 95% CI MDC
Shoulder Flexion (Nm) 34.47 (30.80, 38.14) 5.19
Trunk Extension (Nm) 83.57 (68.43,98.72) 21.42
MALE

Task Mean 95% CI MDC
Shoulder Flexion (Nm) 58.86 (52.90, 64.81) 8.43
Trunk Extension (Nm) 137.63 (111.44, 163.81) 37.03

https://doi.org/10.1371/journal.pone.0219090.t003
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Table 4. Strength distributions for shoulder flexion and trunk extension.

Overall Normal weight Overweight Obese

FEMALE

Shoulder Flexion (Nm)
5 22 21 22 26
10 23 24 23 27
25 28 28 27 30
50 34 32 34 34
75 39 37 40 44
90 45 48 44 47
95 50 56 46 54

Trunk Extension (Nm)
5 31 27 29 31
10 35 35 32 38
25 56 64 50 57
50 77 80 79 73
75 107 108 121 101
90 137 151 134 136
95 152 160 164 147

MALE

Shoulder Flexion (Nm)
5 40 35 37 42
10 43 41 40 43
25 46 44 53 51
50 59 50 59 62
75 68 70 67 70
90 78 80 73 79
95 82 84 91 92

Trunk Extension (Nm)
5 46 62 43 38
10 62 62 46 69
25 91 77 97 98
50 146 152 147 140
75 178 178 195 161
90 216 201 228 242
95 232 213 232 289

https://doi.org/10.1371/journal.pone.0219090.t004

heterogeneous sample over a large BMI range resulted in an increased coefficient of variation
for the trunk strength compared to shoulder strength. Larger variability during trunk exertions
was previously reported and attributed to the complex muscle involvements and co-contrac-

tions involved [35]. In addition, while the experimental setup was designed to minimize

recruitment of supporting muscles, such as the quadriceps, by controlling the posture and lim-
iting movement (as has been done in other studies [34]), participants may adjusted their pos-
ture during the task and used their legs in generating the trunk extension movement.

Measuring trunk extensor strength in other postures or settings, such as a seated posture,

might be required to increase the stability of the muscles involved and minimize unintended

activation of antagonist muscles, to increase the reliability and precision of the measures.
Findings of this study suggest that individual changes in strength equal or greater than

~15% and ~26% of the mean above or below the previous score can be interpreted as a real
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Fig 2. Boxplots of the strength outcomes and the variability across participants.

https://doi.org/10.1371/journal.pone.0219090.9002

change, with 95% confidence, for shoulder flexion and trunk extension tasks, respectively.
These MDC:s help in performance assessments and return to work evaluations to test the effect
of an intervention on performance improvements [27].

Effect of obesity on strength

The present study found comparable trunk extension strength between groups of individuals
who are obese and non-obese; a finding consistent with previous studies [13, 16]. However,
the former classified obesity based on %BF rather than BMI, and overweight individuals were
not considered in either of the studies. In contrast, Hulens et al. [8] found significantly higher
absolute trunk extension strength, but these results may be attributable to a sample that
included individuals who were extremely obese and/or older, along with a lack of control over
participant physical activity. As described by Pajoutan et al. [36], trunk strength has previously
been shown to be positively correlated with fat-free mass. When obesity-related increases in
strength have been found for the lower extremity or trunk (e.g., Maffiuletti et al. [10] and
Lafortuna et al.), chronic training and increased cross-sectional area of the muscle have been
hypothesized. While larger cross-sectional area has been found with obesity [37], the muscle
contraction can be impaired by the presence of intramuscular fat [38].

Contrary to the present study findings, two other studies [12, 13] found significantly higher
shoulder flexion strength with obesity, with ~20-25% higher strength for the obese groups in
those studies. Mean shoulder flexion strength in both of those studies was ~50 Nm for the
non-obese groups and ~60-65 Nm for the obese groups, using a similar posture to the one
adopted in the current study. While there was not a significant difference in shoulder flexion
strength in the current study, these means are similar to those observed for the current male
sample, where the 50™ percentile strengths were 50 Nm for the normal weight group and 62
Nm for the obese group. The prior studies do not distinguish strength outcomes by gender,
but differences in the sample and participant physical activity levels may explain the lower
female strength values in the current study compared to previously reported overall means.

Comparable strength across obesity levels aligns with findings reported in existing studies
of hand grip strength as well [8, 9, 35]. For example, in a large study of 1443 elderly subjects in
all three BMI categories, isometric grip strength remained intact with obesity [9]. In that
study, while obesity was not a significant factor, recreational physical activity was found to be
the determinant of the handgrip force capacity. Since the present study sample was similar in
their physical activity levels, i.e., recreationally active to sedentary individuals, we were unable
to test strength predictability based on physical activity levels. It is recommended that future
studies address this by including subjects across different physical activity levels.
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Age was not a significant negative linear predictor of strength in any of the regression mod-
els. This is not contrary to expectation, as most studies that have identified a significant age
effect have considered samples with individuals greater than 60 years old, versus 56 in the cur-
rent study. For example, Eksiolgu [39] observed equivalent hand grip strength for males 18-59
and the only significant differences for females were for those greater than 50 years old. Simi-
larly, in a meta-analysis of reference values for adult hand grip [40], the age-related decline in
grip strength (for either hand) occurs from the 55-59 years group and older. While muscle
strength values have shown to differ by ethnicity/race groups Blakley et al. [41], these differ-
ences have shown to be influenced by factors such as age [42]. Given that obesity rates are
higher in African American and Hispanic adults in the United States [43], research is war-
ranted to document strength values stratified by race/ethnicity, obesity, and age groups from
to represent current workforce demographics.

Limitations

While the reliability of the measures was verified for the shoulder flexion task in a large and
heterogeneous sample of subjects, representative of the population, it is worth mentioning that
the results of this study can only be extended to younger healthy adults, for the specific tasks
tested. The BMI and age recruitment criteria for this study were limited to Class I and II obe-
sity (30 < BMI < 40 kg/m?) and younger adults. Extremely obese individuals were excluded
since they represent ~6% of the population [44]. While efforts were made to recruit workers in
the present study, the study sample largely comprised of university students and residents
from local communities. In addition, experimental sessions were scheduled based on partici-
pant availability and thus the time of day was not controlled. Despite potential circadian influ-
ence, reliability remained high. Future work should control timing of strength measurements
to confirm these findings. The study also only considered the reliability of isometric strength
measurements. Future studies should consider dynamic strength tasks where the influence of
body mass support may have a larger impact on repeatability of strength measurement. Gener-
alizing the results to other postures, tasks, populations, and individual factors requires further
research.

Conclusion

Across obesity levels, strength measurements had high levels of absolute and relative reliabili-
ties for the shoulder flexion task, even when accounting for various sources of errors (e.g.,
repeated measurements). The findings of this study for the shoulder flexion task support the
use of a single strength measurement for practical purposes to estimate the required strength
and allowances in product design and performance evaluation. Trunk extension strength val-
ues should be used with caution. While the relative reliability was good to substantial, the abso-
lute reliability measures showed high variability across sessions when considering gender and
BMI group.

Author Contributions

Conceptualization: Lora A. Cavuoto, Ranjana K. Mehta.
Data curation: Mojdeh Pajoutan, Ranjana K. Mehta.
Formal analysis: Mojdeh Pajoutan, Ranjana K. Mehta.
Funding acquisition: Lora A. Cavuoto, Ranjana K. Mehta.

Investigation: Lora A. Cavuoto, Mojdeh Pajoutan.

PLOS ONE | https://doi.org/10.1371/journal.pone.0219090 July 1, 2019 9/12


https://doi.org/10.1371/journal.pone.0219090

@ PLOS|ONE

Reliability of BMI-specific strength

Methodology: Lora A. Cavuoto, Ranjana K. Mehta.

Project administration: Lora A. Cavuoto, Ranjana K. Mehta.

Software: Mojdeh Pajoutan.

Supervision: Lora A. Cavuoto.

Visualization: Mojdeh Pajoutan.

Writing - original draft: Mojdeh Pajoutan.

Writing - review & editing: Lora A. Cavuoto, Ranjana K. Mehta.

References

1.

10.

1.

12

13.

14.

Matter KC, Sinclair SA, Hostetler SG, Xiang H. A Comparison of the Characteristics of Injuries Between
Obese and Non-obese Inpatients[ast][ast]. Obesity. 2007; 15(10):2384-90. https://doi.org/10.1038/
oby.2007.283 PMID: 17925463

Dedering A, Németh G, Harms-Ringdahl K. Correlation between electromyographic spectral changes
and subjective assessment of lumbar muscle fatigue in subjects without pain from the lower back. Clini-
cal Biomechanics. 1999; 14(2):103—11. PMID: 10619097

Mbada CE, Ayanniyi O, Adedoyin RA, Johnson OE. Static endurance of the back extensor muscles:
association between performance and reported reasons for test termination. Journal of Musculoskeletal
Research. 2010; 13(01):13-21.

Rechardt M, Shiri R, Karppinen J, Jula A, Helidvaara M, Viikari-Juntura E. Lifestyle and metabolic fac-
tors in relation to shoulder pain and rotator cuff tendinitis: a population-based study. BMC musculoskel-
etal disorders. 2010; 11(1):165.

Shiri R, Karppinen J, Leino-Arjas P, Solovieva S, Viikari-Juntura E. The association between obesity
and low back pain: a meta-analysis. American journal of epidemiology. 2009; 171(2):135-54. hitps://
doi.org/10.1093/aje/kwp356 PMID: 20007994

Lafortuna CL, Maffiuletti NA, Agosti F, Sartorio A. Gender variations of body composition, muscle
strength and power output in morbid obesity. International Journal of Obesity. 2005; 29(7):833—41.
https://doi.org/10.1038/sj.ij0.0802955 PMID: 15917862

Miyatake N, Fuijii M, Nishikawa H, Wada J, Shikata K, Makino H, et al. Clinical evaluation of muscle
strength in 20-79-years-old obese Japanese. Diabetes Research and Clinical Practice. 2000; 48(1):15—
21. PMID: 10704695

Hulens M, Vansant G, Lysens R, Claessens AL, Muls E, Brumagne S. Study of differences in peripheral
muscle strength of lean versus obese women: an allometric approach. International Journal of Obesity
and Related Metabolic Disorders. 2001; 25(5):676. https://doi.org/10.1038/sj.ij0.0801560 PMID:
11360150.

Rolland Y, Lauwers-Cances V, Pahor M, Fillaux J, Grandjean H, Vellas B. Muscle strength in obese
elderly women: effect of recreational physical activity in a cross-sectional study. American Journal of
Clinical Nutrition. 2004; 79(4):552-7. https://doi.org/10.1093/ajcn/79.4.552 PMID: 15051596

Maffiuletti N, Jubeau M, Munzinger U, Bizzini M, Agosti F, De Col A, et al. Differences in quadriceps
muscle strength and fatigue between lean and obese subjects. European Journal of Applied Physiol-
ogy. 2007; 101(1):51-9. https://doi.org/10.1007/s00421-007-0471-2 PMID: 17476522

Abdelmoula A, Martin V, Bouchant A, Walrand S, Lavet C, Taillardat M, et al. Knee extension strength
in obese and nonobese male adolescents. Applied Physiology, Nutrition, and Metabolism. 2012; 37
(2):269-75. https://doi.org/10.1139/h2012-010 PMID: 22448629

Cavuoto LA, Nussbaum MA. Differences in functional performance of the shoulder musculature with
obesity and aging. International Journal of Industrial Ergonomics. 2013; 43(5):393-9. https://doi.org/10.
1016/j.ergon.2013.08.001

Cavuoto LA, Nussbaum MA. Obesity-related differences in muscular capacity during sustained isomet-
ric exertions. Applied Ergonomics. 2013; 44(2):254—60. https://doi.org/10.1016/j.apergo.2012.07.011
PMID: 22858008

Fogelholm M, Malmberg J, Suni J, Santtila M, Kyrolainen H, Mantysaari M. Waist circumference and
BMI are independently associated with the variation of cardio-respiratory and neuromuscular fithess in
young adult men. International Journal of Obesity. 2006; 30(6):962—9. https://doi.org/10.1038/sj.ijo.
0803243 PMID: 16432537

PLOS ONE | https://doi.org/10.1371/journal.pone.0219090 July 1, 2019 10/12


https://doi.org/10.1038/oby.2007.283
https://doi.org/10.1038/oby.2007.283
http://www.ncbi.nlm.nih.gov/pubmed/17925463
http://www.ncbi.nlm.nih.gov/pubmed/10619097
https://doi.org/10.1093/aje/kwp356
https://doi.org/10.1093/aje/kwp356
http://www.ncbi.nlm.nih.gov/pubmed/20007994
https://doi.org/10.1038/sj.ijo.0802955
http://www.ncbi.nlm.nih.gov/pubmed/15917862
http://www.ncbi.nlm.nih.gov/pubmed/10704695
https://doi.org/10.1038/sj.ijo.0801560
http://www.ncbi.nlm.nih.gov/pubmed/11360150
https://doi.org/10.1093/ajcn/79.4.552
http://www.ncbi.nlm.nih.gov/pubmed/15051596
https://doi.org/10.1007/s00421-007-0471-2
http://www.ncbi.nlm.nih.gov/pubmed/17476522
https://doi.org/10.1139/h2012-010
http://www.ncbi.nlm.nih.gov/pubmed/22448629
https://doi.org/10.1016/j.ergon.2013.08.001
https://doi.org/10.1016/j.ergon.2013.08.001
https://doi.org/10.1016/j.apergo.2012.07.011
http://www.ncbi.nlm.nih.gov/pubmed/22858008
https://doi.org/10.1038/sj.ijo.0803243
https://doi.org/10.1038/sj.ijo.0803243
http://www.ncbi.nlm.nih.gov/pubmed/16432537
https://doi.org/10.1371/journal.pone.0219090

@ PLOS|ONE

Reliability of BMI-specific strength

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Mehta RK. Stunted PFC activity during neuromuscular control under stress with obesity. European jour-
nal of applied physiology. 2016; 116(2):319-26. https://doi.org/10.1007/s00421-015-3283-9 PMID:
26511758

Kitagawa K, Miyashita M. Muscle strengths in relation to fat storage rate in young men. European Jour-
nal of Applied Physiology and Occupational Physiology. 1978; 38(3):189-96. https://doi.org/10.1007/
BF00430077 PMID: 648509

Atkinson G, Nevill AM. Statistical methods for assessing measurement error (reliability) in variables rel-
evant to sports medicine. Sports medicine. 1998; 26(4):217-38. https://doi.org/10.2165/00007256-
199826040-00002 PMID: 9820922

Hopkins WG. Measures of reliability in sports medicine and science. Sports medicine. 2000; 30(1):1—
15. https://doi.org/10.2165/00007256-200030010-00001 PMID: 10907753

Pajoutan M, Mehta RK, Cavuoto LA. The effect of obesity on central activation failure during ankle
fatigue: a pilot investigation. Fatigue: Biomedicine, Health & Behavior. 2016; 4(2):115-26.

Mehta R. Impacts of obesity and stress on neuromuscular fatigue development and associated heart
rate variability. International Journal of Obesity. 2015; 39(2):208. https://doi.org/10.1038/ij0.2014.127
PMID: 25042859

Edouard P, Codine P, Samozino P, Bernard P-L, Hérisson C, Gremeaux V. Reliability of shoulder rota-
tors isokinetic strength imbalance measured using the Biodex dynamometer. Journal of science and
medicine in sport. 2013; 16(2):162-5. https://doi.org/10.1016/j.jsams.2012.01.007 PMID: 22749937

Vaz S, Falkmer T, Passmore AE, Parsons R, Andreou P. The case for using the repeatability coefficient
when calculating test—retest reliability. PloS one. 2013; 8(9):€73990. https://doi.org/10.1371/journal.
pone.0073990 PMID: 24040139

Bland JM, Altman DG. Measuring agreement in method comparison studies. Statistical methods in
medical research. 1999; 8(2):135-60. https://doi.org/10.1177/096228029900800204 PMID: 10501650

Rankin G, Stokes M. Reliability of assessment tools in rehabilitation: an illustration of appropriate statis-
tical analyses. Clinical rehabilitation. 1998; 12(3):187-99. https://doi.org/10.1191/
026921598672178340 PMID: 9688034

Mehta RK, Cavuoto LA. Relationship Between BMI and Fatigability Is Task Dependent. Human Factors.
2017:0018720817695194.

Caldwell LS, Chaffin DB, Dukes-Dobos FN, Kroemer K, Laubach LL, Snook SH, et al. A proposed stan-
dard procedure for static muscle strength testing. The American Industrial Hygiene Association Journal.
1974; 35(4):201-6. https://doi.org/10.1080/0002889748507023 PMID: 4822353

Weir JP. Quantifying test-retest reliability using the intraclass correlation coefficient and the SEM. Jour-
nal of strength and conditioning research. 2005; 19(1):231. https://doi.org/10.1519/15184.1 PMID:
15705040

Shrout PE, Fleiss JL. Intraclass correlations: uses in assessing rater reliability. Psychological bulletin.
1979; 86(2):420. PMID: 18839484

Landis J, Koch G. The measurement of observer agreement for categorical data. Biometrics. 1977;
33:159-74. https://doi.org/10.2307/2529310 PMID: 843571

Shrout PE. Measurement reliability and agreement in psychiatry. Statistical methods in medical
research. 1998; 7(3):301-17. https://doi.org/10.1177/096228029800700306 PMID: 9803527

Looney MA. When is the intraclass correlation coefficient misleading? Measurement in Physical Educa-
tion and Exercise Science. 2000; 4(2):73-8.

Strike PW. Statistical methods in laboratory medicine: Butterworth-Heinemann; 2014.

Allen G, Gandevia S, McKenzie D. Reliability of measurements of muscle strength and voluntary activa-
tion using twitch interpolation. Muscle & Nerve: Official Journal of the American Association of Electro-
diagnostic Medicine. 1995; 18(6):593-600.

Karatas GK, Gogls F, Meray J. Reliability of isokinetic trunk muscle strength measurement. American
journal of physical medicine & rehabilitation. 2002; 81(2):79-85.

Ma L, Chablat D, Bennis F, Zhang W. A new simple dynamic muscle fatigue model and its validation.
International Journal of Industrial Ergonomics. 2009; 39(1):211-20.

Pajoutan M, Mehta RK, Cavuoto LA. Obesity effect on isometric strength of the trunk extensors. Pro-
ceedings of the Human Factors and Ergonomics Society Annual Meeting. 2016; 60(1):943-7. https:/
doi.org/10.1177/1541931213601217

Akhavanfar M, Kazemi H, Eskandari A, Arjimand N. Obesity and spinal loads; a combined MR imaging
and subject-specific modeling investigation. Journal of biomechanics. 2018; 70:102—12. https://doi.org/
10.1016/j.joiomech.2017.08.009 PMID: 28859858

PLOS ONE | https://doi.org/10.1371/journal.pone.0219090 July 1, 2019 11/12


https://doi.org/10.1007/s00421-015-3283-9
http://www.ncbi.nlm.nih.gov/pubmed/26511758
https://doi.org/10.1007/BF00430077
https://doi.org/10.1007/BF00430077
http://www.ncbi.nlm.nih.gov/pubmed/648509
https://doi.org/10.2165/00007256-199826040-00002
https://doi.org/10.2165/00007256-199826040-00002
http://www.ncbi.nlm.nih.gov/pubmed/9820922
https://doi.org/10.2165/00007256-200030010-00001
http://www.ncbi.nlm.nih.gov/pubmed/10907753
https://doi.org/10.1038/ijo.2014.127
http://www.ncbi.nlm.nih.gov/pubmed/25042859
https://doi.org/10.1016/j.jsams.2012.01.007
http://www.ncbi.nlm.nih.gov/pubmed/22749937
https://doi.org/10.1371/journal.pone.0073990
https://doi.org/10.1371/journal.pone.0073990
http://www.ncbi.nlm.nih.gov/pubmed/24040139
https://doi.org/10.1177/096228029900800204
http://www.ncbi.nlm.nih.gov/pubmed/10501650
https://doi.org/10.1191/026921598672178340
https://doi.org/10.1191/026921598672178340
http://www.ncbi.nlm.nih.gov/pubmed/9688034
https://doi.org/10.1080/0002889748507023
http://www.ncbi.nlm.nih.gov/pubmed/4822353
https://doi.org/10.1519/15184.1
http://www.ncbi.nlm.nih.gov/pubmed/15705040
http://www.ncbi.nlm.nih.gov/pubmed/18839484
https://doi.org/10.2307/2529310
http://www.ncbi.nlm.nih.gov/pubmed/843571
https://doi.org/10.1177/096228029800700306
http://www.ncbi.nlm.nih.gov/pubmed/9803527
https://doi.org/10.1177/1541931213601217
https://doi.org/10.1177/1541931213601217
https://doi.org/10.1016/j.jbiomech.2017.08.009
https://doi.org/10.1016/j.jbiomech.2017.08.009
http://www.ncbi.nlm.nih.gov/pubmed/28859858
https://doi.org/10.1371/journal.pone.0219090

@ PLOS|ONE

Reliability of BMI-specific strength

38.

39.

40.

41.

42,

43.

44,

Rahemi H, Nigam N, Wakeling JM. The effect of intramuscular fat on skeletal muscle mechanics: impli-
cations for the elderly and obese. Journal of The Royal Society Interface. 2015; 12(109):20150365.

Eksioglu M. Normative static grip strength of population of Turkey, effects of various factors and a com-
parison with international norms. Applied ergonomics. 2016; 52:8—17. https://doi.org/10.1016/j.apergo.
2015.06.023 PMID: 26360189

Bohannon RW, Peolsson A, Massy-Westropp N, Desrosiers J, Bear-Lehman J. Reference values for
adult grip strength measured with a Jamar dynamometer: a descriptive meta-analysis. Physiotherapy.
2006; 92(1):11-5.

Blakley BR, Quinones MA, Crawford MS, Jago |. The validity of isometric strength tests. Personnel Psy-
chology. 1994; 47(2):247-74.

Spencer SM, Albert SM, Bear-Lehman J, Burkhardt A. Relevance of race and ethnicity for self-reported
functional limitation. Journal of the American Geriatrics Society. 2008; 56(3):553—7. https://doi.org/10.
1111/j.1532-5415.2007.01595.x PMID: 18179494

Ogden CL, Carroll MD, Fryar CD, Flegal KM. Prevalence of obesity among adults and youth: United
States, 2011-2014. NCHS data brief. 2015; 219(219):1-8.

Flegal KM, Carroll MD, Kit BK, Ogden CL. Prevalence of obesity and trends in the distribution of body
mass index among US adults, 1999-2010. Jama. 2012; 307(5):491—7. https://doi.org/10.1001/jama.
2012.39 PMID: 22253363

PLOS ONE | https://doi.org/10.1371/journal.pone.0219090 July 1, 2019 12/12


https://doi.org/10.1016/j.apergo.2015.06.023
https://doi.org/10.1016/j.apergo.2015.06.023
http://www.ncbi.nlm.nih.gov/pubmed/26360189
https://doi.org/10.1111/j.1532-5415.2007.01595.x
https://doi.org/10.1111/j.1532-5415.2007.01595.x
http://www.ncbi.nlm.nih.gov/pubmed/18179494
https://doi.org/10.1001/jama.2012.39
https://doi.org/10.1001/jama.2012.39
http://www.ncbi.nlm.nih.gov/pubmed/22253363
https://doi.org/10.1371/journal.pone.0219090

