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Purpose: To establish hand-held dynamometry (HHD) maximal isometric muscle torque (MIT) reference values
for children and adolescents who are developing typically. Methods: The MIT of 10 upper and lower limb
muscle groups was assessed in 351 Caucasian youth (4 years 2 months to 17 years) using a standardized HHD
protocol, previously shown to be feasible, valid, and reliable. Results: The mean MIT and 95% confidence
interval of the mean for all muscle groups, for each of the 14 age groups (1 year age span for each group),
and for each sex, were reported in both absolute (Nm) and normalized (Nm/kg) values. Conclusion: These
HHD reference values may be helpful in the identification of muscle strength impairments in several pediatric
populations, especially when bilateral impairments are present. (Pediatr Phys Ther 2015;27:414-423) Key
words: adolescent, age factors, child, lower limbs, muscle strength dynamometer, reference values, sex factors,
upper limbs

INTRODUCTION AND PURPOSE Since children with physical disabilities often have
bilateral impairments, a comparison muscle group “out-
side of the person” may be necessary to identify muscle
weakness.” This implies the use of reference data in the
absence of true normative values. Since muscle strength
increases with growth and maturation, these types of data
may also provide information on the extent of, or changes
in, the strength impairment that cannot be detected by sim-
ply comparing strength values for the same individual over
0898-5669/110/2704-0414 time. For reference values to be useful in clinical decision
Pediatric Physical Therapy making, however, they need to be obtained using methods
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data, such as hand-held dynamometry (HHD).>!!"17 Other

Muscle strength is an important clinical measure in
pediatric rehabilitation. Limitations in walking, running,
and rising to standing, for example, are related to muscle
strength in several different clinical groups.!”” Moreover,
physical capacity as measured using standardized clinical
tests has been shown to improve with improvements in
muscle strength.>-*8
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this type of equipment. Given limitations of manual muscle

414 Hébert et al Pediatric Physical Therapy



testing and constraints of isokinetic equipment, HHD has
emerged as a promising alternative to these other methods
for muscle strength evaluation in the clinic.>'1"*7

Only a few studies, however, have established refer-
ence strength data using HHD in youth, and the reference
values published to date have several limitations.”182> No
single protocol has been used to evaluate muscle strength
across a wide age range. To obtain values for youth be-
tween 3.5 and 18 years, one needs to go to several different
articles that used different HHD protocols. This means it
can be difficult to separate real differences in strength from
differences due to the protocol. As well, strength values are
often reported as force in kg or Newtons and not as torque
in Newton-meters.'822:2* This means the effect of height
differences (or lever arm differences) on muscle strength
is not completely accounted for. The number of partic-
ipants per age group for existing reference data is also
small.?18-21.2%.25 n addition, some of the testing positions
used to derive these values are not feasible for certain clin-
ical populations as they require effort against gravity or
they have insufficient stabilization.?-!8-2!:2* The choice of
equipment or test used for some existing reference data is
also inappropriate (eg, measuring strength using an HHD
with a spring-loaded cell, the use of a break test or a 1-
repetition maximum, HHD protocols with poor ergonomic
or stabilization procedures).!8:20:22.2425 For other reference
data in the literature, the validity of the values is question-
able because the maximal force that can be validly mea-
sured with an HHD for the target muscle group is below
its maximum isometric force.?-!8:2! Prediction equations
available in the literature are also limited, mainly because
of large standard errors due to small sample sizes or a fail-
ure to take into account all the predictor or confounding
variables.”19:20.24

We have recently developed a HHD protocol to as-
sess maximal isometric torque (MIT) in several upper and
lower limbs muscle groups for children and adolescents
4 to 17.5 years old.?® The protocol is feasible over this
age range and MIT values for youth who are develop-
ing typically are valid and reliable.?” More specifically, the
mean concurrent validity (intraclass correlation coefficient
[ICC]) of these MIT values with values measured using a
Cybex isokinetic dynamometer varies from 0.78 to 0.93
(depending on the muscle group) with the exception of
ankle plantar flexors (ICC = 0.48).?” The intra- and in-
terrater ICCs for reliability vary from 0.70 to 0.98, again
depending on the muscle group.?” The main objective of
this study was to establish, using our standardized HHD
protocol, MIT reference values for children and adoles-
cents who are developing typically, for 10 muscle groups
of the upper (shoulder abductors and external rotators;
elbow flexors and extensors) and lower (hip abductors,
flexors, and extensors; knee flexors and extensors; ankle
dorsiflexors) limbs. We elected to establish reference val-
ues, as a first step, with the understanding that normative
values are the standard for establishing strength deficits
and that reference values can at best give only an estimate
of strength deficits. The secondary study objectives were
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(1) to compare the variations of torque between absolute
and reference values, and (2) to compare the profiles of
muscle strength progression between boys and girls, across
age groups, and between upper and lower limbs.

METHODS
Participants

A random, probabilistic sample of 4- to 17-year-old
youth who were healthy, developing typically, white and
French speaking, living in a medium-sized (population
of 150000-400 000) North American city with medium
socioeconomic status was established from lists from pri-
vate and public daycare, elementary and secondary school
classes. The participants recruited for the study were all
volunteers who had accepted the offer to participate trans-
mitted to them and their parents via daycare, primary and
high school staff. Potential participants were included if
they were able to take part in muscle strength assessment
by HHD. They were excluded if they had a history of med-
ical, neurological, or musculoskeletal impairments that
could affect torque measurements, documented trauma in
the 12 months prior to the study, or if they were taking
medication or participating in competitive sports during
the time of the study. Written informed consent was ob-
tained from the parents, with assent obtained from the
participants. The study was approved by the administering
institution’s ethics review board and by the school boards
involved.

Instrumentation and Procedures

The maximum isometric muscle strength of the hip
flexors, extensors and abductors, knee flexors and exten-
sors, ankle dorsiflexors, shoulder abductors and external
rotators, and elbow flexors and extensors was assessed
with a recently calibrated Chatillon push-pull HHD (FCE-
500, Ametek TCI Division, Chatillon Force Measurement
Systems, Largo, Florida). The dynamometer was cross-
calibrated with reference weights in both the compres-
sion (push technique) and distraction (pull technique)
modes. The standardized positions and HHD placement
for each muscle group tested are described in detail in the
Appendix. As noted above, the protocol has established
feasibility, validity, and reliability.?” An antislip surface
was placed under the person being evaluated during all
tests.

A “make” test was used. For a make test, the exam-
iner holds the HHD stationary, whereas the participant
exerts a maximal force against it. This ensures isomet-
ric contraction. A make test was chosen over a break test
because break tests have questionable reliability for mea-
suring muscle strength using HHD for most muscle groups
and the procedure puts children at a higher risk of injuries
than a make test.'”-*® When using make tests with mus-
cles that exert a large force, however, the examiner may
“unconsciously” exert a counterforce that is slightly higher
than the tested muscle’s force. This creates a quasi break
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test condition, that is, a nonisometric muscle contraction.
To prevent this from happening, our protocol uses the
distraction mode or pull technique for muscle groups that
are particularly strong (hip flexors and extensors). With
this mode, a nonelastic strap is used between the thigh
segment and the hook of the dynamometer so that resis-
tance can be in a “pulling” direction. Use of the strap also
provides more stability to the examiner and allows him or
her to resist much higher forces than the individual would
otherwise be able to do. For all other muscle groups, our
protocol uses the compression mode. When developing
this protocol, we also found that extra leg stabilization was
needed when evaluating knee extensor MIT. For this mus-
cle group, the participant sits at the edge of the evaluation
table. The dynamometer is inserted between the anterior
surface of the leg and the strap, with the strap itself at-
tached to the leg of the table. The strap is also tightened to
ensure 90° of knee flexion. In this way, the leg is well sta-
bilized and the strap resists the isometric knee extension
during the test, which minimizes examiner effort. The fol-
lowing factors are also standardized with our protocol®’:
(1) the verbal instructions provided before testing, (2) the
verbal encouragements given during the testing, including
the tone of voice and choice of words, (3) the position of
both the experimenter and the participant (see Table 1 of
Hebert et al?’), (4) the position of the dynamometer and
its accessories, (5) the order of the muscles tested, and (6)
the execution of the tasks by the participant.

Six physiotherapists (2 per school) took the mea-
sures. The physiotherapists had received standardized, 3-
day training (available from the College of Physiotherapists
of Quebec-OPPQ, ISBN 2-9809219-1-2, the 3rd ed, ISBN
2-9809219-2-0). On the basis of prestudy testing, the eval-
uators for this study showed very good reliability with ICCs
varying from 0.84 to 0.98 (intrarater) and from 0.81 t0 0.96
(interrater). All measures were taken during 1 testing ses-
sion. Both legs were assessed in the older participants. For
those 4 to 8.5 years of age, only 1 side (randomly deter-
mined) was assessed because of their limited endurance.
For all muscle groups, 3 trials per side were completed.
The peak force was recorded for each trial. The mean of
the 3 trials was used for the analyses. Before each trial, the
participant performed 2, submaximal contractions of about
50% maximal effort. This was done as a warm-up and to
ensure that the task was well understood and that stabiliza-
tion was adequate. Each contraction was progressive and
was held 10 seconds followed by a 60-second rest period.
Height and weight measurements were done prior to the
strength testing using a medical scale and height measure-
ment system. The most common method of accounting for
lower limb muscle strength differences related to body size
(and not muscle weakness per se) is to divide the muscle
force or torque values by the individual’s body mass.?”*
This approach was used in this study.

Study Design and Data Collection

This was a descriptive study in which a specific num-
ber (n = 364) of children and adolescents were recruited.
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This sample size was based on the statistic of the standard
width of the confidence interval (CI), where W represents
the total width of the CI and S the standard deviation
(SD).?! The following formula was used: N = 4za’282/W2,
where za’ = 1.96 when o = .05, S = 6.7 (highest SD ob-
tained in our previous study) and W = 8 (largest 95%
ClI obtained from our previous study).?” From a clinical
standpoint, the width of a 95% CI is important as it indi-
cates the range within which one can be 95% certain that
the true effect lies. Our calculations showed that we re-
quired 10.8 participants per sex per age group. We added
15% more participants in case of data loss for a total of
12.4 participants per age group per sex, which we rounded
to 13 per group (age and sex). We therefore recruited an
equal number of girls and boys (13 girls and 13 boys) for
each of the 14 different age groups in this study, from 4
years to 17 years of age.

Data Analysis

The Kolmogorov-Smirnov and the Shapiro-Wilk tests
of normality were performed for each muscle group’s
torque data (n = 354) (pooled for age). Data were con-
sidered to be outliers (and thus removed) when they were
greater than 3 SDs from the mean. For all muscle groups,
we used the Levene test to verify the assumption of equality
of variances between groups. Descriptive statistics (mean
and SD) of MIT (Nm) and normalized MIT (to body mass,
Nm/kg) were calculated for all muscle groups and for all
age groups for both boys and girls. These values represent
the reference values per age group. The lower and upper
bounds of the 95% CI of the mean of these values were also
calculated. A multivariate analysis of variance (14 [age] x
2 [sex] x 10 repeated measures [muscle groups]) tested
for significant differences between age groups and between
boys and girls. When the multivariate Wilks A of the in-
teraction was significant, univariate post hoc tests with a
Bonferroni correction were used to examine pairwise dif-
ferences. The Pearson product-moment correlation coef-
ficients were used to quantify bivariate relationships be-
tween torque and age, mass, and height. Stepwise multiple
regression equations were used to determine the extent to
which height, body mass, and age group predicted torque
for the various muscles evaluated. All statistical analy-
ses were performed using SPSS (SPSS 21.0 for Windows,
Armonk, NY, USA), and significance was set at « < 0.05
except for multiple comparisons where the alpha value was
a more conservative o < 0.005.

RESULTS

A total of 351 participants were recruited with 12 to 13
participants per sex per age group except for the 4-year-old
group (n = 11). Torque data were normally distributed for
all muscle groups except for knee extension and hip flex-
ion. There were 2 outliers for knee extension (a 5-year-old
boy and a 13-year-old girl) and 1 for hip flexion (a 17-year-
old boy). These data were not included in the final analyses;
thus, the results are based on 348 participants. The mean
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and SD for the MIT values for all muscle groups of both
sexes according to each age group are reported in Table 1
(absolute values in Nm) and Table 2 (torque values nor-
malized to body mass in Nm/kg) whereas the lower and
upper bounds of the 95% CI of the mean of MIT values in
Nm, and the mean of MIT values normalized to body mass
in Nm/kg are reported in Table 3 and Table 4, respectively.

As shown in Table 1, a trend was seen for all muscle
groups of boys to have higher torque values (Nm) than
girls beginning with the 10-year-old group, as indicated by
the light gray column. This difference is significant for the

15-, 16-, and 17-year-old age groups (P < .0001). The pat-
tern was similar for the torque values normalized to body
mass (Nm/kg), and some intersex differences did appear
at younger ages than with the torque values. The male
participants produced significantly greater (P < .001)
torque in shoulder external rotation, elbow flexion and ex-
tension, hip flexion, extension, and abduction and in knee
flexion beginning with the 14-year-old age group. Male
participants 15 years and older were stronger than females
in the same age groups for all muscle groups (P < .0001).
Around the age of 12 to 13 years, a more abrupt change

TABLE 1

Mean of Maximal Isometric Torque Values in Nm (SD) for All Muscle Groups of Both Sexes (n = 13 Participants Per Sex Per Age Group) According to
Each Age Group (n = 348)2.

Muscle Age )

Group Sex Torque 4 5 6 7 8 9 10 11 12 13 14 15¢ 16¢ 17¢
Shoulder F Mean 51 83 93 113 150 16.7 20.7 20.0 31.7 39.0 468 47.1 46.1 499
abduction SD 1.4 3.0 3.0 4.9 4.2 9.1 6.6 471 9.0 16.0 5.0 9.4 9.6 9.5
M Mean 55 81 109 125 161 195 263 234 385 41.0 541 657 727 829
SD 3.4 4.0 4.5 3.1 6.5 4.7 9.4 7.2 14.9 11.6 150 20.2 17.3 35.6
Shoulder F Mean 33 5.4 6.3 6.9 8.9 9.2 11.0 10.5 16.5 18.6 215 19.5 20.5 22.7
external SD 1.0 1.2 1.6 1.9 2.5 3.8 2.7 2.4 43 6.1 39 2.4 3.4 3.2
rotation M Mean 4.2 5.7 7.4 7.7 10.4 11.3 14.2 14.5 18.3 192 256 295 329 330
SD 1.8 20 1.8 1.7 3.5 2.4 4.6 29 5.1 4.6 4.6 6.6 7.7 8.4
Elbow flexion F Mean 46 8.0 96 110 157 158 194 20.0 299 334 378 386 388 406
SD 13 1.9 2.7 2.8 33 6.3 4.8 3.6 6.3 6.7 5.0 4.8 6.3 8.4
M Mean 43 89 108 13.0 167 205 261 29.0 36.2 363 512 566 679 681
SD 1.7 2.7 2.8 2.5 6.7 3.2 6.3 4.7 11.5 8.4 12.6 7.6 13.9 13.4
Elbow F Mean 52 8.5 8.6 8.8 11.5 12.1 15.3 14.6 213 24.5 246  25.1 26.2 283
extension SD 1.4 3.0 2.9 2.6 3.0 5.1 4.4 3.5 53 5.1 4.1 4.9 3.0 4.7
M Mean 6.4 83 10.5 9.7 13.5 14.6 18.2 19.5 24.5 244 345 384 438 450
SD 20 22 2.9 2.2 5.3 3.7 6.0 4.1 5.9 6.1 8.6 8.0 13.6 8.8
Hip flexion F Mean 151 167 187 215 304 323 386 411 533 594 769 834 854 879
SD 2.7 6.1 3.2 4.7 6.9 11.3 4.0 7.1 12.1 13.3 16.6 13.3 11.4 19.9
M Mean 150 16.0 221 248 325 364 450 454 66.6 66.2 859 1065 109.4 1155
SD 29 3.5 4.7 6.3 10.4 8.6 7.0 9.7 23.7 18.0 12.2 16.2 253 26.4
Hip extension F Mean 214 268 31.1 374 574 60.5 74.6 769 108.9 1173 1444 151.6 157.7 1623
SD 51 103 96 124 171 311 199 187 299 30.0 413 221 286 366
M Mean 20.7 26.7 327 398 61.1 749 919 928 131.7 1375 1856 2064 2454 257.6
SD 9.4 120 127 105 286 21.7 201 252 414 368 292 409 495 543
Hip abduction  F Mean 11.0 150 194 227 320 382 466 463 643 771 837 91.7 926 968
SD 4.1 53 6.2 9.1 7.7 22.3 7.9 8.8 16.2 273 23.5 18.8 19.2 315
M Mean 92 152 225 262 322 432 565 585 79.1 79.7 106.8 127.7 139.1 1514
SD 4.8 6.4 8.2 5.4 10.6 9.8 12.1 9.0 26.1 219 351 263 27.0 38.0
Knee F Mean 16,9 229 30.6 332 503 550 565 73.7 91.6 974 1283 129.2 132.7 1443
extension SD 33 37 63 122 135 174 154 20.6 227 259 389 232 273 320
M Mean 164 232 29.0 387 489 593 78.3 78.1 115.7 120.1 156.1 166.4 199.2 2025
SD 58 81 105 122 13.0 140 20.6 204 329 264 518 36.0 437 309
Knee flexion F Mean 9.3 147 19.0 222 305 329 392 454 586 61.1 80.7 820 865 885
SD 1.7 33 3.2 5.6 6.3 9.6 7.3 11.1 12.9 8.1 12.3 10.2 12.2 18.3
M Mean 9.1 142 189 240 325 389 488 47.6 659 65.0 837 964 1085 111.1
SD 3.1 2.8 4.8 6.8 9.0 8.7 8.7 6.9 20.6 142 13.0 16.5 19.1 30.2
Ankle F Mean 2.6 4.0 4.5 5.5 8.2 8.1 8.9 8.2 13.5 15.7 18.4 18.2 194  20.0
dorsiflexion SD 0.7 1.0 1.6 1.4 2.1 4.5 2.7 1.8 3.7 4.0 2.4 1.9 2.9 6.0
M Mean 1.9 3.8 4.5 5.0 6.8 8.6 11.6 12.2 15.9 15.9 20.5 24.7 279 263
SD 0.7 1.4 1.6 13 2.5 2.5 3.1 7.1 53 3.5 5.0 5.2 5.7 53

2The light gray area shows the change in the trend for the boys to be stronger than girls, whereas the numbers within the dark gray show the more
abrupt change in the strength progression in both girls and boys across age groups.

PMean torque and standard deviation (SD) values are reported in Nm.

“Significant torque differences between girls and boys for all muscle groups in these age groups (P < .0001).
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TABLE 2
Mean of Maximal Isometric Torque Values Normalized to Body Mass in Nm/kg (Standard Deviation [SD]) for All Muscle Groups of Both Sexes
(n = 13 Participants Per Sex Per Age Group) According to Each Age Group (n = 348)?

Muscle Age (¥)
Group Sex Torqueb 4 5 6 7 8 9 10 11 12 13 14 15¢ 16¢ 17¢
Shoulder F Mean 033 041 039 049 050 053 060 064 066 071 0.82 0.84 0.80 0.89
abduction SD 0.12 0.14 0.16 021 0.12 0.17 021 011 0.15 0.13 0.14 0.13 0.14 0.12
M Mean 034 039 046 051 053 063 066 071 082 085 0092 1.03 1.10 1.13
SD 0.12 0.19 0.18 0.14 020 0.16 015 023 024 020 0.27 0.23  0.17 0.30
Shoulder F Mean 026 027 026 029 029 029 031 029 034 034 0379 035 036 034
external SD 0.10 0.06 0.09 0.07 0.06 005 008 009 006 0.04 0.06 0.04 0.07 0.04
rotation M Mean 030 027 032 032 034 036 036 038 039 040 043 047 050 0.51
SD 0.10 0.09 0.08 0.09 0.09 008 007 008 006 0.07 0.06 0.07 0.08 0.05
Elbow flexion F Mean 033 040 040 047 052 051 055 054 062 063 0664 069 068 0.68
SD 0.10 0.09 0.14 0.12 0.10 0.11 0.13 0.11 0.10 0.13 0.12 0.07 0.11 0.08
M Mean 033 043 046 052 055 066 067 067 077 075 0.85 090 1.03 1.08
SD 0.12 0.11 0.12 010 020 0.13 0.12 0.16 0.14 0.13 0.14 0.08 0.16 0.14
Elbow F Mean 038 038 036 037 038 039 044 040 044 046 048 045 045 046
extension SD 0.11 049 0.14 0.10 0.08 0.09 0.12 0.12 0.07 0.08 0.06 0.06 0.03 0.06
M Mean 040 040 041 040 044 047 046 047 053 053 0.57 0.61 0.66 0.68
SD 0.10 0.12 0.12 0.12 0.14 0.14 0.12 0.14 0.06 0.09 0.10 0.10 0.17 0.10
Hip flexion F Mean 071 082 077 092 102 107 111 1.2 1.2 118 133% 137 137 147
SD 0.18 026 0.18 0.19 020 026 0.17 021 026 039 0.18 0.29 0.18 0.27
M Mean 0.69 077 095 098 1.07 1.17 119 127 143 143 147 1.70 1.71 1.74
SD 0.11 0.13 023 0.19 027 030 030 027 036 030 0.29 0.14 0.25 0.35
Hip extension  F Mean 1.03 132 131 159 1.89 1.89 216 217 229 229 2474 201 275 281
SD 0.27 047 056 050 038 036 065 046 066 0.82 047 035 042 052
M Mean 116 129 141 159 195 242 237 255 281 284 316 3.28 331 334
SD 041 055 055 038 072 082 044 102 051 0.65 0.64 039 035 048
Hip abduction  F Mean 058 074 081 097 106 119 134 134 133 143 1449 165 162 1.67
SD 0.18 022 032 039 021 033 028 022 027 037 030 030 0.28 0.44
M Mean 054 073 09 105 106 141 146 149 168 165 1.78 203 210 215
SD 0.18 0.27 035 0.19 036 041 023 040 031 034 045 0.26 0.24 0.46
Knee F Mean 098 1.13 127 141 168 184 182 201 211 214 214 219 220 221
extension SD 030 013 035 048 037 053 044 061 047 048 0.50 046 037 041
M Mean 087 1.11 123 155 162 189 205 219 249 249 258 265 3.01 3.09
SD 029 030 044 048 041 039 056 054 035 047 0.71 044 040 045
Knee flexion F Mean 057 073 079 095 102 109 1.13 123 122 118 1214 125 129 132
SD 0.11 013 0.19 022 0.17 0.18 023 028 024 027 021 0.19 022 022
M Mean 056 0.69 081 095 107 125 127 135 141 135 141 155 1.64 1.65
SD 0.16 0.12 021 020 024 027 022 022 029 024 021 0.24 0.11 0.20
Ankle F Mean 0.19 020 0.18 024 027 025 026 026 028 030 031 032 033 035
dorsiflexion SD 0.06 0.05 0.08 0.06 006 007 009 005 008 0.07 0.07 0.04 0.06 0.09
M Mean 0.16 0.18 0.19 020 022 028 030 033 034 033 034 040 042 037
SD 0.06 0.05 0.06 0.05 0.08 009 007 027 007 0.06 0.06 0.07 0.05 0.07

2The light gray area shows the change in trend for the boys to be stronger than girls, whereas the numbers within the dark gray show the more abrupt

change in the strength progression in both girls and boys across age groups.

PMean torque and standard deviation (SD) values are reported in Nm/kg.

“Significant torque differences between girls and boys for all muscle groups in these age groups (P < .0001).
dSignificant torque differences between girls and boys for these specific muscle groups in these specific age groups (P < .001).

in the strength progression for all muscle groups was
noted as observed from the torque values within the darker
gray column (Table 1). But when using the torque values
normalized to body mass (Nm/kg) as the reference values,
the trend for the boys to be stronger than girls is shifted
to the age of 9 years as indicated by the light gray column
(Table 2), and the more abrupt change in the strength pro-
gression is shifted to around the ages of 11 to 12 years. This
later observation, however, applies mainly to the stronger
muscle groups such as the shoulder abductors, the elbow
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flexors, the hip extensors, and the knee extensors as indi-
cated by the values within the darker gray areas (Table 2).
The strongest muscle groups, for both absolute and torque
values normalized to body mass, are by increasing order,
the shoulder abductors, the elbow flexors, the elbow ex-
tensors, and the shoulder external rotators (upper limb)
and the hip extensors, knee extensors, hip abductors, hip
flexors, knee flexors, and ankle dorsiflexors (lower limb).

Strong, significant, positive correlations (r = 0.81
to 0.90; P < .01) were found between torque and body
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TABLE 3

Lower and Upper Bounds of the 95% Confidence Interval (CI) of the Mean of Maximal Isometric Torque Values in Nm of All Muscle Groups of Both
Sexes Across Age Groups (n = 348)?

Age Group (Y)

Muscle Group Sex 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Shoulder F 4.3 6.7 7.7 8.6 12.7 11.8 17.1 17.8 26.8 30.3 44.1 42.0 40.9 44.7
abduction 5.9 9.9 10.9 14.0 173 216 243 222 366 477 495 522 513 551
M 2.5 3.7 5 5.7 7.3 8.9 12.0 10.7 17.6 18.7 24.7 30 33.2 37.8
8.5 125 16.8 19.3 249  30.1 40.6  36.1 594 633 835 1014 1122 128.0
Shoulder external ~ F 28 47 54 59 75 71 95 92 142 153 194 182 187 210
rotation 38 61 72 79 103 113 125 118 188 219 236 208 223 244
M 32 46 64 68 85 100 117 129 155 167 231 250 287 284
52 68 84 86 123 126 167 161 211 217 281 331 371 376
Elbow flexion F 3.9 7.0 8.1 9.5 13.9 12.4 16.8 18.0 20.5 29.8 35.1 36.0 35.4 36.0
53 9.0 11.1 12.5 17.5 19.2 220 220 333 370 405 412 422 452
M 3.4 7.4 9.3 11.6 13.1 18.8 22.7 26.4 29.9 31.7 44.4 52.5 60.3 60.8
5.2 10.4 123 144 203 222 295 31.6 425 409 58.0 60.7 75.5 75.4
Elbow extension F 4.4 6.9 7.0 7.2 9.9 9.3 12.9 12.7 184 21.7 224 224 246 257
6.0 10.1 10.2 10.2 13.1 14.9 17.7 16.5 24.2 27.3 26.8 27.8 27.8 30.9
M 53 7.1 8.9 8.5 10.6 12.6 14.9 17.3 213 21.1 298 341 364 402
7.5 9.5 12.1 10.9 16.4 16.6 21.5 21.7 27.7 27.7 39.2 42.7 51.2 49.8
Hip flexion F 13.6 13.4 17.0 18.9 26.6 26.2 36.4 37.2 46.7 52.2 67.9 76.2 79.2 77.1
16.6 20.0 204 241 342 384 408 45.0 599 66.6 859 906 91.6 987
M 13.4 14.1 19.5 21.4 26.8 31.7 41.2 40.1 53.7 56.4 79.3 97.7 95.6 101.1
16.6 17.9 247 282 382 411 48.8  50.7 79.5 76.0 925 1153 1232 1299
Hip extension F 186 212 259 307 481 43.6 63.8 66.7 92,6 101.0 1219 139.6 1422 1464
24.2 32.4 36.3 44.1 66.7 774 85.4 87.1 1252 133.6 1669 163.6 173.2 1822
M 156 202 258 341 456  63.1 81.0 79.1 109.2 1175 169.7 1842 2185 228.1
25.8 33.2 39.6 45.5 76.6 86.7 102.8 106.5 154.2 157.5 201.5 228.6 2723 287.1
Hip abduction F 88 121 160 178 278 261 423 415 555 623 709 815 822 797
13.2 179 228 276 362 503 509 51.1 73.1 919 96,5 1019 103.0 1139
M 6.6 11.7 18.0 233 26.4 37.9 49.9 53.6 64.9 67.8 87.7 1134 1244 130.7
11.8 18.7 270 29.1 38.0 485 63.1 634 933 916 1259 142.0 1538 1721
Knee extension F 15.1 209 272 266 43.0 455 48.1 62.5 793 833 1072 1l16.6 1179 1269
18.7 24.9 34.0 39.8 57.6 64.5 64.9 849 1039 1115 1494 1418 1475 161.7
M 13.2 188 233 321 418 517 67.1 67.0 97.8 1057 1279 146.8 1754 1857
19.6 27.6 34.7 453 56.0 66.9 89.5 89.2 133.6 1345 1843 186.0 223.0 2193
Knee flexion F 8.4 12.9 17.3 19.2 27.1 27.7 352 39.4 51.6 56.7 74.0 76.5 79.9 78.6
10.2 16.5 207 252 339 381 432 514 656 655 874 875 931 98.4
M 7.4 12.7 16.3 20.3 27.6 34.2 44.1 43.8 54.7 57.3 76.6 87.4 98.1 94.7
10.8 157 215 277 374 436 535 514 771 72.7  90.8 1054 1189 1275
Ankle F 2.2 3.5 3.6 4.7 7.1 5.7 7.4 7.2 115 13.5 17.1 17.2 17.8 16.7
dorsiflexion 3.0 4.5 5.4 6.3 93 10.5 10.4 9.2 155 17.9 19.7 19.2 21.0 233
M 1.5 3.0 3.6 4.3 5.4 7.2 9.9 8.3 13.0 14.0 178 219 248 234
23 4.6 5.4 5.7 8.2 10.0 133 13.1 18.8 17.8 23.2 27.5 31.0 29.2

2Mean torque and standard deviations (SDs) are reported in Nm.
mass, height, and age for all muscle groups. For the upper DISCUSSION

limb muscle groups, stepwise multiple regression equa-
tions revealed that body mass accounted for the greatest
percentage of the variance (83%-88%) in torque values.
Adding age (mass + age [r* = 0.83-0.90]) and height
(mass + age + height [r? = 0.86-0.90]) slightly improved
the equations predictive value for all muscle groups. For
the lower limb, for all muscle groups, a similar pro-
file was found (r* = 0.76-0.81 for mass; 0.83-0.92 for
mass + age). The addition of height (mass + age +
height) did not improve the prediction of torque (r* =
0.83-0.89).

Pediatric Physical Therapy

In this study, MIT reference values for Caucasian
children and adolescents who were developing typically
were established for 10 upper and lower limb muscle
groups, using a standardized HHD protocol. Variations
in torque between absolute and normalized to body mass
values, and comparisons between the profiles of muscle
strength progression between boys and girls, and between
upper and lower limbs and across age groups were also
reported. Finally, the extent to which body mass, age, and
height predicted torque was determined. Very few outliers
(n = 3, 0.85%) were found. There was no pattern for the
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outliers. They varied in age, sex, and muscle group. The
final analyses were done with 348 participants.

Strong correlations were found between torque and
body mass, height, and age for all muscle groups in this
present study. As reported by others with age groups simi-
lar to our own,’-?° we found that body mass and age are the
strongest predictors of strength when comparing across a
wide age range. Although height has also been found to be
a strong predictor of muscle strength in youth, this seems
to apply to younger cohorts, that is, those of the age of
6 to 8 years.”> A large sample of longitudinal data that
tracks participants throughout childhood and adolescence
is required to precisely determine the best predictors of
muscle strength. As expected, no strength differences be-
tween sexes were observed for the younger age groups
(those 14 years of age and younger). This finding is similar
to previous work that showed that most strength differ-
ences between girls and boys occur after 12 to 13 years of
age.”"?% The more abrupt age-related change in the strength
progression in both girls and boys that began at 11 to 13
years of age may be related to puberty, as also reported
by others.”?° Changes in torque with age may reflect age-
related improvements in coordination, more efficient neu-
romuscular activity, and muscle growth, processes which
occur at different rates and to a differing extent in the
various muscle groups.*

Eek et al® used a device similar to ours, and our re-
sults for torque values for the 5 to 15 years old are similar
to theirs (within 1 SD of their values) except for the knee
extensors of the 15-year-old adolescents and the ankle dor-
siflexors for all age groups. For the knee extensors, the
15-year-old group in our study had higher values (>1 SD
difference) than those in the Eek et al’ study. This may be
due to the use of a strap in our study, as this technique pro-
vides stabilization not present without its use. This means
that higher isometric forces may have been able to develop
(and be resisted by the examiner) using the present proto-
col compared with the protocol used by Eek et al. These
differences may not have been present in the younger age
groups due to their lower torque values. This suggests that
the strap has an advantage in situations with higher torque
values. For the ankle dorsiflexors, our values are consis-
tently lower (>1 SD difference) than those of Eek et al.
This suggests a methodological bias that can be attributed
to differences in the lever arm measured and position of
the HHD relative to the axis of the tibia. Because of the
foot anatomy, if the surface of the dynamometer is placed
perpendicular to a foot surface that is oblique relative to
the axis of the tibia, the evaluator may record a force that
is a combination of ankle dorsiflexor and evertor forces. In
our study, the body of the HHD was always placed parallel
to the axis of the leg centered on the second metatarsal.
This ensured that the resulting force vector recorded by the
device was always 1 at 90° relative to the surface of the foot
and parallel to the longitudinal axis of the tibia. This tech-
nique allows recording a resulting force vector that is in
the plane of dorsiflexion, meaning the force is more likely
to be created only by the dorsiflexors.

Pediatric Physical Therapy

Macfarlane et al*> used a Microfet 11 HHD and re-
ported isometric torque reference values for 6- to 8-year-
old children. Our results for these age groups are similar
to theirs where comparable muscle groups exist (hip ab-
ductors, knee flexors, and extensors), with 1 exception.
The values reported by MacFarlane et al for the hip flexors
are slightly higher than ours. This may be due to protocol
differences. Macfarlane et al measured the hip flexors in
sidelying with knees and hips flexed at 45°, which results
in a lengthening of the hamstrings muscles compared with
the position we used.

With regard to normalization of muscle strength, in
youth, comparisons of muscle strength can be confounded
by changes associated with growth such as body size
or other growth-related parameters, which may hinder
meaningful comparisons of strength measurements be-
tween groups, patients, or time points. The approach most
commonly used for normalizing lower-extremity strength
data in both children and adults is to divide force or torque
measurements by the individual's body mass.??-3° This
is the approach that was used in this study, and torque
values normalized to body mass in Nm/kg were reported
per age group and sex. Unfortunately, no comparisons
could be made with reference values in Nm/kg as to best
of our knowledge, no such data were reported and this
comment also applies for the 95% CI that were presented
in this paper.

One of the main strengths of this study was the train-
ing of the evaluators and the calibration of the equipment
prior to testing. The clinical utility of HHD measures, like
any measure, is related at least in part to the quality of the
information. One of the main threats to the validity and
reliability of HHD is the capacity of the evaluator to resist
the client’'s muscle force, especially when the muscle group
being assessed is strong. In our clinical, teaching, and re-
search experience with HHD, measurement errors from
psychological (eg, motivation, attention, and concentra-
tion), biomechanical (eg, lever arm, angle of dynamome-
ter, and plane of movement), and physiological (type of
contraction, pain, motor unit recruitment, and length of
agonist muscles) factors can be minimized with proper
equipment, training, and practice. Optimal use of the ref-
erence values in this study also implies that the clinician is
using well-maintained and calibrated equipment and that
he or she has had sufficient training and practice to ap-
ply the protocol correctly and consistently. Best practice
assumes that clinicians are adequately trained in the tech-
niques that they use and that they maintain their skills.
Introducing the use of HHD is no different than when
a therapist is learning a new modality such as acupunc-
ture, joint mobilizations, spinal manipulation, or soft tis-
sue techniques. The proper use of any new modality of
assessment or treatment requires new knowledge and addi-
tional skills that are acquired through structured training,
practice, and adequate certification.

A second study strength is it provides reference val-
ues over a wide age range, for a large number of upper
and lower muscle groups. Given that some children and
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adolescents use assistive devices to walk (and thus bear
weight through their upper limbs) and given that some
have bilateral upper and lower limb muscle weakness,
reference values for both the upper and lower limbs are
clinically useful. Thus, the reference data established in
this study may help clinicians identify strength deficits in
clients with conditions such as cerebral palsy, spina bifida,
or various muscular dystrophies.

LIMITATIONS

A limitation of this study was the use of a somewhat
small, convenience sample of youth that lived within a sim-
ilar geographic location and were from a similar socioeco-
nomic class. Thus, the reference values obtained may or
may not be representative of the entire population of youth
in the age groups assessed and therefore they cannot be
considered normative values. Although the reference data
presented in this study can be useful in clinical decision
making, given the absence of normative data in the litera-
ture, a larger, more representative sample would obviously
enhance the clinical utility of the data. Another limitation
of this study is the approach used to normalize strength
data, which was to divide the torque measurements by the
individual’'s body mass. As noted above, longitudinal data
would provide a better indication of the best methods for
accounting for differences due to growth, maturation, and
the interaction between these factors and sex. Finally, our
study is also limited in that the intra- and interrater relia-
bilities of our protocol for children younger than 13 years
and the concurrent validity of MIT with Cybex assessed
by our HHD protocol for these youngest children are un-
known. Further work is needed to establish this reliability
and concurrent validity.

CONCLUSION

This study provides MIT reference values for several
upper and lower limb muscle groups for children aged 4
years to 17 years who are developing typically. An HHD
protocol that has previously been shown to be feasible,
valid, and reliable was used to determine these values.
These reference values may be helpful in the identification
of strength impairments in several pediatric populations,
especially when bilateral muscle strength impairment is
present.
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Participant’s

Muscle Group? Position Limb/Joint Positions HHD Placement
1. Shoulder Supine Shoulder and elbow 0°, forearm in a neutral Most distal on lateral surface of arm, just
abductors position proximal to lateral epicondyle of humerus
2. Shoulder external Supine Shoulder 0°, elbow flexed 90°, forearm in a Most distal on posterior surface of forearm,
rotators neutral position just proximal to wrist
3. Elbow flexors Supine Shoulder 0°, elbow 90° flexed, forearm in full Most distal on flexor surface of forearm, just
supination proximal to wrist
4. Elbow extensors Supine Shoulder 0°, elbow 90° flexed, forearm in full Most distal on extensor surface of forearm, just
supination proximal to wrist
5. Hip flexors Supine Hip and knee 90° flexed, leg supported on a Strap used and attached at one end in HHD
stool on the table hook attachment and at the other end
around anterior surface of thigh, most distal,
just proximal to knee fold
6. Hip extensors Supine Hip and knee 90° flexed, leg supported on a Strap used and attached at one end in HHD
stool on the table hook attachment and at the other end
around posterior surface of thigh, most
distal, just proximal to popliteal fold
7. Hip abductors Supine Hip and knee 0°, contralateral limb stabilized Most distal on lateral surface of thigh, on
with a strap surrounding distal thigh and lateral epicondyle of knee
attached to the table
8. Knee flexors Sitting Knee 90° flexed, hip 90° flexed, trunk straight Most distal on posterior surface of leg, just
proximal to ankle
9. Knee extensors Sitting Knee 90° flexed, hip 90° flexed, trunk straight On anterior surface of leg, just proximal to
ankle, HHD surface inserted between the
strap (surrounding the anterior surface of
leg and leg of the table) and the subject’s leg,
5 cm above lateral malleolus
10. Ankle dorsiflexors Supine Hip and knee 90° flexed, leg supported on a Just proximal to metatarsophalangeal joints on

stool on the table, ankle 90° flexed, foot off

table edge

dorsal surface of foot

2All muscle groups were tested with a Chatillon push-pull HHD (FCE-500, Ametek TCI Division, Chatillon Force Measurement Systems, Largo,
Florida).
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