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Abstract

Background: Measurement of respiratory muscle function is
important in the diagnosis of respiratory muscle disease, re-
spiratory failure, to assess the impact of chronic diseases,
and/or to evaluate respiratory muscle function after treat-
ment. Objectives: To establish reference values for maximal
inspiratory and expiratory pressure, and the tension-time in-
dex at rest in healthy children and adolescents aged 8-19
years, as well as to present sex- and age-related reference
centiles normalized for demographic and anthropometric
determinants. Methods: In this cross-sectional observational
study, demographic, anthropometric, and spirometric data
were assessed, as well as data on respiratory muscle strength
(Pmax @nd Pgmay) and work of breathing at rest (Tt 1), in a to-
tal of 251 children (117 boys and 134 girls; mean age 13.4 +
2.9 years). Reference values are presented as reference cen-
tiles developed by use of the lambda, mu, sigma method.
Results: Boys had significantly higher P|,.x and Pgpax values.
Next to sex and age, fat-free mass appeared to be an impor-

tant predictor of respiratory muscle strength. Reference cen-
tiles demonstrated a slight, almost linear increase in Py
with age in boys, and a less steep increase with age in girls.
Tro.1 values did not differ between boys and girls and de-
creased linearly with age. Conclusion: This study provides
reference values for respiratory muscle strength and work of
breathing at rest. In addition to sex and age, fat-free mass
was found to be an important predictor of respiratory mus-
cle strength in boys and girls. ©2018'S. Karger AG, Basel

Introduction

Measurement of respiratory muscle function is impor-
tant in the diagnosis of respiratory muscle disease and
respiratory failure [1]. It is also an important tool to assess
the impact of chronic diseases or to evaluate respiratory
muscle function after treatment [2]. A commonly used
method to quantify respiratory muscle strength is the
measurement of maximal inspiratory (Pyn,y) and expira-
tory (Pgmax) mouth pressures [1]. Measurements of Pry.x
and Pgp. are volitional and noninvasive tests, giving
an estimation of the inspiratory and expiratory muscle
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strength. Pp.c and Pgp,, measurements are the most
widely accepted noninvasive methods used to assess re-
spiratory muscle strength [1]. These tests are commonly
used in children and/or adolescents with neuromuscular
disorders [2] and cystic fibrosis [3, 4].

Another noninvasive method to assess respiratory
muscle function in children is the tension-time index of
the inspiratory muscles (Tg1): Tro1 = (Po.1/Prmax) % (T1/
Tror), where Py is the mean inspiratory pressure esti-
mated from the measure of mouth occlusion pressure
(Po.1)> Prmax is the maximal inspiratory pressure, and T}/
Tror is the inspiratory time ratio [5, 6]. It is a dimension-
less index relating the force developed by the respiratory
muscles to the time that they are being used [5]. The de-
termination of work of breathing (T ;) thus integrates
all the components that may affect the respiratory mus-
cleswhilebreathingatrest, including timing of the breath-
ing cycle, inspiratory demand at rest, and maximal inspi-
ratory force reserve. Ty is an index that allows a more
complete analysis of inspiratory muscle performance in
the clinical setting than the use of Py, only [5]. Tro; is
easily measured and can be clinically useful in assessing
progressive respiratory muscle dysfunction in children
with cystic fibrosis [4, 5, 7] and in children with a neuro-
muscular disorder [8], and may provide accurate predic-
tion of extubation outcome in mechanically ventilated
children [9]. Hayot et al. [6] have found that the tension-
time index (Tro1), given by (Po1/Pima) X (TY/Tror)s
would be more reliable to assess the overall inspiratory
muscle activity.

For a correct interpretation of Piyay, Pemax and T g
measurements in clinical practice, it is necessary to com-
pare data from an individual child with those from healthy
children. Values obtained from healthy children provide
clinicians with information about normal respiratory
muscle function and can be used as reference values to
interpret individual test results. Several studies estab-
lished reference values for Py, and P,y and in some
studies children and adolescents were included [10-17].
However, the considerable interindividual variability in
Pimax and Pgpax values makes the interpretation of indi-
vidual test results difficult. In addition, reference values
for Ty are lacking in these studies. Recently, Mellies et
al. [18] investigated reference values for Py, and T in
children aged 6-16 years old, including percentile curves
of Prnay values to facilitate the interpretation of individu-
al test results. However, reference values for Pg,,, and for
adolescents from 17 to 19 years old are lacking in this
study. Furthermore, in this study, determinants that af-
fect the functions of the respiratory muscles in healthy
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children were not studied. Py, and Pgp,. values seem to
increase with age and seem to be higher in boys than in
girls [10, 15]. Additionally, it is known that in children
with cystic fibrosis, muscle mass may be an important
determinant of inspiratory muscle weakness [4, 5]. Body
mass, body mass index (BMI), and body height may be
predictive for Pry, and Pg .y however, the results of pre-
vious research are inconclusive [13, 15], and the predic-
tive value of muscle mass (fat-free mass, FFM) in healthy
children and adolescents has not been studied before.
Therefore, the aim of the current study was to establish
reference values for P, Pemax and Tpg; at rest in
healthy children and adolescents aged 8-19 years old, as
well as to represent reference values in centile curves cor-
rected for anthropometric determinants.

Material and Methods

Participants

In this cross-sectional observational study, healthy nonathletic
Dutch children and adolescents ranging in age from 8 to 19 years
were recruited from primary and secondary schools that were ran-
domly selected and asked to facilitate this study throughout the
Netherlands. The research protocols were approved by the institu-
tional review board of the University Medical Center Utrecht, and
written informed consent was obtained from the parents or legal
guardians and, if older than 12 years of age, from the children as
well. All potential participants completed a modified Physical Ac-
tivity Readiness Questionnaire (PAR-Q) prior to participation.
Participants with cardiovascular, pulmonary, neurological, or
musculoskeletal disease, or those answering yes to one or more
questions of the modified PAR-Q were excluded. Children were
tested in a quiet room at their own school or at the exercise labora-
tory of the hospital.

Measurements

Protocol

First, anthropometric measurements were performed, fol-
lowed by spirometric measurements (forced expiratory volume in
1 s [FEV,] and forced vital capacity [FVC]) and measurements of
respiratory muscle function (Pg ), Pipax, and Pgpay). During the
spirometric measurements and respiratory muscle function test-
ing, participants were tested at rest in a sitting position while a nose
clip was used. A period of 5 min of rest took place between differ-
ent measurements.

Anthropometry

Each participant’s body mass (determined to the nearest 0.1 kg)
and body height (determined to the nearest 0.5 cm) were measured
with an electronic scale (Seca 803, Seca, Hamburg, Germany) and
a metric measuring tape with a wall stop (Seca 206, Seca), respec-
tively. Sitting height was also measured and was used to predict age
from peak height velocity (PHV) as a marker of biological matu-
rity. BMI (in kg*m?) was calculated as the body mass divided by
the body height squared. The equation of Haycock et al. [19] was
used to estimate body surface area (BSA, in m?). Subcutaneous fat
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Table 1. Participants’ characteristics

Boys (n=117) Girls (n = 134) p value 95% CI
Age, years 13.4£3.0 8.1t019.0 13.4+2.9 8.21t019.0 0.885 -0.7t0 0.8
Body mass, kg 51.6£15.7 23.6t0104.2 50.6+13.8 21.5t097.8  0.585 -2.6t04.7
Body height, cm 161+15 126 to 191 158+12 123 to 187 0.107 -0.6to 6.4
Age from PHV, years -0.4+2.4 -4.0to 4.0 1.1+2.1 -3.4t04.0 <0.001***  -2.1to-0.9
BMI 19.3%£3.1 13.4to31.5 19.8+3.3 13.2t029.4 0.305 -1.2t0 0.4
BSA, m? 1.51+£0.30 090to02.32 1.48+0.26 0.85to 2.27 0.458 -0.04 to 0.09
Body fat, % 17.6+5.0 9.9t030.7 22.844.8 13.7t0 355 <0.001***  —-6.4to-4.0
FFM, kg 42.2+12.0 212to74.0 38.7+9.3 17.3 to 63.1 0.01* 0.8 t0 6.2
FEV}, % of pred.? 98.2+12.2 73.9to 133.5 96.8+11.7 64.2to 127.1  0.367 -1.7to 4.7
FVC, % of pred.® 95.8+11.8 73.6t0 1339 93.3%+11.3 66.3t0122.0 0.109 -0.6t05.7

Values are presented as mean + SD and range. BMI, body mass index; BSA, body surface area; CI, confidence
interval; FEV, forced expiratory volume in 1 s; FEM, fat-free mass; FVC, forced vital capacity; PHV, peak height
velocity. * p < 0.05; *** p < 0.001. * In this case, n = 103 for boys and n = 109 for girls.

distribution was measured with a Harpenden skinfold caliper
(Baty International, West Sussex, UK) at triceps, biceps, subscapu-
lar, and suprailiac sites on the right side of the body [20]. The sum
of the four skinfolds (in mm) was used to estimate the body den-
sity with standard equations [20]. The percentage of body fat and
the FFM (in kg) were estimated with a modification of the Siri
equation proposed by Weststrate and Deurenberg [21].

Spirometry

FEV, and FVC were measured using the calibrated ZAN 300
CO diffusion (nSpire Health GmbH, Oberthulba, Germany), com-
bined with ZAN-Tech software, according to ATS/ERS standards
[22]. The results were compared with predicted values for healthy
subjects matched for sex, age, and body height [23].

Respiratory Muscle Function

Pimax and Pgy.c were measured using a calibrated portable
hand-held mouth pressure meter (Micro RPM, Micro Medical
Ltd., Chatham, UK), and P, and the inspiratory time ratio (Ty/
Tror) were measured using the ZAN 300 CO diffusion (nSpire
Health GmbH) combined with ZAN-Tech software, all according
to ATS/ERS standards [1]. Py, was measured from residual vol-
ume upon a maximal inspiratory effort against an occluded airway.
Pgmax was measured from total lung capacity performing a maxi-
mal expiratory effort against an occluded airway. After a practice
session, Pry.x and Pgp,, measurements were repeated three times,
and the maximum value achieved was recorded. P,; was calcu-
lated as the airway pressure generated 100 ms after an occlusion
while the participant was breathing quietly at rest. After a habitu-
ation session, at least three random airway occlusions were per-
formed and the average Py value at rest was calculated. Subse-
quently, Py 1/Pax ratio (%) was calculated, representing inspira-
tory muscle load. Finally, T ; was determined with the highest
Pimax and the average Py value with its corresponding average
inspiratory time of the respiratory cycle (T}) and the total duration
of the respiratory cycle (Tror) using the following equation:

Tro.1 = (Po.1/Pimax) X (T1/Tror) [6].

Pediatric Norms for Respiratory Muscle
Strength

Statistical Analysis

Statistical analyses were performed using Statistical Package for
the Social Sciences for Windows (version 20.0; IBM, SPSS Inc.,
Chicago, IL, USA). Data are presented as mean, standard deviation
(SD), and range. Normality of respiratory muscle function data
(Prmax PEmax and Tro;) was checked using histograms and Q-Q
plots. Comparisons of anthropometric, spirometric, and respira-
tory muscle function parameters between boys and girls were com-
pleted by independent samples ¢ tests.

Pearson correlation coefficients were performed to examine
the relationships between anthropometric variables and respira-
tory muscle function data (Ppp.0 PEmax and Trg ). Age- and sex-
related reference centiles for absolute Pj,a¢, PEmax and T, were
derived using the lambda, mu, sigma (LMS) method as introduced
by Cole [24, 25], using LMS Chartmaker Pro version 2.5 (Medical
Research Council, London, UK). A p value <0.05 was considered
statistically significant.

Results

Of the initial 266 children and adolescents who were
willing to participate and gave written informed consent,
251 were included in the study (117 boys and 134 girls).
Five participants (1.9%) were excluded because of mus-
culoskeletal disease, 2 (0.8%) had neurological disease, 2
(0.8%) had cardiovascular disease, 3 (1.1%) felt pain in
their chest when performing physical activity in the
month before testing, and 3 (1.1%) were not tested be-
cause of scheduling issues. Of these 251 children and ad-
olescents (117 boys and 134 girls; mean age 13.4 + 2.9
years, range 8-19 years), data on FEVy, FVC, and Tt
were missing in 37 participants (14.7%), data on FEV,
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Table 2. Participants’ characteristics per age group

Age category, years

8and 9 10 and 11 12 and 13 14 and 15 16-18
Boys n=19 n=22 n=27 n=22 n=27
Age, years 9.1£0.6 11.0+0.6 13.0+0.6 15.1+0.5 17.4%1.0
Body mass, kg 34.6+4.9 41.2+7.4 46.9+9.3 65.6+14.3 65.3+9.7
Body height, cm 140+7 151+8 158+8 1757 177+6
Age from PHV, years -3.6+0.4 -2.3+0.6 -1.0+0.7 1.2+0.8 2.8+0.8
BMI 17.7+2.4 17.9+2.3 18.6+2.4 21.4+4.2 20.8+2.3
BSA, m? 1.15+0.10 1.31+0.15 1.43+0.17 1.78+0.22 1.78+0.16
Body fat, % 18.6+5.1 18.4+4.8 17.4+5.3 17.8+6.0 16.5+3.7
FFM, kg 28.0+3.0 33.4+4.8 38.4+5.8 53.248.2 54.3+6.7
FEV, % of pred. 93.8+8.2 92.5+7.2 94.9+9.8* 98.6+10.9  110.3+13.9°
FVC, % of pred. 90.2+7.2 88.7+6.7 93.6+9.5° 97.4+10.2°  108.2+12.5°
Girls n=23 n=21 n=37 n=24 n=29
Age, years 9.1+0.6 11.1+0.5 13.0+0.6 14.9+0.6 17.5+1.0
Body mass, kg 32.7£6.4 43.6%8.0 50.3£9.6 60.4+10.7 61.9+9.8
Body height, cm 138+6 153+6 162+7 169+6 166+7
Age from PHV, years -2.3+0.6 -0.5+0.6 1.1+0.7 2.6x0.5 3.7£0.4
BMI 17.0+2.7 18.7+2.7 19.2+3.1 21.2+3.1 22.3+2.3
BSA, m? 1.11+0.13 1.35+0.15 1.49+0.17 1.68+0.17 1.69+0.16
Body fat, % 21.945.5 23.55.7 21.7+4.7 23.6+4.4 23.8£3.8
FFM, kg 25.3+3.6 33.0+4.2 39.1+5.9 45.8+6.2 46.9+5.6
FEV}, % of pred. 92.2+7.0 87.8+£10.0 95.1+8.74 101.7+11.4¢ 108.0+10.1°
FVC, % of pred. 89.0£7.0 84.3£10.3 90.2+8.9¢ 100.5+9.8¢ 103.9+8.0°

Values are presented as mean + SD. BMI, body mass index; BSA, body surface area; FEV, forced expiratory
volume in 1 s; FEM, fat-free mass; FVC, forced vital capacity; PHV, peak height velocity. ? In this case, n = 22.
® In this case, 7 = 17. < In this case, n = 23. ¢ In this case, n = 25. ¢ In this case, n = 18. {In this case, n = 22.

and FVC were missing in 2 participants (0.8%), and data
on Tt were missing in 4 participants (1.6%). Character-
istics of the participants are shown in Table 1 and per age
group in Table 2. All children and adolescents were with-
in normal range for body mass and body height [26], no
participant had begun smoking or had cardiorespiratory
pathology, and all participants’ lung volumes were com-
parable to those previously reported within this age range
[23]. Boys had statistically significant less biological ma-
turity, lower percentage of body fat, and higher FFM
compared with girls.

Respiratory muscle function data were normally dis-
tributed and results are shown in Table 3 and per age
group in Table 4. Mean + SD values for Py, and Pgpa.
were 106 + 28 cm H,0 and 127 + 35 cm H,O, respec-
tively, whereas the mean value for Try; was 0.011 +
0.006. Boys had statistically significant higher values for
Pimax and Pgp.c compared with girls, whereas Trg 1, Po 1,
and the inspiratory time ratio (T}/Ttor) were not differ-
ent between boys and girls. Correlation coefficients be-
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tween anthropometric measurements and Pr. PEmax
and T, are shown in Table 5. Age, body mass, body
height, age from PHV, BSA, and FFM were significantly
positively correlated with Py, and Pgax ( values rang-
ing from 0.271 to 0.537) and negatively correlated with
Tt (r values ranging from —0.249 to —0.484). FFM had
the highest correlation with Py, and Pg,, in both boys
and girls. BMI was only significantly correlated with Py
max and Pgnay in boys and girls, and the percentage of
body fat was only significantly correlated with T in
boys.

Absolute Py, values showed a slight and almost lin-
ear increase with age in boys (Fig. 1a), and a less steep
increase with age girls (Fig. 1b). Normalized for FFM, as
best predictor, values for Py, decreased with age in both
boys and girls (Fig. 1c, d). In boys, Pgpax values slightly
decreased from 8 to 10 years of age and then linearly in-
creased with age (Fig. 2a), whereas Pgp,, values in girls
slightly increased with age (Fig. 2b). Normalized for FFM,
values for Pg,, decreased with age in boys as well as in

Hulzebos/Takken/Reijneveld/Mulder/
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Table 3. Participants’ respiratory muscle function

Variable Boys (n=117) Girls (n = 134) p value 95% CI

Py.1, cm H,O? 0.23+0.13 0.06 to 0.89 0.23+0.11 0.05 to 0.67 0.998 -0.03 t0 0.03
T/ Tror® 0.46+0.05 0.28 to 0.56 0.46+0.05 0.35 to 0.64 0.699 -0.02 t0 0.01
Piao cm H,O 113427 61to 177 101427 53to 171 0.001%* 5to 19
Prmae cm H,O 137436 73 to 263 118430 3610234  <0.001*** 10 to 27
Po1/Pimao % 0224013  0.04t00.70  0.25+0.16 0.04to1.12  0.074 ~0.074 to 0.003
TTo_la‘b 0.010£0.006  0.002 to 0.030 0.011+£0.006  0.002 to 0.028 0.124 -0.0030 to 0.0004

Values are presented as mean + SD and range. CI, confidence interval; P ;, mouth occlusion pressure; Pgax,
maximal expiratory pressure; Pry,,, maximal inspiratory pressure; T1/Ttor, inspiratory time ratio; Ty, tension
time index. ** p < 0.01; *** p < 0.001.  In this case, n = 103 for boys and # = 108 for girls. ® Calculated as: Ty,
(Po.1/Pimax) X (T1/ Tror).

Table 4. Participants’ respiratory muscle function per age group

Age category, years

8and 9 10 and 11 12 and 13 14 and 15 16-18
Boys n=19 n=22 n=27 n=22 n=27
P,.1, cm H,0 0.30£0.15 0.22+0.13 0.22+0.08° 0.28+0.19¢ 0.16+0.06°
Ti/Tror 0.46+0.04° 0.47+0.05 0.46+0.05¢ 0.44+0.074 0.46+0.04¢
P cm H,O 89+13 97420 118427 125426 126424
Pgmae cm H,0 11725 117431 132426 151432 161+43
Po.1/Pimax % 0.32+0.16P 0.24+0.12 0.19+0.07¢ 0.22+0.144 0.13+0.05¢
Troi® 0.015+0.008P 0.012+0.007 0.009+0.003¢ 0.010+0.0064 0.006+0.002¢
Girls n=23 n=21 n=237 n=24 n=29
Py.1, cm H,O 0.28+0.10f 0.23+0.10 0.28+0.138 0.21+0.111 0.15+0.05/
Ti/Tror 0.46+0.05¢ 0.45+0.05 0.47+0.048 0.46+0.06! 0.45+0.04/
P cm H,O 93+24 91422 96425 112423 11032
Pgmae cm H,O 105420 106426 116428 134433 127433
Po.1/Prmax % 0.31+0.13f 0.27+0.14 0.31+0.218 0.20+0.141 0.15+0.06
Tro.® 0.014+0.007f 0.012+0.006 0.013+0.006" 0.010+0.007 0.007+0.003)

Values are presented as mean * SD. Py ;, mouth occlusion pressure; Pgp,,, maximal expiratory pressure; Pjyax,
maximal inspiratory pressure; T/Ttor, inspiratory time ratio; T, tension time index. * Calculated as: Trg 1,
(Po.1/Pimax) X (T1/Tror). ® In this case, n = 18. < In this case, n = 22. 9 In this case, n = 18. ¢ In this case, n = 23.fIn
this case, n = 21. 8 In this case, n = 26. » In this case, n = 25. ! In this case, n = 18. In this case, n = 22.

girls (Fig. 2c, d). Ty values did not differ between boys
and girls and decreased linearly with age (Fig. 3a), even
when Tt ; was normalized for FFM (Fig. 3b).

Discussion
The objective of this study was to provide reference

values for respiratory muscle strength and resting work
of breathing in healthy children and adolescents aged

Pediatric Norms for Respiratory Muscle
Strength

8-19 years old. Mean values found in this study for Py«
and Pgy,.x are comparable with values from previous
studies [10, 11, 13, 14-18]. Similar to previous studies,
our study shows a considerable interindividual variability
in respiratory muscle strength values, resulting in wide
normal ranges. Also in accordance with other studies, P;.
max and Pgpax values were higher in boys than in girls [10,
13, 14, 15], and the differences between boys and girls in-
crease from the onset of puberty at an age of approxi-
mately 12 years. Significant predictors of respiratory
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Fig. 1. Age- and sex-related reference values for absolute Py,  dotted lines correspond to the 10th, 25th, 75th, and 90th percen-
(maximal inspiratory mouth pressure) in boys (a) and girls (b), as tiles (P10, P25, P75, and P90, respectively); solid lines indicate the
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Table 5. Correlation coefficients for demographic and anthropometric variables with Py,ay, Pemax and T

Boys (n=117) Girls (n = 134)

PImax PEmax TTO.la’ b PImax PEmax TTO.la’ €
Age (years) 0.521%*** 0.498%*** —0.484*** 0.271** 0.324*** —0.394%**
Body mass (kg) 0.500*** 0.476%** -0.249* 0.322%** 0.321%** -0.282**
Body height (cm) 0.487*** 0.422%%* —0.422%** 0.271** 0.294** —0.357%**
Age from PHV (years) 0.524*** 0.516%** -0.440%** 0.294** 0.331%** —0.394%**
BMI 0.374*** 0.399%*** -0.008 0.268** 0.246** -0.135
BSA (m?) 0.512%** 0.477%%* -0.301** 0.319%** 0.321%** -0.303**
Body fat (%) -0.032 -0.011 0.243* 0.109 0.042 0.066
FFM (kg) 0.537*** 0.508%*** -0.324** 0.330*** 0.341%** —0.334%**

BMI, body mass index; BSA, body surface area; FEM, fat-free mass; PHV, peak height velocity; Pgyay, maximal
expiratory pressure; Py, maximal inspiratory pressure; Trg 1, tension time index. * p < 0.05; ** p < 0.01; *** p <
0.001. ® Calculated as: To.1, (Po.1/Prmay) X (T1/Tror). ® In this case, n = 103. € In this case, n = 107.
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Fig. 2. Age- and sex-related reference values for absolute Pg .«
(maximal expiratory mouth pressure) in boys (a) and girls (b), as
well as for Pg,, normalized for fat-free mass (FFM) in boys (c)
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muscle strength for boys and girls in this study were age,
body mass, body height, age from PHV, BMI, BSA, and
FFM.

This is the first study that also investigated the asso-
ciation of FFM with respiratory muscle strength in healthy
children and adolescents. For the prediction of Py, and
Pgmax in boys and girls, FFM seems to be of even greater
importance than age. This is in accordance with previous
research in children with cystic fibrosis [4, 5], where lean
body mass and upper arm muscle area, as parameters of
muscle bulk, were strong predictors of respiratory muscle
strength. A previous study of reference values for grip
strength in healthy children also showed that FFM is an
important predictor of grip strength [27]. In contrast, our
results suggest that BMI and/or the percentage of body fat
are not related to respiratory muscle strength in healthy

Pediatric Norms for Respiratory Muscle
Strength

(P50); dotted lines correspond to the 10th, 25th, 75th, and 90th
percentiles (P10, P25, P75, and P90, respectively); solid lines indi-
cate the 3rd and 97th percentiles (P3 and P97, respectively).

children. This is consistent with the study of Arnall et al.
[17], where it was also found that BMI was not signifi-
cantly correlated with respiratory muscle strength. So, in
addition to sex and age, FFM seems to predominantly
influence respiratory muscle strength in healthy children
and adolescents.

The correlation coefficients of anthropometric mea-
surements with respiratory muscle strength are system-
atically higher in boys than in girls, resulting in a larger
explained variance for boys. Other studies show similar
differences between boys and girls [14, 15, 17]. An expla-
nation for the differences in explained variance between
boys and girls may be found in the fact that Py, and
Pgmax values show larger and more pronounced increase
with age in boys compared with girls. Therefore, it is not
surprising that the variance in respiratory muscle strength
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Fig. 3. Age-related reference values for absolute T ; (noninvasive
tension time index) at rest (a) as well as for T ; at rest normalized
for fat-free mass (FFM) (b). The thick solid line represents the 50th
percentile (P50); dotted lines correspond to the 10th, 25th, 75th,

in girls cannot sufficiently be explained by age or by oth-
er variables such as FFM, since these variables are strong-
ly correlated with age.

Tro.1 is a suitable noninvasive measurement of work of
breathing [18, 28-30]. For example, studies demonstrate
that T increases with disease progression in boys with
Duchenne muscular dystrophy [31] and decreases after
use of noninvasive ventilation as a measure of inspiratory
muscle unloading [32]. Follow-up of respiratory muscle
tests in children and adolescents should include noninva-
sive T determinations for assessment of disease pro-
gression. Particularly in children and adolescents with
neuromuscular disorders who are prone to respiratory
muscle fatigue, Tt ; may be useful in assessing tolerance
during weaning from mechanical ventilation, identifying
impending respiratory failure, and aiding in the decision
for therapies (e.g., mechanical ventilation or respiratory
muscle training) [8]. As such, reference values of T ; are
clinically meaningful; however, more research is neces-
sary to determine thresholds for respiratory muscle fail-
ure, especially in children with neuromuscular disorders
[33].

Further research in reliable noninvasive and coopera-
tion-independent measurements of the respiratory sys-
tem might improve our knowledge of respiratory muscle
function in children and adolescents in health and dis-
ease. Especially in patients with decreased oral control
such as cerebral palsy and neuromuscular disorders and

8 Respiration
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and 90th percentiles (P10, P25, P75, and P90, respectively); solid
lines indicate the 3rd and 97th percentiles (P3 and P97, respec-
tively).

in very weak patients, nonvolitional techniques might be
more valuable. In children and adults with various neu-
romuscular and skeletal disorders, inspiratory muscle
strength can be easily assessed with the sniff nasal pres-
sure [34].

In conclusion, this study provides reference values for
Prmaxs PEmaw and Tro; for children aged 8-19 years. The
findings of this study can be used in clinical practice to
interpret individual test results. In addition to sex and
age, FFM was found to be an important predictor of re-
spiratory muscle strength.
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