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Abstract
Purpose. To compare the pattern of the electrical activation of the vastus lateralis muscle during a maximal exercise test 
between children born prematurely and full-term.
Methods. The study was conducted in preterm children born at less than 37 weeks of gestational age with a birth weight 
of less than 1500 g aged 6–9 years compared with children born at term of the same age. A rapidly incremental exercise test 
on a treadmill was performed, and surface electromyography signals of the vastus lateralis muscle were collected throughout 
the test. The root mean square (RMS) was calculated every minute. The Mann-Whitney and Friedman’s tests were applied 
to verify the differences in each minute between and within groups, and nonlinear regression analysis was performed to 
establish the factors associated with the pattern of vastus lateralis activation.
Results. Overall, 68 children were analysed: 37 in the premature group and 31 in the term group. The preterm group 
showed higher RMS values than the full-term group throughout the test, with significant differences at rest and in the 3rd, 
4th, 5th, and 6th minutes of the exercise test. Particularly, the preterm group presented 28.5% higher RMS values than the 
term group throughout the analysed period.
Conclusions. The lower limbs of the children born prematurely showed higher excitability than those of the children born 
at full-term. These data could help maintain and/or improve their physical ability during exercise tests.
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Introduction

Within the previous 3 decades, the number of pre-
term births has increased worldwide. Advances in peri-
natal assistance have contributed to a gradual increase 
in the survival rates of affected infants [1, 2]. Despite 
that, prematurity has been considered an important 
cause of neonatal morbidity due to neurological and 
respiratory complications that can lead to clinical re-
percussions during childhood, adolescence, and even 
adulthood. Studies have shown that children and ado-
lescents born prematurely, especially those who had 

bronchopulmonary dysplasia, present decreased ex-
ercise capacity during exercise compared with those 
born prematurely without respiratory diseases or those 
born at term [3].

Recently, a study on children followed up in our 
service has reported that very-low-birth-weight pre-
term children walked a shorter distance in a 6-min 
walk test than those born at term [4]; this result might 
be attributable to such factors as pulmonary and car-
diovascular conditions.

Despite the importance of pulmonary and cardio-
vascular conditions for exercise capacity, peripheral 
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muscles can also play an important role in exercise 
limitation [5]. Surface electromyography is a non-in-
vasive and reliable method for assessing muscle activ-
ity, which enables the evaluation of muscle recruit-
ment during exercise [6, 7].

It has been suggested that decreased exercise ca-
pacity is linked to a lower lung capacity in children born 
prematurely. However, studies that evaluated the in-
fluence of peripheral muscles on exercise capacity are 
scarce or non-existent. Therefore, we aimed to deter-
mine the electrical activity of the lower limbs in pre-
term children and compare their outcomes with those 
of children born at term.

Material and methods

Participants and study design

We conducted a cross-sectional study among pre-
term children born less than 37 weeks of gestational 
age with a birth weight of less than 1500 g aged 6–9 
years who were regularly followed up in a paediatric 
outpatient clinic. These preterm children were com-
pared with a group of homogeneous children born at 
term (most of them were relatives or friends of the pre-
term children followed in our service).

The inclusion criteria were as follows: any sex and 
stable respiratory conditions, i.e., no wheezing in the 
previous 2 weeks and/or no acute lung disease diag-
nosed by physicians.

Children with neurological and/or gait impairment 
in physical examination findings and/or cognitive im-
pairment that might prevent the understanding and/
or the execution of the test, those with congenital mal-
formations and neuromuscular diseases, those who had 
been hospitalized in the previous 3 months, those 
with tachycardia and/or hypertension [8] at rest, and 
those that did not show up to the appointment after 4 
attempts to perform the test were excluded.

The assessments were performed in a single ses-
sion, previously scheduled with the parents or guard-
ians. Data on birth, physical activity (ordinary school 
classes and extra classes, on-foot transportation, and 
games that required movement), and health conditions 
until the day of the test were recorded on the basis of 
the hospital chart and parent interview findings.

Exercise test

The children were instructed to wear comfortable 
clothes and shoes on the day of the test. They were also 
advised to avoid any vigorous physical activity for at 

least 2 h before the test. All tests were conducted in 
the morning by 2 previously trained researchers and 
were supervised by a physician.

Prior to the test, we measured the weight and height 
of the children using an eye-level mechanical beam 
physician scale with a height rod (Filizola PL200, 
São Paulo, Brazil). Next, the children remained seated 
on a chair for 10 min before starting the test. There-
after, we measured their blood pressure, heart and res-
piratory rates, and degree of dyspnoea at rest using 
a visual analogue scale [9].

We considered the exercise test as maximum when 
at least 85% of the predicted maximum heart rate 
(HRmax) was reached, calculated as:

HRmax = 210 – (0.65 × agey) [10].

We performed an adapted exercise test in the pre-
sent study. A lower and mobile handrail was fixed on 
the treadmill, allowing maintenance of a shoulder flex-
ion of 30–45°; the participants’ hands were support-
ed throughout the test.

During warm-up, the walking velocity was set at 
1 mph during the first 3 min. In the 4th minute, the ve-
locity of the treadmill was progressively increased up 
to 3.5 mph for children aged 6–7 years and 4.0 mph 
for those aged 8–9 years, without any inclination 
during the 1st minute of the exercise. Then, we increased 
the inclination by 2% every minute until the grade of 
10% was reached [5, 11]. If a child had not reached the 
maximum effort, we kept the inclination constant 
and increased the speed by 0.5 mph every minute 
until exhaustion.

The test was interrupted in the presence of intense 
fatigue (EVA scale score of > 7) [9] when the partici-
pant requested to stop the test or upon reaching 85% 
of the predicted HRmax.

Preparation, collection, and processing  
of electromyography signals

Electromyography signals were collected and pro-
cessed by using the electromyography 830C EMG 
system® (São José dos Campos, Brazil). The frequency 
for the acquisition of the electromyography record-
ings was 2 kHz with an amplifier gain of 2000. Arte-
facts and noise were treated with a band pass filter of 
4 Hz and cut-off frequencies of 20–500 Hz, imped-
ance system of 109 ohms, noise ratio < 3 V RMS, and 
a common rejection mode ratio of less than 120 dB. 
Beyond these filters, the computer was maintained 
switched off during the entire data acquisition, and 
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the proximal wires of signal acquisition were fixed 
with an elastic band around the thigh to reduce move-
ment artefacts. All data were acquired and processed 
by using a 16-bit analogue-to-digital converter. The 
skin was lightly shaved and cleaned with 70°GL al-
cohol wipes, followed by slight abrasion to reduce skin 
impedance. A self-adhesive silver/silver chloride with 
conductive hydrogel composition surface and 4.2-mm 
diameter Medi-Trace® 100 (Kendall; Mansfield, Can-
ada) were used to connect the equipment to the child’s 
thigh and placed in a bipolar configuration over the 
vastus lateralis (VL) muscle in accordance with the 
Surface Electromyography for the Non-Invasive Assess-
ment of Muscles [12]. A single researcher conducted 
all the electrode assessments and muscle palpation, 
and a series of isometric contractions for the specific 
muscle were also used for signal validation.

Data were collected during rest, warm-up, and ex-
ercise and compiled with a mathematical routine de-
veloped for the study, in which the root mean square 
(RMS) was calculated by using the mean of every 
first 30 s of each minute of the exercise test. RMS of 
the warm-up period was calculated on the basis of its 
last 30 s. For comparison of the measurements among 
all participants, the exercise stage was evaluated until 
the 6th minute; in those who continued the test, the last 
minute of the exercise stage (final) was also analysed.

Statistical analysis

The descriptive data of the sample were presented 
as means and standard deviations or as medians (in-
terquartile ranges). For categorical variables, we calcu-
lated the frequencies and percentages. Comparisons 
between groups were performed by using Student’s 
t-test or Mann-Whitney test for continuous variables, 
depending on the symmetrical or asymmetrical dis-
tribution, and by using the chi-squared test or Fish-
er’s exact test for categorical variables.

The normality of the continuous data was evaluated 
with the Kolmogorov-Smirnov test. As for the electro-
myography signals presenting asymmetrical distri-
bution, the Mann-Whitney test was applied, followed 
by 10,000-case Monte Carlo simulation to verify the 
differences between groups in each minute of the exer-
cise test. Repeated measures were contrasted by using 
the Friedman test, and differences between the meas-
ures in each group were tested with the Wilcoxon test; 
p values were adjusted in accordance with the num-
ber of repetitions of the measures.

To identify significant predictors at the level of the 
logarithm of the measurements (level 1) and children 

(level 2), a nonlinear regression analysis was performed 
to determine the best model by using the R Project 
software, lme4 package, version 3.2.3. The step-up 
strategy was applied in accordance with the simpler 
model (components of variance) to a more complex 
model (inter-level interaction). The significance of the 
quality model was evaluated in accordance with the 
difference in the log-likelihood ratio. Intra-class corre-
lation coefficients (ICC) of random effects [intercept / 
(intercept + residual)] and fixed effects [intercept / 
(intercept + time)] were estimated to determine the 
variability of muscle activity among the stages of the 
exercise test, children and preterm groups, and the 
interaction between them. The significance of the fixed 
measures was established in the lmerTest package. 
The probability of an alpha error was set at 5%.

Ethical approval
The research related to human use has complied 

with all the relevant national regulations and institu-
tional policies, has followed the tenets of the Decla-
ration of Helsinki, and has been approved by the Re-
search Ethics Committee of the Federal University of 
São Paulo.

Informed consent
Informed consent has been obtained from all indi-

viduals included in this study, as well as from their 
legal guardians.

Results

A total of 93 children were recruited in the study. 
However, 9 (9.6%) children in the preterm group did 
not accept study participation or withdrew after 4 at-
tempts. Among the 84 remaining children, 13 (15.8%) 
were excluded owing to operational problems during 
the surface electromyography evaluation (4 in the 
term group and 9 in the preterm group); 2 (2.3%) pre-
maturely interrupted the exercise test, which suggested 
poor effort; and 1 (1.2%) child in the term group pre-
sented tachycardia at rest. Finally, 68 (73.9%) children 
were analysed: 37 in the premature group and 31 in 
the term group.

There were no differences in the general conditions, 
level of physical activities, or complications after neo-
natal discharge between the groups at the time of the 
study (Table 1).

We observed lower RMS values in the preterm group 
throughout the test (Figure 1). The within-group analy-
sis during the exercise test showed that both groups had 
increased RMS values in all stages compared with 
those at rest or during warm-up.
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Table 1. General conditions of the sample

Characteristics
Premature group

(n = 37)
Term group

(n = 31)
p value

Gestational age (weeks) 30.23 ± 1.20 39.09 ± 2.72 < 0.001
Age at study day (years) 7.70 ± 1.04 7.87 ± 1.18 0.541
Current weight (kg) 26.11 ± 6.25 28.6 ± 7.56 0.139
Current height (m) 1.25 ± 0.87 1.28 ± 0.95 0.150
Current BMI (kg ∙ m–2) 16.71 ± 2.51 16.74 ± 2.64 0.953
Female, n (%) 14 (37.8) 16 (51.7) 0.255
Physical activity/week (min) 198 ± 84 228 ± 94 0.190
No physical activity 17 (46.0) 13 (35.1) 0.383

RMS – root mean square
* preterm vs. term group

Figure 1. Between-group analysis during the exercise test in all stages

Table 2. Within-group analysis of surface electromyography signals of vastus lateralis

RMS
Preterm group

(n = 37)
Term group

(n = 31)

Rest 8.15 (6.95; 12.38)* 4.01 (4.33; 7.39)*
Warm-up 17.31 (18.80; 33.88)* 15.92 (–21.55; 14.24)*
1st minute 51.35 (53.76; 97.40)& 47.46 (43.82; 91.14)+&

2nd minute 46.78 (52.27; 113.87) 45.08 (40.47; 60.55)
3rd minute 46.47 (–117.28; 51.60) 47.88 (–61.14; 40.88)$

4th minute 48.30 (51.58; 116.93) 44.98 (38.45; 55.29)$

5th minute 46.39 (50.93; 116.20)$ 44.27 (37.79; 55.32)#

6th minute 46.40 (–115.40; 50.21)#$ 39.71 (–52.63; 37.02)#¥$

Final 58.89 (61.64; 114.63)#+ 55.23 (50.82; 81.90)# ¥+

RMS – root mean square
*  rest and warm-up vs. exercise stage, #  1st minute, ¥  3rd minute, +  5th minute, &  6th minute, $  final
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However, during the subsequent increase in grade, 
the preterm group presented a linear pattern, while the 
term group showed a significant variation in electrical 
activity, with a shallower slope in the 6th minute (maxi-
mum grade of the treadmill). At the end of the test, 
we observed the highest velocity and RMS values 
(Table 2).

In the multivariate analysis adjusted by prematu-
rity, weight, height, sex, and physical activity, the best 
model involved the interaction between the electrical 
activity pattern and groups. In model 1, we observed 
an RMS value of 22.65% (ICC = 0.2265) among the 
children. During the test, we noted an increase of 8.2% 
(ICC = 0.0820) in the RMS value per minute among 
all children.

The interaction between the electrical activity pat-
tern and groups throughout the test showed that the 
preterm group had 28.5% higher RMS values than the 
term group (model 2). In models 3 and 4, the analysis 
among the children (model 3) and groups (model 4) 
presented no interaction among the factors (Table 3).

Discussion

To our knowledge, this study is one of the first ones 
to evaluate the electrical activity of the lower limbs 
in children born prematurely without neurological 
impairment. We found that prematurity played an 
important role in neuromuscular conditions, even in 
healthy children and long-term observation, regard-
less of the main confounders.

In the present study, we enrolled children with 
a higher risk of morbidity and mortality in both the 
neonatal and childhood periods (i.e., most of them 
were born less than 34 weeks of gestational age). There-
fore, our participants could show most striking char-
acteristics of prematurity.

We observed that the children born prematurely 
presented a higher electrical activity of the VL mus-
cle at rest; the activity remained higher than that in 
children born at term throughout the exercise, espe-
cially when the increments of grade were imposed. 
The higher RMS values in the preterm group suggest 
a greater recruitment of the muscle fibres of the VL 
muscle even at baseline conditions. Studies that eval-
uated the body position of preterm infants during 
neonatal intensive care unit stay have shown that the 
inherent hypotonia in prematurity associated with 
an inappropriate posture in the incubator leads to 
a flattened posture with predominance of extension, 
extreme abduction, and external rotation of the hip, 
demonstrating an imbalance between the abductor 
and adductor muscles of the hip [13, 14]. It is known 
that the abductor muscles of the thigh are more pow-
erful and have more phasic actions, while the femo-
ral rectus muscle is more tonic and more responsible 
for postural maintenance control [15, 16]. It is possible 
that the lesser tone during the neonatal period required 
a greater recruitment of the muscle fibres of the ab-
ductor muscles for the acquisition of the curl posture, 
which could have resulted in a greater electrical ex-
citation threshold during motor development.

Table 3. Nonlinear regression analysis of the RMS pattern of vastus lateralis

Model 1 Model 2 Model 3 Model 4

Fixed effects
Intercept 3.074 (0.085)** 2.919 (0.105)** 2.895 (0.123)** 2.895 (0.118)**
Time 0.082 (0.011)** 0.082 (0.011)** 0.087 (0.011)** 0.087 (0.016)**
Groups 0.285 (0.118)* 0.329 (0.167) 0.329 (0.160)*
Time * Groups –0.008 (0.021)NS –0.008 (0.022)NS

Random effects
Intercept 0.189 (0.434) 0.172 (0.414) 0.172 (0.414) 0.130 (0.360)
Residual 0.644 (0.803) 0.644 (0.803) 0.645 (0.803) 0.644 (0.802)
Slope 0.00009714 (0.009)

Setting quality
AIC 1730.0 1726.3 1728.2 1731.4
BIC 1748.1 1748.9 1755.3 1767.6
Deviance 1722.0 1716.3 1716.2 1715.4

Variance (standard deviation). Values adjusted for preterm birth, weight, height, sex, and physical activity.
RMS – root mean square, AIC – Akaike information criterion, BIC – Bayesian information criterion, NS – not significant
* p < 0.05, ** p < 0.001
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Another explanation for the higher electrical ac-
tivity threshold in preterm infants could be the imbal-
ance between the thigh muscles associated with the 
excessive flexion of the hip in the prone position that 
causes shortening of the iliopsoas muscle [14], re-
sponsible for the internal rotation of the hips [17]. 
Physiologically, valgus knees are common in children 
aged 3–7 years, since they help maintain body bal-
ance in the orthostatic posture. Preterm infants and 
children begin their motor development with lesser 
tone musculature and present an imbalance between 
the abductor and adductor muscles associated with 
the shortening of the iliopsoas muscle, which often 
causes valgus knees with knee hyperextension and 
hip internal rotation [17]. Thereby, there would be 
a greater stretching of the VL muscle, generating greater 
force contraction during activity (length-tension rela-
tionship). Empirically, through visual inspection (not 
described in the results), we observed a higher frequency 
of this pattern in the preterm group, which worsened 
during the increment of load, reinforcing the theory 
of antagonist muscle imbalance.

Some differences in the development of muscle ac-
tivity between the groups must be pointed out. As ex-
pected, we observed that the electrical activity signifi-
cantly increased in the warm-up period (walk, 1 mph) 
and in the 1st minute of exercise when compared with 
that at rest in both groups. In the following periods, 
i.e., during grade increase, the muscle activity of the 
preterm and term groups became distinct. While the 
RMS values of the preterm group remained stable, 
the values in the term group significantly varied until 
grade 10°. Physiologically, it is expected that the in-
creased RMS values until exhaustion and/or muscle 
fatigue would eventually decrease [18, 19]. However, 
this performance was not observed in both groups, 
mainly in the preterm group. Some factors might con-
tribute to these findings. In high-performance individ-
uals, including athletes, studies have demonstrated 
that the threshold of muscle fibre excitation increas-
es as a result of training; this would keep muscle cell 
excitability levels constant even when the load increases 
[20]. This could occur in preterm infants for two rea-
sons. Firstly, because of the early muscle effort to main-
tain the correct posture in the supine position during 
the neonatal phase. The constant recruitment of motor 
units might have increased the ability to maintain the 
recruitment of these motor units [19] and, consequently, 
the electrical excitability threshold. The second expla-
nation we could infer is that the level of motor stimu-
lation in preterm infants applied in outpatient follow-up 
settings and at home by parents could improve their 

neurodevelopmental conditions, allowing an excita-
tion mechanism similar to that occurring in the mus-
cles of training athletes.

Data were collected in the nonlinear model analy-
sis to determine the influence of confounding factors 
on the electromyography pattern. The model adjust-
ed for weight, age, height, and physical activity (data 
not shown) indicated that prematurity was the most 
important factor of increased electrical activity in the 
lower limbs, which corroborates the data presented 
earlier.

The option for a nonlinear model analysis was se-
lected on the basis of the data variability among the 
children. It was observed that the electrical signal vari-
ability rate among the children was 22.65%, a precon-
dition for this kind of analysis model (values greater 
than 10%) [21]. As previously mentioned, factors such 
as sex, age, weight, height, and physical activity were 
adjusted for; however, they were not shown to be pri-
mary predictors. As such, only the interaction model 
between the electromyography data and preterm and 
term groups was included. In model 2, when the effect 
of the groups during the exercise was included, it was 
observed that both stage and group effects were statis-
tically significant. However, we noted that the electrical 
values (RMS) in the preterm group were 28.5% higher 
than those in the term group, strengthening the data 
obtained from the univariate analysis (Figure 1).

The options for the VL analysis and the incremen-
tal treadmill test should be discussed; the selection 
was based on two factors. The first one was related to 
the type of muscle action. The quadriceps muscles are 
the main muscles responsible for gait; therefore, they 
are the most recruited muscles in the lower limbs. 
Specifically, in relation to the option for the VL muscle, 
as a monoarticular and phasic muscle, its main func-
tion is to generate strength [16]. Thus, it is the most 
appropriate muscle to assess muscle recruitment dur-
ing incremental tests requiring increased effort. The 
second factor was technical issues. One of the great-
est problems in the accomplishment of this examina-
tion was the difficulty in isolating a single muscle. 
The use of two electrodes requires a relatively large 
contact area. In the case of small muscles, there is 
a risk of capturing crossed signals between the mus-
cles, i.e., crosstalk [6]. In children, the isolation of 
a single muscle becomes even more complex owing to 
their size. Considering that VL is the largest quadriceps 
muscle, the risk of crosstalk was minimized.

The option for the incremental treadmill test was 
selected on the basis of the need to achieve the max-
imum effort in the shortest possible time. The best test 
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to check the physical capacity with a focus on res-
piratory capacity is Balke’s test, where the physician 
increases the slope, while maintaining the speed of 
the treadmill. However, during the pilot study, we ob-
served that increments above grade 10° caused lower 
limb discomfort due to constant knee flexion during 
gait, which led to earlier interruption of the test with-
out the maximum effort being reached.

We were very concerned about the influence of 
the growth and developmental status, mainly due to 
sexual maturation and its impact on bone and mus-
cle mass growth. Thus, we decided to include only chil-
dren aged 6–9 years so the group did not involve par-
ticipants in advanced sexual maturation.

Study limitations

The convenience sample selection might have in-
fluenced the results. The fact that we included chil-
dren followed up in our clinic allowed us to infer that 
these children underwent long-term follow-up by 
health professionals; further, their parents might be 
more attentive to any significant change in their clin-
ical conditions. It is then possible that we evaluated 
preterm children with above-average conditions. 
Conversely, the fact that we selected the brothers and 
friends of the children born prematurely as controls 
might minimize this bias, since both groups under-
took similar activities in the majority of time.

Another important factor that should be consid-
ered is the level of physical activity performed by the 
children. Physical activity questionnaires are widely 
applied in epidemiological studies owing to their ease 
of use and low cost; however, they do not constitute the 
best method to assess physical activity levels [22]. In an 
attempt to reduce this bias, we calculated the time of 
physical activity inside and outside the school, in ad-
dition to the time of the children’s walk to school. We 
could then have an idea of the general terms and con-
ditions of their daily life activity mainly because more 
than 1/3 of the children (preterm and term group) did 
not do any physical activity.

Practical application of the results

Prematurity remains a challenge for parents and 
health professionals, and its long-term consequences 
are still being studied, especially after the introduction 
of antenatal methods and most suitable and kinder 
treatments during hospitalization in the neonatal period.

The results of this study showed that although pre-
term children had no important motor developmen-

tal impairment, they presented a different electrical 
pattern of lower limbs, which should be better un-
derstood. On the other hand, we reported that these 
children could reach a condition equivalent to that in 
children born at term through greater muscle stimu-
lation.

Conclusions

In conclusion, the lower limbs in children born 
prematurely showed higher excitability than in chil-
dren born at full-term, as well as presented a differ-
ent pattern of excitability and the response of thigh 
muscle. These data could help maintain and/or im-
prove the physical ability during exercise tests in this 
group.
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