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ABBREVIATIONS

AIMS Alberta Infant Motor Scale

IMP Infant Motor Profile

AIM To study changes in muscular postural strategies and general motor behaviour during

the transition to independent walking. Postural control was assessed at its two functional

levels: (1) direction specificity, in which dorsal muscles are primarily activated when reaching

forward; and (2) fine-tuning of direction specificity.

METHOD In an explorative longitudinal study, surface electromyograms of the arm, trunk,

and neck muscles of 28 typically developing infants were recorded during reaching while

sitting. Each infant was assessed in three developmental phases: during pull-to-stand (T0),

first independent steps (T1), and 1 month after T1 (T2). Motor behaviour was assessed using

the Infant Motor Profile (IMP). The effect on developmental outcome measures (postural

parameters and IMP) of the developmental phases (T0, T1, T2) was estimated using linear

mixed-effects models.

RESULTS None of the postural parameters changed significantly over time. However,

individual developmental trajectories showed infant-specific postural reorganizational

changes. Total IMP score decreased between T0 and T1 (mean IMP score 95% and 91%

respectively; p<0.001); between T1 and T2 IMP scores did not change (91% and 93%;

p=0.073).

INTERPRETATION Typically developing infants do not show consistent patterns of postural

reorganization but show individual muscular strategies during the transition to independent

walking. However, signs of reorganization of general motor behaviour are present.

Postural control is a prerequisite for many daily life activi-
ties, especially for motor actions like reaching, sitting,
standing, and walking. Hence, the development of postural
control and motor behaviour is closely entangled. Both
reaching development and the development of gross motor
milestones are important for subsequent development of
perception, cognition, and social interaction.1,2 The impor-
tant role of posture in reaching was illustrated, for exam-
ple, by studies that demonstrated that infants who are not
able to sit independently reach more frequently, success-
fully, and unilaterally in a supported sitting position than
in supine or a semi-reclined position. Infants able to sit
independently are equally successful in all positions and
prefer unilateral reaches.3,4

The control of posture is a complex neural task. The
central nervous system deals with an interplay between con-
tinuous afferent information on body position and orienta-
tion from visual, vestibular, or somatosensory input and the
subsequent motor commands to the muscles to maintain
posture.5 To control the many degrees of freedom in a

multi-segmented body, the central nervous system uses a
functional organization of postural control into basic mus-
cular synergies that are able to adapt to specific situations.6

The basic level of muscular postural control is direction
specificity. It means that when the body sways forward, the
dorsal muscles are primarily activated to maintain balance.7

Direction specificity during goal-directed reaching, which
involves an active body sway, slowly improves during
infancy. Previous research showed that in a supported sit-
ting position, direction specificity is present during 40% to
50% of reaching movements at 4 months, that is, before
infants are able to sit independently. It increases to 60% to
80% of the movements at 18 months,8 and reaches adult
values (100%) at the age of 2 years.9

The directionally appropriate adjustments can be
adapted to the specifics of the situation using multisensory
input.7 Modulation can be achieved by, for example,
changing the recruitment order of the postural muscles,
activating muscles before the start of the movement (antici-
patory activation), or adapting the degree of muscle
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contraction. At an early age, infants may already use pro-
prioceptive information to adapt their postural muscle
activity position to some extent (supine vs supported sit-
ting).10 Older infants also show minor differences in postu-
ral muscle activity between supported and unsupported
sitting positions, especially at 18 months and, in particular,
in the lumbar extensor muscle (earlier recruitment and
higher electromyography [EMG] amplitude in the unsup-
ported condition).11 The adaptation to sensory information
is also observed in studies showing that the relation
between postural sway parameters and vision or haptic
information becomes more apparent with increasing age
and increasing motor development.12,13

Our previous research indicated that postural muscle
activity during reaching while sitting with support did not
change during the development of independent sitting.14

We suggested that once direction specificity is available, its
degree during reaching in a supported sitting position does
not influence the emergence of independent sitting. Other
studies suggested that postural control might be related to
the development of independent standing and walking,
considering that the ultimate goal of human postural con-
trol is being able to cope with the limited surface support
during standing and walking.11,15,16 As no longitudinal
studies have addressed muscular postural changes, the pri-
mary aim of the present observational study was to assess
longitudinal postural control during reaching while sitting
in the course of the emergence of independent walking.
Attention was also paid to head stabilization in space, as
providing a stable visual and vestibular reference frame is
one of the primary objectives of postural control.17 Typical
individuals are able to stabilize their head in space during
walking, despite the abundant movements in the underly-
ing body parts.18 In infants, major developmental changes
in head stability occur during the first 10 to 15 weeks of
independent walking,19 but information on head stability
when learning to walk is lacking. A secondary aim is to
assess whether the development of independent walking
influences general motor behaviour. Corbetta and Bojc-
zyk20 suggested that learning new patterns of muscle coor-
dination while developing the skill to control balance in
upright position may be accompanied by changes and
regressions in already existing and established motor skills.
To assess general motor behaviour, the Infant Motor Pro-
file (IMP) was used.21 The IMP is a novel instrument that
evaluates spontaneous play behaviour in five domains: vari-
ation (size of the repertoire), adaptability (ability to select
efficient strategies), symmetry, fluency, and performance
(motor milestones).

We hypothesized that the achievement of independent
walking might require a reorganization in postural control
and in motor behaviour in general. We expect that infants
who just mastered their first steps are in the middle of the
process of reorganization. Consequently, their postural con-
trol and motor development will differ from that in the pre-
ceding phase (not able to walk independently) and the
following phase (after 1mo of independent walking

experience), instead of showing steadily increasing develop-
mental trajectories of the percentages of the different postu-
ral parameters and IMP scores. The literature suggests the
presence of such transition phases in postural control during
the development of a new motor skill. For instance, Chen
et al.22 indicated that changes in postural sway parameters
when learning to walk are also reflected in the infant’s sit-
ting posture, and van der Fits et al.10 showed that there was
a transient dip in postural muscle activity at 6 months –
around the age that infants learn to sit independently.

We addressed the following questions: (1) do muscular
postural parameters during reaching while sitting show
signs of postural reorganization during the transition to
independent walking – with a dip in otherwise steadily
increasing developmental trajectories? (2) Does motor
behaviour, as measured with the IMP, show signs of reor-
ganization during the transition to independent walking?
We expected ‘dips’ in the total IMP score and in the
domains of adaptability and performance.20

METHOD
Participants
Twenty-eight typically developing infants were included in
the study. Infants were included if born after a gestational
age of 37 weeks without prenatal, perinatal, or neonatal
complications, and if they were on the verge of indepen-
dent standing. The latter meant that infants were able to
stand with the help of support but not able to stand inde-
pendently. Exclusion criteria were: (1) admission to a pae-
diatric department; (2) severe congenital abnormalities; (3)
birthweight below the tenth centile; (4) neurological
abnormalities; (5) parents having insufficient understanding
of the Dutch or English language. The medical ethics
committee of the University Medical Center Groningen
approved the protocol (NL51701.042.14) and parents gave
informed consent.

Procedures
The infants were assessed three times: at T0 – being able
to pull to stand but not able to stand independently (‘Pulls
to Stand With Support’ item of the Alberta Infant Motor
Scale [AIMS]23); T1 – the infant is just able to walk inde-
pendently for more than five steps (‘Early Stepping’ item
of the AIMS); and T2 – the infant had some independent
walking experience, that is, 1 month after T1 (‘Walks
Alone’ item of the AIMS). Parents contacted the research
team if infants were at developmental phase T0 and within
a week of achieving T1, which was checked against the
AIMS during the laboratory visit. During each session,
postural control was assessed and neurodevelopmental con-
dition was evaluated.

What this paper adds
• Infants show signs of reorganization of motor behaviour when learning to

walk.

• Infants show individual strategies of postural reorganization when learning
to walk.
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Postural assessments
Postural control during reaching was assessed in two con-
ditions: first, while sitting in an infant chair providing
trunk support, and, second, during unsupported ‘long-leg’
sitting on a thin mattress on the floor. If the infant was
not cooperating in the supported sitting position, the
infant was seated on the parent’s lap (three sessions).
Care was taken that the position of the infant resembled
the position in the chair.8 The aim was to elicit at least
10 reaching movements per condition by presenting dif-
ferent toys of about 3cm by 6cm and 40g at arm-length
distance.

Bipolar surface electrodes with an interelectrode distance
of approximately 14mm were placed over the following
muscles on the preferred side of the body: deltoid, pec-
toralis major, biceps brachii, triceps brachii, neck flexor,
neck extensor, rectus abdominis, thoracal extensor, and
lumbar extensor. The preferred side (right in all children)
was chosen considering its ecological validity. The EMG
signal was continuously recorded by means of an electro-
physiological front-end amplifier (Cometa Wireless EMG,
Milan, Italy) at a sampling rate of 2000Hz, and resampled
to 500Hz for analysis. To assess head stability, two reflec-
tive markers were placed on the right side of the head: lat-
eral to the eye and on the mandibular angle. Another
marker was placed on the right wrist to assess reaching
kinematics. The session was video-recorded by using a dual
camera system recording at a sampling rate of 50Hz.
When infants started to cry or became fussy, the session
was stopped. Only if data on a specific parameter of three
reaching movements were present were they included in
the analysis.

Clinical neurodevelopmental assessments
At each session, the Touwen Infant Neurological Examina-
tion was used to assess the neurological status of the infant.
The AIMS was used to classify the standing and walking
ability of the infant.23 To evaluate motor behaviour, the
IMP – a video-based assessment of spontaneous and eli-
cited play behaviour – was used. The IMP evaluates varia-
tion, adaptability, symmetry, fluency and motor
performance in supine, prone, sitting, standing and walk-
ing; it pays specific attention to reaching and grasping.21

The three assessments have good reliability and valid-
ity.21,24,25

Data analysis
The PedEMG program (Developmental Neurology,
University Medical Center Groningen, the Netherlands)8

was used to analyse the video and EMG signals. Reaching
movements with the preferred arm and in a calm beha-
vioural state were selected. To identify reaching-related
muscle activity, the EMG signal was synchronized with the
video. Significant bursts of activation of the postural mus-
cles were identified between 100ms before activation of the
first activated arm muscle and the end (or first 1000ms) of
the reaching movement,14 using the algorithm of Staude

and Wolf.26 Kinematic data on head stability and reaching
movements were retrieved using SIMI Motion System
Analysis (SIMI Reality Motion Systems, Unterschleibheim,
Germany).

Subsequently, direction specificity at the trunk and/or
neck level was determined. If the trial was direction speci-
fic at trunk level, the parameters of the second level of pos-
tural control were calculated: (1) recruitment order, in
which a top-down recruitment indicates that the neck mus-
cle is activated before the thoracal and lumbar extensor
and a bottom-up recruitment in the reverse direction; (2)
anticipatory activity at the trunk or neck level, when postu-
ral muscles are activated within 100ms before activation of
the first activated arm muscle (prime mover); (3) mean
EMG amplitude in three intervals – after subtracting base-
line activity: (a) 100ms before activation of the prime
mover (anticipatory activity); (b) start prime mover until
100ms; (c) 100ms to 1000ms. The total travelled path of
the vector between the two head markers (angle of the
head in space) and number of movement units of the mar-
ker lateral to the eye were used as measures of head stabil-
ity. A movement unit is an acceleration and a deceleration
in the velocity profile of the marker. The use of one move-
ment unit indicates that the movement is programmed in
advance, multiple movement units imply multiple correc-
tions in the trajectory.27

To determine whether infants were able to modulate
EMG amplitude to reaching specifics, kinematic parame-
ters of reaching were also retrieved: duration of the reach-
ing movement, average speed, and number of movement
units of the wrist.

Statistical analyses
Power calculation was based on our own data on direction
specificity of infants aged 10 months to 18 months, of
which we calculated means to provide data for the power
calculation.8 Mean direction specificity occurring both at
trunk and neck level increased from 31% (SD 17) at
10 months to 49% (SD 22) at 18 months (rho �0.20). The
calculation revealed that a group size of 26 infants allowed
for a power of 0.80 (a=0.05) with Cohen’s effect size of
0.59 to detect significant changes in direction specificity.

To assess the effect of developmental phase on postural
control and IMP scores, SPSS (version 23.0.0.3; IBM,
Armonk, NY, USA) was used to fit mixed-effects models
for repeated measurements, which take clustering of data
within the infant into account. A linear mixed-effects
model was used to quantify the effect of developmental
phase on total IMP score and median head sway (given
that head sway had a significantly skewed distribution),
using restricted maximum likelihood estimation. There-
after, similar models for the IMP domains were fitted. The
fit of the mixed-effects models was inspected by assessing
the distribution of the residuals. The effects of develop-
mental phase on the dichotomous dependent variables
direction specificity, recruitment order, and anticipatory
activity were fitted using generalized linear mixed models
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with binomial link function (logit), generalized estimating
equation, robust estimator, and exchangeability working
correlation matrix. For the count-dependent variable of
movement unit we used a similar model with the Poisson
loglinear link function. Ratios (number of trials with posi-
tive outcome/total number of valid trials) were used to
model outcomes to control for the different numbers of
reaching movements per infant. All models were corrected
for age at the moment of measure, and for sex. As the lat-
ter did not alter outcome significantly, only the results of
the models without correction for sex are presented. If the
mixed model resulted in a significant difference (p<0.05)
between the three measurements, post hoc tests with Bon-
ferroni correction were performed.

Spearman’s correlation was used to explore associations
between EMG amplitude (the degree of muscle contrac-
tion) of the direction-specific muscles (neck extensor, tho-
racal extensor, or lumbar extensor) and kinematic
parameters within one infant in one measurement. We
classified the infant as being able to modulate the ampli-
tude of the direction-specific muscle to reaching or head
stability kinematics if the infant showed a significant corre-
lation (p<0.05) between the kinematic parameter and one
of the three amplitude intervals.

RESULTS
Infant characteristics and the number of EMG trials are
displayed in Table I. Table SI (online supporting informa-
tion) shows reaching characteristics. Of the 28 infants, two
dropped out after the first session because they did not tol-
erate the electrodes. At T1, the data of three infants were
not taken into account in the analyses, as the infants did
not meet the AIMS criterion of early stepping (scored as
‘walking alone’ [n=1]; unable to produce ‘early stepping’

during laboratory visit [n=2]). Missed sessions in the other
infants or positions were a result of technical problems
(n=2) or crying when the floor part of the measurements
started (n=9).

Postural control
Figure 1 shows examples of direction-specific and non-
direction-specific EMG recordings of an infant at T0, T1,
and T2. None of the postural parameters showed a differ-
ence between the three measurements, corrected for age at
measurement (Table II). This indicates that the children
did not show consistent changes in postural muscle activity
during sitting while reaching with increasing walking
development. This was true for both sitting conditions
(with and without support). Only the results without cor-
rection for sex are presented in Table II, as correction for
sex did not alter outcome significantly. Nevertheless, the
individual developmental trajectories of the various postu-
ral parameters when learning to walk indicated the pres-
ence of infant-specific changes. Figure S1 (online
supporting information) shows the individual trajectories
of the parameters of each infant during the development of
independent walking. For each parameter some children
showed a temporary peak, some a temporary dip, some a
steady increase, and others a steady decrease. Table III
summarizes the individual trajectories in all parameters. It
illustrates that the various parameters within one infant do
not show consistent patterns of ‘dips’, ‘peaks’, increases, or
decreases.

The correlations between EMG amplitude and kine-
matic parameters revealed that most infants did not show
statistically significant correlations between EMG ampli-
tude and the kinematic parameters. This indicates that the
infants did not modulate EMG amplitude (adapt the
degree of muscle contraction) to reaching characteristics or
head stability. This was true for both testing conditions
(Table SII, online supporting information provides an
overview of the correlations between amplitudes and kine-
matic parameters in the chair at T2.)

Infant motor profile
Table SI shows information on single items on adaptability
during walking. The mixed-effects model showed that the
total IMP score differed significantly between the three
measurements, corrected for age (Table II). Post hoc tests
revealed that there was a significant difference between T0
and T1 (mean IMP score T0 95%, T1 91%; p<0.001). A
similar difference was absent between T1 and T2 (mean
IMP score T1 91%, T2 93%; p=0.073). Secondary analyses
indicated that the changes in the IMP scores could partly
be attributed to changes in the adaptability domain (mean
T0 98%, T1 87%, T2 92%; post hoc: T0–T1 p<0.001,
T1–T2 p=0.006) and the fluency domain, which demon-
strated a significant difference between T0 and T1 but not
between T1 and T2 (mean T0 95%, T1 89%, T2 91%;
post hoc T0–T1 p=0.040, T1–T2 p=0.809). The scores on
the performance domain did not change between T0 and

Table I: Infant characteristics

Sex (M:F) 14:14
Median (range) gestational age (wks) 39.9 (37.0–42.0)
Median (range) birthweight (g) 3654.5 (3000–4500)
Neurological classification (TINE)
Normal or normal–suboptimal 28
MND 0
Clear neurological syndrome 0

Median (range) age at assessment (mo)
T0 12.5 (9.3–16.1)
T1 14.4 (11.4–19.1)
T2 15.6 (12.6–21.5)

Median (range) age at independent
walking (mo)

14.1 (11.1–18.7)

Measurements
Chair

T0 28
T1 23
T2 25

Long-leg sitting
T0 26
T1 19
T2 21

n=28. Data are n unless otherwise indicated. F, female; M, male;
MND, minor neurological dysfunction; TINE, Touwen Infant Neuro-
logical Examination.
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T1 but increased between T1 and T2 (mean T0 87%, T1
86%, T2 90%; post hoc: T0–T1 p=1.000, T1–T2
p<0.001).

DISCUSSION
The present study indicates that typically developing
infants do not show a consistent pattern of reorganization
in muscular postural parameters during seated reaching
while learning to walk. However, the developmental trajec-
tories of the IMP suggested that signs of a reorganization
in general motor behaviour during the transition to inde-
pendent walking are present.

When learning to walk, the nervous system coordinates
the organization of the newly involved muscles into new
functional synergies. In addition, the sensorimotor system
has to incorporate, for instance, proprioceptive information
from the feet into the already existing sensorimotor sys-
tem.12,22 Chen et al.22 demonstrated that this reweighting
of sensory information was reflected in postural sway beha-
viour during sitting. The update of the sensorimotor sys-
tem presumably also promotes the development of

anticipatory postural adjustments when infants learn to
walk.15 However, contrary to our hypothesis, we did not
observe a consistent pattern of transition in our muscular
postural parameters – not even in anticipatory activity.
The lack of association between the postural parameters
and learning to walk, and the similarity in postural adjust-
ments in the two sitting positions suggest that muscular
postural control of reaching while sitting is a relatively
well-mastered job for the infant, even when the infant is
sitting unsupported. This differs for younger infants, where
sitting with and without support is associated with different
reaching skills and postural muscle activity.3,4,10 Our find-
ings suggest that the expression of a possible reorganiza-
tion is presumably dependent on the testing situation.
Possibly, our simple task of reaching while sitting allowed
the infants to try and use the different postural strategies,
which did not result in one predominant strategy. Our data
contrast with those of Hedberg et al.,28 who used a far
more challenging test situation. Their longitudinal study
showed that infants who learned to stand and walk
increased direction specificity with increasing age and

1 second

LE

NE

RA

NF

TE

PM

T0 T1 T2

Figure 1: Examples of electromyography signals of the same infant sitting in the infant chair at T0, T1, and T2. Each row represents muscle activity of
one muscle. The vertical dotted lines display the start and end of the reaching movement as indicated on video; the bold vertical line indicates a signif-
icant increase in muscle activity using the Staude and Wolff algorithm,26 i.e. the start of muscle activation. Amplitude units with intervals of 50lV are
indicated by the small horizontal lines on the y-axis. Direction specificity means activation of dorsal muscles before (or in absence of) ventral muscle
activity. At T0 postural activity during reaching is direction specific at trunk level with lumbar extensor (LE) and thoracal extensor (TE) being activated
without (or in other cases before) activation of the rectus abdominis (RA) muscle; postural activity is not direction specific at neck level as neck exten-
sor (NE) is not activated (or in other cases before neck flexor [NF]). At T1 postural activity is not direction specific and at T2 postural activity is direc-
tion specific at neck and at trunk level. PM, prime mover, the first activated arm muscle (at T0 triceps brachii, at T1 deltoid, at T2 pectoralis major).
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walking experience while being perturbed by a moveable
platform in a standing position.28 This suggests that more
challenging situations like standing and experiencing

external perturbations from a platform may force the bal-
ance-control system to select the most functional strategy,
that is, direction specificity.

Table II: Mixed-effects model analyses: the change in Infant Motor Profile (IMP) and postural parameters when learning to walk, corrected for age at
measurement

Infant chair Long-leg position

Mean estimates (95% CI) Mean estimates (95% CI)

T0 T1 T2 p T0 T1 T2 p

DS trunk (%) 77 (69–84) 72 (63–80) 80 (71–87) 0.333 79 (70–86) 81 (71–88) 84 (74–91) 0.665
DS neck (%) 31 (25–39) 35 (27–44) 38 (31–46) 0.509 37 (29–44) 31 (24–38) 36 (29–44) 0.578
DS trunk and
neck (%)

38 (30–45) 34 (26–43) 47 (40–55) 0.126 37 (29–46) 35 (28–43) 44 (33–55) 0.395

Top-down (%) 33 (28–39) 27 (19–37) 26 (19–34) 0.445 33 (28–39) 21 (14–31) 28 (21–35) 0.186
Bottom-up (%) 24 (18–31) 27 (21–34) 29 (22–38) 0.587 22 (17–29) 36 (27–46) 28 (21–36) 0.156
Anticipatory
activity trunk (%)

22 (16–31) 24 (18–30) 25 (18–33) 0.897 27 (19–37) 26 (20–33) 27 (20–35) 0.982

Anticipatory
activity neck (%)

14 (10–19) 12 (7–19) 17 (13–22) 0.392 18 (12–25) 11 (7–19) 11 (6–20) 0.283

Head sway (◦) 15.7 (14.0–17.3) 14.5 (12.8–16.2) 15.0 (13.2–16.8) 0.593 16.7 (14.2–19.1) 16.0 (13.5–18.5) 14.3 (11.6–17.0) 0.478
MU head (n) 1.9 (1.6–2.3) 1.8 (1.5–2.1) 1.9 (1.7–2.2) 0.615 1.8 (1.5–2.1) 1.7 (1.4–2.1) 2.1 (1.8–2.6) 0.289
IMP totala (%) 95 (94–97) 91 (90–93) 93 (92–95) <0.001
Variationb (%) 98 (96–100) 96 (94–97) 95 (94–97) 0.121
Adaptabilityb (%) 98 (96–100) 87 (85–88) 91 (89–93) <0.001
Fluency (%) 95 (91–99) 89 (85–92) 91 (88–95) 0.045
Performance (%) 87 (86–88) 86 (85–87) 90 (89–91) <0.001

Bold denotes significant data. aAs the domain symmetry suffered from too strong a ceiling effect in the data (i.e. too many children obtain-
ing the maximum score of 100%), no reliable statistical model could be built. This ceiling effect reflects the typically developing nature of
the participating infants. bThe models for variation and adaptability suffered to a lesser extent from the ceiling effect. Although normality
of the residuals was not met in all linear mixed-effect models, similar results were produced using different modelling approaches (i.e.
modelling the raw scores as binomial counts using generalized estimating equation with logit link function); therefore, we were willing to
trust the outcome of the models here presented. CI, confidence interval; DS, direction specificity; MU, movement unit.

Table III: Individual developmental trajectories of the different postural parameters when learning to walk in supported sitting position

Infant DS trunk DS neck DS trunk and neck Bottom-up Top-down Anticipatory activity trunk Anticipatory activity neck

1 ˅
2 ˅ – – Λ
3 Λ – – – – – –
4 – ˅
5 ˅ Λ ⇈ –
6 ˅ – ˅ Λ – – –
7 Λ – Λ Λ – ⇊ –
8 – – – ⇈ – Λ ˅
9 ⇈ – – – ˅ Λ –

10 – ˅ – – ⇊ ⇊ ⇊
11 ˅
12 – – – – – – ˅
13 – – – Λ
14 ˅ ⇈ ˅ Λ ⇈ – –
15 ⇊ – – ⇈ ˅ – –
16 – Λ ˅
17 ⇊ – ˅
18 ˅ ˅ ˅ – – Λ –
19 ˅ ˅ – –
20 ⇊ – ⇊ –
21 – ˅ ˅

The cut-off of 10% was arbitrarily chosen, as the postural control literature did not offer information for a scientifically-based alternative. Note
that trajectory information is missing in seven infants because of missing data at T1 (n=3), at T2 (n=2), and drop-out after T0 (n=2). A corre-
sponding table with data in the unsupported position was similar. ˅, ‘dip’ trajectory consisting of a decrease of ≥10% of the mean of the
parameter per session between T0 and T1 followed by an increase of ≥10% between T1 and T2; Λ, ‘peak’ trajectory consisting of an increase of
≥10% between T0 and T1 followed by a decrease of ≥10% between T1 and T2; ⇊, ‘decreasing’ trajectory consisting of a decrease of ≥10%, both
between T0 and T1 and between T1 and T2;⇈, ’increasing’ trajectory consisting of an increase of ≥10% both between T0 and T1 and between
T1 and T2; –, no increase or decrease between the measurement moments, or changes <10%; a blank cell indicates that the data of the
parameter were missing in one of the sessions, precluding the assignment of a trajectory. DS, direction specificity.
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Nevertheless, Figure S1 and Table III suggest that
learning to walk may be accompanied by changes in postu-
ral control during seated reaching, although a different
way for each infant. The latter suggestion fits the idea that
motor development is characterized by variation, and that
each infant uses different motor strategies to discover new
skills and the best adaptations to environmental con-
straints.29 Our findings correspond to those of Woollacott
et al.’s30 study of children with cerebral palsy, where
improvement of postural control after training was
achieved in a different way in each child. Perhaps the influ-
ence of learning to walk at group level is only observable
in the net postural outcome reflected, for instance, in sway
parameters,12,22 whereas this is achieved with different
muscular strategies in the individual infant.

Our IMP data underscore the notion of reorganization
of motor behaviour during the development of indepen-
dent walking; the total IMP score and the fluency score
decreased and the scores of the domain adaptability
showed a dip at the time when the infants were able to
produce their first independent steps, after which the per-
formance scores improved. This result corroborates the
findings of Corbetta et al. and the suggestions of Chen
et al.12,20,22 We propose that when learning a new skill,
the infant should learn anew how to adapt the new beha-
viour to different situations, by controlling newly involved
muscles and integrating different sensory information.

Most of the infants did not modulate EMG amplitude to
reaching and head stability characteristics, not before, dur-
ing, or after the development of independent walking. This
is in line with the results of van der Fits et al.,11 who indi-
cated that modulation of EMG amplitude during reaching
in sitting position emerges from 18 months onwards. Pre-
sumably, the modulation of postural EMG activity is
dependent on the situation or challenge during testing.
Apparently, modulation of EMG activity during reaching
in sitting position is not affected by learning to walk, but,
for example, Hadders-Algra et al.31 suggest that the capac-
ity to modulate EMG activity during external perturba-
tions of a moveable platform was promoted by daily
balance practice.

Both our head stability parameters remained stable dur-
ing the development of independent walking. Conceivably,
the infants experienced no difficulties with head balance in
our sitting position, and a possible reorganization of postu-
ral control does not influence head balance in an unchal-
lenging position.

Two strengths of the study are the longitudinal data col-
lection during the development of independent walking
and the use of the mixed-effects models; it allowed us to
calculate individual trajectories over time, while taking
repeated measures at different ages into account. Addition-
ally, by correcting for age we could focus on the effect of
the development of independent walking. However, inter-
pretation of the data is limited owing to data loss, reducing
our sample to a size that just lacked sufficient power. This

occurred especially at T1 and in the long-leg position.
Although parents were instructed very carefully, it
appeared difficult to get the parents to contact the research
team at the correct time, allowing scheduling of the T1
assessment within a week of the infants’ first independent
steps. What may be considered another limitation is the
assessment of postural activity on one side of the body.
However, previous research indicated that the postural
muscles on the side contralateral to the reaching arm are
less frequently activated than the muscles on the ipsilateral
side.11 This suggests that we adequately covered the
infant’s postural muscle activity.

In conclusion, this study demonstrated that while learn-
ing to walk independently, infants show signs of reorgani-
zation of their motor behaviour. However, they do not
show consistent signs of a reorganization of their muscular
postural control strategies during reaching in sitting posi-
tion. Rather, the data suggest that every infant uses its own
muscular postural control strategy during reaching while
sitting in the transition period to independent walking. As
we have suggested that our testing situation may have been
an unchallenging situation for infants, we propose to fur-
ther explore postural development during walking by
assessing muscular postural control strategies in a similar
way to the current study but in reaching while standing.
Another option would be the evaluation of postural
muscles strategies during the development of independent
walking in larger groups of infants as this would allow for
the exploration of possible latent clusters of specific pat-
terns of development by, for example, factor analysis or
latent class analyses. The existence of latent clusters may
show that development of specific infants may be similar
or that combinations of specific postural parameters
develop following a certain track.

ACKNOWLEDGEMENTS

We are thankful for the help of Saskia Dijkstra, Patricia Pekel,

Johan Tiems, Siebrigje Hooijsma, and Anneke Kracht in the data

collection and/or analysis. AGB received financial support from

the Junior Scientific Masterclass. The funder was not involved in

the design of the study, data collection, data analysis, manuscript

preparation, or publication decisions. The authors have stated that

they had no interests which might be perceived as posing a con-

flict or bias.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

Figure S1: Individual trajectories of postural parameters

before, just after, and a month after independent walking.

Table SI: Reaching characteristics and adaptability items of the

Infant Motor Profile during walking

Table SII: Correlation between kinematic parameters and elec-

tromyography amplitude of direction-specific postural muscles at

T2 in supported sitting position
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