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Abstract
There is a need for a quick, qualitative, reliable, and easy tool to assess gross motor development for practitioners. The aim of this
cross-sectional study is to present the Zurich Neuromotor Assessment-Q (ZNA-Q), which assesses static and dynamic balance in
children between 3 and 6 years of age in less than 5 min. A total of 216 children (103 boys; 113 girls; median age 4 years,
4 months; interquartile range 1 year, 3 months) were enrolled from day-care centers, kindergartens, and schools, and were tested
with 5 different gross motor tasks: standing on one leg, tandem stance, hopping on one leg, walking on a straight line, and
jumping sideways. All ordinal measures (consisting of qualitative measures and scales) featured a marked developmental trend
and substantial inter-individual variability. Test-retest reliability was assessed on 37 children. It varied from .17 for tandem stance
to .43 for jumping sideways for the individual tasks, and it was .41 and .67 for the static and dynamic balance components,
respectively. For the whole ZNA-Q, test-retest reliability was .7.

Conclusion: Ordinal scales enable practitioners to gather data on children’s gross motor development in a fast and uncomplicated
way. It offers the practitioner with an instrument for the exploration of the current developmental motor status of the child.

What is Known:

* Measurement of gross motor skills in the transitional period between motor mile stones and quantitative assessments is difficult.
* Assessment of gross motor skills is relatively easy.

What is New:

* Supplementary and quick gross motor test battery for children for practitioners.

* Normative values of five gross motor skills measured with ordinal scales.

Keywords Zurich Neuromotor assessment - Quick and qualitative version - Gross motor skills

Abbreviations M Fine motor
CAMSs  Contralateral associated movements PM Pure motor
DB Dynamic balance PMDA Poor man’s data augmentation
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SDS Standard deviation score
SB Static balance

ZNA Zurich Neuromotor Assessment
ZNA-2  Zurich Neuromotor Assessment second edition
Introduction

In 2018, an updated version of the ZNA, the ZNA-2 [14],
was published with new normative data for children’s mo-
tor proficiency from 3 to 18 years. The ZNA-2 presents the
developmental course and inter-individual variation of
timed performance and quality of movements in a set of
motor tasks of variable complexity for children between 3
and 18 years [14, 16, 17].

The greatest challenge for the ZNA-2 was to integrate
data from children who were not able to perform the tasks
because they were too young, performed too poorly, or
both. Such missing data were integrated into the estimation
of the outcome model with the poor man’s data augmenta-
tion (PMDA) algorithm [26]. This method enabled the in-
corporation of those children who could not perform a task
due to their young age.

However, sometimes, it occurs that an easier or similar
version of the same task can be performed. For instance, a 3-
year-old may not be able to stand on either leg for more than
2 s but can stand still for more than 2 s with one foot ahead of
the other on a line. This task, called tandem stance [11], can
provide information about ability in static balance when stand-
ing on one leg is not possible. Likewise, information about
dynamic balance can be obtained by asking a child to walk
forward on a straight line when the child is not able to perform
a standing long jump. For this reason, some easier items for
gross motor skills may help to evaluate these skills more pre-
cisely in the younger age group and thus gain an overview of
the motor developmental status of the child.

In 2012, we presented a way of testing seven basic gross
motor skills in preschool children with the purpose of bridging
the gap between the measurement of motor milestones for
toddlers and quantifying motor behavior in a competitive
way [12]. Motor performance was quantified on an ordinal
scale with 5 categories. Improvements over age were present-
ed for walking on a beam, running, taking stairs, standing on
one leg, hopping on one leg, rising, and jumping down. This
investigation showed that developmental trends differed con-
siderably over the seven tasks. For instance, hopping on one
leg exhibited a highly significant trend over age, whereas for
running, changes over age were non-significant. Therefore,
downscaling gross motor tasks precisely required that some
new items were added while those without a significant de-
velopmental trend were omitted. The revised version of this
easier test for gross motor skills using ordinal scales was la-
beled ZNA-Q.
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The ZNA-Q might provide a substantial advantage for
practitioners (clinicians, physiotherapists, and sports teachers)
who seek a quick overview of the developmental status of a
child. The data from this 5 min test allow a rough estimate of
the child’s gross motor development. For instance, a 3-year-
old child who is able to stand still one foot ahead of the other
for more than 10 s and is able to hop on one leg more than 5
times does not immediately need a complete neuromotor as-
sessment, which depending on the tool takes about 30 to
45 min [6, 9, 10, 14].

In this study, a limited set of ordinal measures for gross
motor development in children below 6 years of age is ex-
plored. In using this tool in the future, we hope to detect
quickly and easily children with large gross motor delays in
the transitional period from the assessment of motor mile-
stones to quantitative measurement of gross motor skills.

Materials and method
Participants

A total of 216 children (103 boys; 113 girls) between the ages
of 3 and 6 years (median age 4 years, 4 months; interquartile
range | year, 3 months) participated in this cross-sectional
study. Additionally, 37 children participated in the study that
investigated the test-retest reliability of the tool. All children
were enrolled from day-care centers and kindergartens in the
greater Zurich area. Children with evident medical or behav-
ioral conditions (e.g., physically/mentally challenged) were
excluded from the analysis. All the children lived in the
Zurich area and together constitute a representative sample
of the general local population. Special attention was given
to sampling from districts with low, medium, and high socio-
economic backgrounds. The study was approved by the insti-
tutional review board of the Canton of Zurich (KEK-ZH-Nr.
StV-40/07) and performed according to the Declaration of
Helsinki. All families received a study description and provid-
ed written informed consent.

Measurements

The original ZNA is a standardized procedure that was spe-
cifically designed to describe neuromotor development in typ-
ically developing children from 5 to 18 years of age. It focuses
on variability and age changes in motor proficiency [14,
16-18] by measuring the speed of motor tasks and the quality
of movements (i.e., the intensity of contralateral associated
movements, CAMs). Motor proficiency is measured on five
components: fine motor adaptive tasks (FM-motor tasks with
visuospatial perception), pure motor tasks (PM-motor tasks
with as little visuoperceptual challenges as possible), dynamic
balance (DB), static balance (SB), and movement quality
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(CAMs). The assessment of motor proficiency was later ex-
tended to children between 3 and 5 years of age using a cus-
tomized version of the test [13].

In the updated version of the ZNA, the ZNA-2 [14], we use
essentially the same items and components as in the original
[18]. To take account of improvements with age in perfor-
mance, the number of repetitions was increased for easier
comparison of younger with older children. However, the task
was sometimes too difficult for the younger age group. The
FM and PM tasks could not be made easier, and we had
sufficient data with a total of 9 tasks (3 x FM and 6 x PM).

However, for the gross motor tasks, especially SB, we
had only one task. For this reason, tandem stance was
added to the component of SB with the aim of providing
a better estimation of the static balance competencies of a
child. For DB, 3 ordinal scales with 5 levels ranging
from O (best possible performance) to 4 (worst possible
performance) were added to provide us with more infor-
mation on poorly performing children. For consistency,
performance on static balance was also expressed on an
ordinal scale with 5 levels. This enabled us to describe
the gross motor development on 5 different tasks and
grouped these 5 items under the name ZNA-Q. All
ZNA-Q items, the descriptions of the ordinal scales, and
pictures of children doing the tasks are presented in
Table 1 and Fig. 1. The ZNA-Q was performed during
the same session as the ZNA-2.

Static balance
Standing on one leg (D/ND)

The child is asked to stand for as long as possible on one leg
on a board marked with stripes. The stopwatch is started as
soon as one foot is lifted and stopped when the child loses
balance or shifts the standing foot beyond one stripe. The child
performs the task first with the dominant (D) foot, thereafter
the non-dominant (ND) foot. This routine is performed twice
if the child does not reach the maximal time of 30 s during the
first round. If the child performs the task twice, the longer time
is used for subsequent calculations. The recorded time is then
converted to an ordinal score (see Fig. 1).

Tandem stance

Tandem stance is a new item for the component SB. Tandem
stance is a clinical measure of static balance considered to
assess postural steadiness by a time measurement [11]. The
child stands for as long as possible with one foot in front of the
other, heel-to-toe. The stopwatch is started as soon as tandem
stance is adopted and stopped when the child loses equilibri-
um or shifts at least one foot out of the correct position. As for
standing on one leg, the recorded time is converted to an
ordinal score (see Fig. 1).

Dynamic balance
Hopping on one leg (D/ND)

For hopping on one leg, the examiner stands in front of the child
and demonstrates how to hop on one leg. The child has two
chances to hop on each leg separately. A hop is considered
successful when take-off and landing is achieved on the same
foot.

Walking forward on a straight line

The examiner demonstrates to the child how to walk on a
straight line of 4 m consisting of an elastic band stretched
along the floor and the child is asked to do so likewise after-
wards. The child has two chances to complete the task.

Jumping sideways

The examiner demonstrates to the child how to lift off the
ground with two feet parallel to the elastic band, make a touch
down and jump back. An important feature is lift off and touch
down with two feet simultaneously. The child has two chances
to complete the task.

Procedure

Subjects were tested in their own day-care center or kinder-
garten and recorded individually on digital video. The exam-
iners were five experienced ZNA testers who had all been

Table 1 Items measured on

ordinal scales of the Zurich Components

Tasks

3—6 years

Neuromotor Assessment-Q.
D, dominant leg;
ND, non-dominant leg

Static balance

Dynamic balance

Standing on one leg (D/ND)
Tandem stance (eyes open)
Hopping on one leg (D/ND)
Walking on a straight line forward
Jumping sideways

Time in scales (0 to 4)
Time in scales (0 to 4)
Count in scales (0 to 4)
Scale (0 to 4)

Scale (0 to 4)
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Standing on one leg: Age: p<.001; Sex: p=.002

49 - 100 Score 0: can stand on both legs more than 5 s;
oA Score 1: can stand on one leg more than 5 s;
80 Score 2: can stand on both legs between 2 and
9 g 55
8 < 60 Score 3:  can stand on one leg between 2 and
E . 5s;
5 5 40- Score 4: cannot stand on either leg more than
2s.
20
0 T
3 5
Age (years) Age (years)
Tandem stance: Age: p<.001; Sex: p=.131
49 100 Score 0: can stand on one foot ahead of the
other for 30 s or more;
ad 80 Score 1: can stand on one foot ahead of the
0 = other between 10 and 30 s;
8 <60 Score 2: can stand on one foot ahead of the
T 2 § other between 5 and 10 s;
g 5% Score 3: can stand on one foot ahead of the
5 other between 2 and 5 s;
20 Score 4: cannot stand on one foot ahead of the
5 other for more than 2 s.
e -
3 4 5 6 3 5

Age (years)

Hopping on one leg: Age: p<.001;
il

g

w
L

Ordinal score
~

Age (years)

Age (years)

Score 0:

Score 1:

Score 2:

Score 3:

Score 4:

can hop on both legs more than seven
times;

can hop on only one leg more than 3
times;

can hop on both legs from one to 3
times;

can hop on only one leg from one to 3
times;

cannot hop on either leg.

Walking on a straight line: Age: p<.001; Sex: p=.048
100 ommnman

4
80
34
° =
3 %sm
]
5 2 2
g ke
° T
5 3]
4
0 T al
3 4 5 6

Age (years)

Age (years)

Score 0:

Score 1:

Score 2:

Score 3:

Score 4:

perfect performance, heel touching
toes;

distance between the two feet, feet
straight;

feet not straight and/or misses the
line one to 3 times:

feet perpendicular and/ or does not
touch the line more than 3 times;
fails to walk on a straight line.

Jumping sideways: Age: p<.001; Sex: p=.305
A= ) 100

k. )

Ordinal score

Age (years)

Age (years)

Score 0:

Score 1:

Score 2:

Score 3:

Score 4:

perfect performance, very smooth
jumping;

fluently, but feet not parallel to rope
(<45°%);

side to side, non-fluent, feet parallel
to rope or 0<10°;

side to side, non-fluent, feet not
parallel to rope (<45°);

jumping about but not in relation to

the line.

Fig. 1 Developmental trend of the five gross motor skills tasks of the ZNA-Q. Top row: expected ordinal score. Bottom row: cumulative probabilities to
obtain a score below or equal to &, with k€ {0, 1,2, 3}
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trained and supervised by THK and JC. Tests always took
place individually in a separate room. All tasks were per-
formed in the same order by all children. The qualitative gross
motor skills (SB and DB) were always tested in the same order
in relation to the quantitative items. The examiner explained
verbally and demonstrated how to perform the tasks. If the
child did not understand a task and did something different,
a second demonstration was provided. Total test time for the 5
items was less than 5 min.

Statistical analyses

Ordered data from the five motor tasks was modeled as a
function of age and sex using a multinomial logit regression
model (see Appendix for more details). Simpler models (e.g.,
models with partial or full proportional odds) were also inves-
tigated and the quality of their fit was compared using likeli-
hood ratio tests. As in Kakebeeke et al. [12], the developmen-
tal trend was visualized by plotting the expected ordinal score
as a function of age and sex and raw data were then converted
into standard deviation scores (SDS) (see Appendix for more
details). An SDS is a standardized measure of motor perfor-
mance adjusted for age and sex that is approximately normally
distributed with a zero mean and a unit variance in the norma-
tive sample. Positive values are associated with above-average
performance and negative values with below-average perfor-
mance. Component SDSs were calculated by summing SDSs
from individual tasks and standardizing this sum to have zero
mean and unit variance in the normative sample.

The test-retest reliability of individual task and component
SDSs was estimated using Spearman’s rank correlation coef-
ficient. This coefficient provides a robust alternative to the
intra-class correlation coefficient (ICC) [23] when the system-
atic error (i.e., bias due to a learning or fatigue effect) between
two SDSs measured on the same child is not penalized. A 95%
confidence interval (CI) for this rank correlation was calculat-
ed using Fisher’s transformation [8].

Tasks for the ZNA-Q and the ZNA-2 were performed dur-
ing the same session. This enabled us to investigate the asso-
ciation between SDSs from the two tests at the component
level. However, we note that ordinal scores for the task stand-
ing on one leg in the ZNA-Q were not obtained from a sepa-
rate assessment. Rather, they were obtained by applying a
categorization to the time measurements observed in the same
task in the ZNA-2. It follows that a naive correlation analysis
between SDSs from the two tests on the static balance com-
ponent would produce biased results with enlarged correlation
coefficients because the test-retest variability is not accounted
for. In order to properly incorporate the test-retest variability
into our correlation analysis, results from the ZNA-Q obtained
at the first visit were correlated with those results from the
ZNA-2 obtained at the second visit. Similarly, results from
the ZNA-Q obtained at the second visit were correlated with

those results of the ZNA-2 obtained at the first visit. This was
performed both for the SB and DB components. Each child
thus contributed two pairs of measurements in the correlation
analysis and the rank correlation between SDSs of the two
tests was calculated after pooling the two pairs of measure-
ments for each child. A 95% CI for this rank correlation was
calculated using a non-parametric bootstrap approach by re-
sampling individuals with replacement in the original dataset.
This ensured a proper handling of the dependence in the data
since each individual had two pairs of measurements.

Results
Modeling

Motor performance for standing on one leg, tandem stance, and
hopping on one leg was adequately described by the full pro-
portional odds model (p >.547; likelihood ratio test compared
to a multinomial logit model). However, a partial proportional
odds model was used for the tasks walking on a straight line and
jumping sideways (p <.015; likelihood ratio test compared to a
full proportional odds model). No evidence of a significant lack
of fit was observed for any of the five tasks (p >.548).

Developmental course

Panels in the top row of Fig. 1 illustrate the evolution of the
expected ordinal score calculated on the five tasks as a func-
tion of age and sex. Lower scores indicate better performance.
All tasks featured a marked developmental trend (p <.001).
With the exception of jumping sideways, girls performed bet-
ter than boys in all gross motor tasks, but the gender difference
was statistically significant only for standing on one leg
(p=.002) and walking on a straight line (p =.048). Panels in
the bottom row of Fig. 1 illustrate how the corresponding
expected cumulative probability of obtaining a score below
or equal to some value &, with ke {0, 1,2, 3}, varies as a
function of age and sex.

Reliability

Test-retest reliabilities of all tasks are provided in Table 2 (see
Appendix for more details) and were estimated from the data
on 37 children between 3 and 6 years of age. Children were
tested twice with just 1 week in between the two tests. The
same experimenter did the two assessments and the same
room was used in the child care centers and kindergartens.
At the individual task level, the test-retest reliability was rela-
tively low in this cohort, with rank correlation coefficients
ranging from .17 for tandem stance to .43 for jumping side-
ways. However, at the component level, the rank correlation
coefficients reached .41 for SB and .67 for DB, with the total
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Table2  Test-retest reliabilities (rank correlation coefficients) for single
tasks and components of the ZNA-Q and rank correlations between com-
ponents of the ZNA-Q and ZNA-2, with 95% confidence intervals
(brackets)

Test-retest Rank
reliability correlations
(N=37) with ZNA-2
Static balance
Standing on one leg (D/ND) .39 [.08; .64]
Tandem stance A7 [-.17; 47]
Dynamic balance
Hopping on one leg (D/ND) 41 [.10; .65]
Walking forward on a straight line 39 [-.08; .64]
Jumping sideways 43 [.12; .66]
Components
Static balance 41 [.09; .65] 481.03;.68]
Dynamic balance .67 [.44; .82] .50[.20;.75]
Total composite score .70 [.48; .84] .61[.24;.75]

score of the whole test reaching .70 (95% CI1 [.48; .84]). Intra-
and inter-tester reliability values on the items are available
online in an earlier work of the same group (Table SIII; as
referenced in [13]).

Correlation with SB and DB from the ZNA-2

The rank correlation between the composite scores for SB of
the ZNA-Q and the ZNA-2 was estimated at .48 while the
rank correlation for DB between ZNA-Q and ZNA-2 was .5.
The rank correlation for the SB and DB scores together be-
tween the two tests was .61. Due to the limited sample size, the
uncertainty associated with these estimates was large, with the
lower bound of the 95% Cl being .03, .20, and .24 for SB, DB,
and the total score, respectively.

Discussion

Developmental trends for 5 gross motor tasks of typically
developing children are reported in this study. These 5 tasks
form the core of the ZNA-Q, a tool which enables a rough
estimate of gross motor development in children between 3
and 6 years in a time of only 5 min. No similarly quick tool is
currently used in pediatric practice, and we hope that this
simplified test allows over- and underachievers to be identi-
fied more casily.

It is known that children undergo huge developmental
leaps in their motor development between being a toddler
and becoming a child. Below 2 years, motor development is
described predominantly with motor milestones [4, 5, 21],
which can only inform us about the first occurrence of certain
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tasks. Two commonly used assessment tools provide mean-
ingful measurements from age three [10, 13]. However, these
measurements take at least half an hour to complete and are
therefore not practical for screening purposes. Other instru-
ments cannot be used as they do not include children of age
three [6, 9, 15]. An investigation into the construct of motor
competence in early childhood used Rasch modeling as a test
for motor proficiency in 4- to 6-year-old children [27]. This
modeling can also be used to assess 3-year-olds [25].
However, even the short form consists of 12 items comprising
fine motor tasks and tasks with balls and therefore taking too
long. As we were aiming to make a quick developmental test
on gross motor development for 3—6-year-olds, we could not
use any of the existing tests.

With the ZNA-Q, we focus on the development of gross
motor abilities, described by Burton and Miller [7] as general
traits or capacities of an individual, as the basis of a variety of
motor skills. Of these general traits, we are interested in gross
locomotor skills used in a range of movements to transport the
body from one location to another including standing [24].
While fine motor performance is also important for the global
evaluation of motor abilities in infants [22], the assessment of
fine motor performance is less complicated and easily testable
with other tools [10, 14]. As we wanted to build a pre-
screening tool for the quick assessment of motor performance,
we chose to focus on gross motor abilities in the ZNA-Q. Our
interest in the general traits of infants’ gross motor develop-
ment led us to apply the holistic model of movement compe-
tence proposed by Rudd et al. [22]. According to this model,
locomotor, object control, and body coordination develop as
intrinsic aspects of movement competence. However, several
articles have reported that cultural background [2, 3] and sex
[17, 20] have an impact on motor proficiency. In this article,
we explore firstly the general traits of the child, independent of
environment or sex, and secondly, the locomotor part (going
from A to B) of motor development. Testing children below
age six who are not yet competitive and are not very compe-
tent on tasks in which speed and distance are measured, re-
quires a tool such as the ZNA-Q to bridge this gap between
toddler and child. This implies that assessments which apply a
product-oriented approach cannot be used; a process-oriented
approach is likely to be more informative [19].

Earlier work by the same group on this topic [12] included
some items that are no longer present in the ZNA-Q. The items
rising, running, and jumping down do not distinguish suffi-
ciently between children due to too little variability after age
three, and for this reason, are not suitable for screening at this
developmental age. Conversely, some other items were added
as easier versions of tasks in the ZNA-2. Yet, because many
preschool children, especially the 3-year-olds, are unable to
perform some tasks (especially on DB), the use of ordinal scales
allows the inability to perform to be treated simply as the lowest
category of motor performance without relying on more
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complex approaches such as that used in the ZNA-2 with the
PMDA algorithm [14, 26].

The test-retest reliability of the total score in the ZNA-Q
was estimated at .70, which we consider acceptable given the
context, for two reasons. First, as a simplified and shorter
version of the ZNA-2, the ZNA-Q contains fewer tasks and
thus may be expected to have a lower test-retest reliability
than the complete test battery, which was estimated at .8
[14]. However, one should recall that the ZNA-Q only focuses
on gross motor skills while the ZNA-2 also includes fine and
pure motor tasks and contralateral associated movements. The
SB and DB components in the ZNA-2 were the least reliable
dimensions, with test-retest reliabilities of .67 and .78 for SB
and DB, respectively [14]. The test-retest reliability of the
ZNA-Q is thus comparable to that observed for the corre-
sponding dimensions of the ZNA-2. Secondly, and more im-
portantly, the ZNA-Q only considers preschool children from
3 to 6 years old, while the ZNA-2 was developed for children
and adolescents from 3 to 18 years of age. Preschool children
are naturally not very stable in their behavior [1], and such
behavioral instability has a direct impact on the variability of
motor performance. This is especially true for those as young
as age three. As a consequence, the test-retest reliability in this
population of very young children is anticipated to be lower
than that measured in older children and adolescents. It should
be noted that, if we exclude 3-year-olds (rz =4) from our sam-
ple, the test-retest rank correlation increases somewhat, from
.70 to .74. This effectively supports the fact that motor perfor-
mance in younger children is inherently more difficult to as-
sess than that of older children. With these considerations in
mind, the test-retest reliability of the ZNA-Q appears to be
broadly comparable to that of the ZNA-2, which is used in
clinical practice. Moreover, we believe it is difficult to reason-
ably expect a better result when considering preschool chil-
dren as young as 3 years of age. Nonetheless, additional in-
vestigations of the test-retest reliability of the ZNA-Q should
be conducted on a larger sample, because our sample (N =37)
was limited in size, which resulted in very large confidence
intervals for rank correlations.

The correlation of .61 between composite scores of the
ZNA-Q and ZNA-2 indicates that the two tests measure some
common traits of gross motor skills but do not necessarily
capture the exact same information. This may be partly ex-
plained by the tasks included in and excluded from the ZNA-
Q. However, we note that while the test-retest reliability mea-
sures the agreement between results obtained with the same
child at two different occasions using the same test, the corre-
lation of .61 between the ZNA-Q and the ZNA-2 also incor-
porates between-test variation. Despite this additional source
of variability, the inter-test reliability thus appears fairly close
to the test-retest reliability, which again means that we cannot
expect to achieve a much higher inter-test reliability than we
observed in this study. Nevertheless, although the ZNA-Q

may capture slightly different information from the SB and
DB components of the ZNA-2, the clear developmental trends
observed in all tasks incorporated in the ZNA-Q suggest that
this test is applicable as a pre-screening tool for gross motor
performance in preschool children to assess the current devel-
opmental status of the child in clinical practice.

The ZNA-Q was established with a cohort of typically
developing children. Because this cohort included few chil-
dren with gross motor problems or delay, future research
should focus on children with motor difficulties and how re-
liably the ZNA-Q is able to identify them.

Acknowledgments We gratefully acknowledge the support of the pres-
idents’ conference of the public schools in Zurich and the educators and
teachers of the child care centers and Kindergartens for their help with
recruitment.

Authors’ contributions THK: Designed the study, acquired funding, per-
formed data collection, coded and analyzed the corresponding data, and
wrote the manuscript

AC: Performed statistical analysis and modeling

EK: Performed data collection and coded the corresponding data

JC: Performed data collection and corrected the manuscript

VR: Assisted in statistical data analysis

RHL: Contributed to the draft and gave advice on the assessment tools

OGI: Designed the study, acquired funding, corrected final draft of the
manuscript

All authors reviewed and edited the manuscript

Funding This study was supported by the Swiss National Science
Foundation, grant no. 32003B_ 153273, the Largo, Maiores and
Giedion Risch Foundation.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Informed consent Informed consent was obtained from all individual
participants included in the study. Parents provided written informed con-
sent for their participating child and children consented orally.

Statistical appendix
Multinomial regression model

A multinomial regression was used to model observed ordinal
scores for each task separately. More specifically and for any
particular task, the random variable Y; describing the ordinal
score of child i (whose observed score is y;) was modeled as a
function of linear age and sex, such that

(k
log(l]—);fi(zf)) = Bok + Bieage; + Bysex; kef0,1,2,3, 4}
where
pi(k) = P(Y,;<k|age;, sex;) (1)
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refers to the (cumulative) probability to obtain a score smaller
or equal to k given the age and sex of the child, and By, Bis
and (3, are regression coefficients that depend on the score
level k. Constrained versions of this model that contain fewer
parameters were also fitted for comparative purposes. For ex-
ample, a partial proportional odds model where the effect of
sex is assumed constant across levels was fitted by letting
Box= 3> for all k. A full proportional odds model where the
effect of both age and sex is constant across levels was also
fitted by letting 5y, = 1 and (B, = 3, for all k. Goodness-of-fit
was assessed using a chi-square test by comparing observed
and predicted frequencies in each ordinal category for differ-
ent age groups (3—4, 4-5, 56 years) and sex.

Visualizing the developmental trend

The developmental trend was visualized by plotting the ex-
N 4 -
pected ordinal score S(age,sex) = Y. k-P(Y = k|age, sex)
k=0

as a function of age and sex, where P(Y = k|age, sex) is the
predicted probability (derived from the model) of obtaining a
score k given age and sex. Additionally, the estimated cumu-

N k.
lative probability P(Y <k|age,sex) = Y. P(¥Y = jlage, sex)
=0

was also plotted as a function of age and sex.

Calculation of standard deviation scores (SDS)

For each particular task, an unbiased estimate of the percentile p I*
associated with the observed score y; of child i was calculated as

L_Bi)
2

l_ﬁi()’i_l) +pi(n)
2

R yi=0

P =
0<y=<4

with p;(k) defined in Eq. (1). This percentile was then converted
into a standard deviation score (SDS) z; = & (ﬁ; ) with &
denoting the standard normal cumulative distribution function.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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