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Abstract

Background: Inertial sensors are increasingly useful to clinicians and researchers to detect gait
deficits. Reference values are necessary for comparison to children with gait abnormalities.

Objective: To present a normative database of spatiotemporal gait and turning parameters in 162
typically developing children and young adults ages 5-30 utilizing the APDM Mobility Lab®
system.

Methods: Participants completed the i-WALK test at both self-selected (SS) and fast as possible
(FAP) walking speeds. Spatiotemporal gait and turning parameters included stride length, stride
length variability, gait speed, cadence, stance, swing, and double support times, and initial contact,
toe-off, and toe-out angles, turn duration, peak turn velocity and number of steps to turn.

Results: Absolute stride length and gait speed increased with age. Normalized gait speed,
absolute and normalized cadence, and stride length variability decreased with age. Normalized
stride length and all parameters of gait cycle phase and foot position remained unaffected by age
except for greater FSA in children 7-8. Foot position parameters in children 5-6 were excluded
due to aberrant values and high standard deviations. Turns were faster in children ages 5-13 and
7-13 in the SS and FAP conditions, respectively. There were no differences in number of steps to
turn. Similar trends were observed in the FAP condition except: normalized gait speed did not
demonstrate a relationship with age and children ages 5-8 demonstrated increased stance and
double support times and decreased swing time compared to children 11-13 and young adults
(ages 5-6 only). Females ages 5-6 demonstrated increased stride length variability in the SS
condition; males ages 7-8 and 14-30 had increased absolute stride length in the FAP condition.
Similarities and differences were found between our values and previous literature.

Significance: This normative database can be used by clinicians and researchers to compare

abnormal gait patterns and responses to interventions.

Keywords
gait; normative; APDM MobilityLab®; inertial sensors; children

1. Introduction

The analysis of gait is critical in evaluating the effectiveness of interventions for children
with motor impairments. Gait requires complex neuromuscular coordination [1, 2] and
walking forms a key part of development by allowing the child to explore and interact with
the environment. Reference values from typically developing children and young adults are
therefore necessary to inform clinicians and researchers on typical gait maturation patterns,
guide clinical practice and compare motor outcomes in children with gait abnormalities.
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Gait analysis tools such as visual observation, questionnaires, and timed tests including the
Timed Up and Go (TUG) and two-minute walk tests are commonly used by clinicians and
researchers but may be limited in their clinical usefulness because some are qualitative
measures and are not sensitive enough to detect subtle but important changes in movement
patterns [1, 3, 4]. In contrast, more quantitative gait analysis tools such as the GAITRite®
are limited by the relatively short length of the walkway and inability to measure trunk
motion, turning, and upper extremity parameters frequently impaired in clinical populations
with neurological impairments. Other methods including 3D motion capture are prohibitive
in their clinical utility due to cost, lack of portability or difficulty of use [1, 3].

Inertial sensors provide a useful alternative and are relatively low cost, easy to transport, and
more objective than traditional clinical assessments [1, 4-6]. Increasingly popular to
investigate gait, balance and functional mobility impairments in neurological populations
including Parkinson’s Disease [7-9], cerebellar ataxia [5, 10], multiple sclerosis [11-13],
and traumatic brain injury [14-16], inertial sensors have added benefits in both pediatric and
neurological populations. They are easy to apply, do not limit gait analysis to a given space
or walkway, and do not restrict natural movement patterns [6]. One such system, the
commercially available APDM Mobility Lab® Opal system, utilizes accelerometers,
gyroscopes, and magnetometers to measure spatiotemporal parameters of gait and turning
while participants perform standard gait and functional mobility assessments such as the
TUG and two-minute walk tests [17, 18]. The Mobility Lab® system has been shown to be
valid and repeatable in healthy young adults [4], and was partially validated in typically
developing children (ages 3.0-8.3) against 3D motion analysis [6], but test-retest
repeatability in children is still lacking.

Previous studies have presented normative data for spatiotemporal gait parameters in
children utilizing 3D motion capture [19] and GAITRIite® [20-23]. A partial normative
database utilizing the APDM Mobility Lab® system has been established in adults [1], but
has yet to be established in children. Such a database will enable the more than 1000 users
of this system to reliably compare gait measures obtained in pediatric populations with gait
impairments [24]. Therefore, the purpose of this study was to 1) present a normative
database of spatiotemporal gait parameters in healthy children and young adults 5-30 years
and 2) analyze age specific changes in spatiotemporal gait and turning parameters using the
APDM Mobility Lab® system.

Methods

2.1 Participants

A total of 175 typically developing children and young adults was recruited from the local
community through school systems, park districts, and health fairs in the Chicago
metropolitan area and through students, friends or family members of employees from Rush
University Medical Center (RUMC) or the NIH Clinical Research Center, Bethesda, MD.
Inclusion criteria were typically developing children and young adults of both sexes ages 5-
30 years and ability to follow verbal directions. Exclusion criteria included any known
neurological, developmental, neuromuscular, and/or orthopedic impairments, inability to
follow directions, requiring an assistive device for ambulation and current or past medical
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diagnoses affecting balance. Approval was obtained from both the RUMC and NIH IRBs.
All participants, or their parents/legal guardians for those under 18 years, provided signed
written consent.

2.2 Data Collection

Demographic measures were: age, sex, height (cm), weight (kg), BMI (kg/m?) and ethnicity.
Participants were instructed to wear comfortable clothing and standard walking or gym
shoes. Tests took place in school gyms or hallways with minimal distractions. Each
participant was given standardized instructions prior to each session and before each
condition.

Gait analysis was performed using the APDM Mobility Lab® six Opal inertial sensor
system (APDM Mobility Lab 2®; Oregon, Version 2.0.0.201903301). Participants wore six
sensors over their clothing: on the dorsal aspect of each foot and wrist, on the lumbar trunk
at approximately L5, and approximately two centimeters below the sternal notch. A laptop
wirelessly collected data from the sensors which was processed by the Mobility Lab 2®
software containing the instrumented walk test (i-WALK) plug-in from which
spatiotemporal parameters of gait and turns were quantified using algorithms developed by
the manufacturer. The i-WALK was performed along a 25 meter walkway under two
conditions: 1) walking at a self-selected pace (SS); and 2) walking as fast as possible (FAP)
without running. The FAP condition was included because numerous studies investigate fast
paced gait as measures of both endurance and locomotor skills [25-27]. Both conditions
were performed on a flat, straight, non-carpeted surface and both ends of the walkway were
designated by two cones and bright masking tape. The test administrator demonstrated the
task and instructed the participant to remain still for approximately 5 seconds before and
after test completion. A three second countdown started each test. The participant walked
from one end of the walkway towards the opposite end at a self-selected pace, pivot turned
180 degrees and returned to the starting line, repeating the procedure until two minutes
elapsed. The participant was given two minutes to rest if needed before repeating the
procedure in the FAP condition.

Data was stratified into six age groups: 5-6, 7-8, 9-10, 11-13, 14-21 and 22-30 years old.
These groups were chosen based on precedence in the literature examining gait differences
between similar age groups [19-23, 28, 29]. Prior research also suggested that gait may not
be mature until age 12 or 13 [20, 28], leading to the selection of 14-21 years olds as one
category. The 13 metrics selected for analysis were chosen a priori from 74 gait and turn
metrics provided by the APDM Mobility Lab V2.0 system as these metrics are most
typically reported in the literature examining gait and turn abnormalities in children and
commonly investigated in normative gait studies [1, 19-23, 28, 29]. The parameters selected
for this study included: stride length, stride length variability (Coefficient of variation (CoV)
= SD/mean), gait speed, cadence, stance, swing, and double support times, foot strike angle
(FSA), toe-off angle (TOA), toe-out angle, turn duration, peak turn velocity and number of
steps to turn. A turn is defined by a sustained heading change greater than 45 degrees from
the line of progression. Illustrations with definitions of foot angles are included in
Supplementary Figure 1. It should be noted that the algorithm in Mobility Lab V2.0 for
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stride length calculation was changed from V1.0; it uses zero velocity updates and does not
require any type of correction or calibration that relates to the stature or anatomy of the
subjects. However, due to precedence for the use of normalization procedures in the
pediatric gait literature [19, 21-23, 28, 29], we additionally expressed stride length, gait
speed and cadence as a % of total height. Normalization to height, as has been done in
previous studies [21-23], was chosen over leg length for increased efficiency for clinicians
and researchers utilizing the APDM Mobility Lab system.

2.3 Data Analysis

Descriptive statistics were applied to all parameters (means and SD), and data was analyzed
using SPSS 19.0 and SAS 9.4 software. Data distributed more than three SD from the mean
were excluded as outliers (SS: n=13; FAP: n=9). Normal distribution of variables was
checked using the Kolmogorov-Smirnov and Shapiro-Wilk normality tests. Intraclass
correlation coefficients (ICCs) were calculated for bilateral gait variables between the right
and left side. ICCs were high for FSA (0.98) and TOA (0.95), swing and stance phase times
(>0.99) and stride length (0.95); therefore, these bilateral values were averaged for statistical
analysis as in the literature [19-21, 23, 25, 26]. Toe-out angle ICC was 0.29, also reported as
low or fair in prior studies [21, 22]. Stride length, velocity and cadence were normalized to
height (% stature) and subjects were categorized as normal weight (18.5kg/m?<BMI1<28
kg/m?2) or obese (BMI>28 kg/m?2). The effects of age, sex and the interaction between age
and sex on gait performance was explored using a two-way ANOVA. A one-way ANOVA
with Tukey’s HSD post hoc comparisons was used to assess differences between age groups
to control for multiple comparisons. Two-sample t tests were used to compare differences
between sexes. Significance was set to p<0.05.

3. Results

3.1 Participant Demographics

Demographics of the 162 participants included in the analyses are presented in Table 1. Five
subjects were in the obese category: four in the 14-21 age group and one in the 9-10 age
group. No significant differences were found between obese and non-obese subjects. 62%
percent of participants were Caucasian, 14% were African-American, 12% were Hispanic,
7% were Asian, and 5% were mixed-race.

3.2 Self-selected (SS) Walking Pace

Means and SD for all parameters in the SS condition are presented in Table 2. When male
and female values were found to be significantly different they are reported separately. Age
impacted all gait parameters except double support time and the number of steps to turn,
whereas sex only affected cadence and normalized gait speed (p=0.0005 and p=0.007,
respectively), where both were significantly higher in females (Table 4). The interaction of
age and sex was significant in stride length variability (p=0.006), with post-hoc comparisons
demonstrating greater variability in females ages 5-6 (p<0.0001).

Significant differences between children and adults were observed across all gait domains
except gait phase cycle (Figure 1; p-values are presented in Supplemental Table 1). Absolute
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stride length progressively increased with age, where children ages 5-13 had shorter stride
length than young adults. After normalization to height, no differences in stride length were
observed between age groups. Absolute gait speed was slowest in children 5-8, while
normalized gait speed was fastest in children ages 5-10 and progressively decreased with
age. Stride length variability decreased with age and was greatest in children ages 5-6
compared to all older age groups and in children 7-8 compared to the two oldest age groups.
Absolute cadence decreased with age, with children ages 5-10 walking more steps per
minute than older age groups at least two respective age tiers above. Similarly, normalized
cadence decreased progressively with age and was higher in children 5-13 years compared
to all older age groups. Time spent in swing, stance, and double support phase did not differ
between age groups.

Toe-out angle was aberrant in children ages 5-6, with negative values and a large SD (25.52
+ 54.12 degrees). Similarly, all measures of foot position in children 5-6 years also had large
SDs; therefore, these values were excluded from the reference table. Children 7-8 years
showed greater FSA than adults, but these values may also be invalid for the same reason
(SD=19.06). No other differences were observed for foot position. Children ages 5-13 had
faster turns than the two eldest age groups with higher peak velocity and shorter turn
duration. No differences were observed in number of steps to turn.

3.3 Fast as Possible (FAP) Walking Pace

Means and SD for all parameters in the FAP condition are presented in Table 3. Age
impacted all parameters except normalized stride length and number of steps to turn,
whereas sex affected absolute gait speed, stride length and all three gait cycle phases (Table
4). Absolute gait speed, stride length and time spent in swing were greater in males
(0=0.0008, p=0.002, and p=0.01, respectively), and time spent in stance and double support
were greater in females (0=0.01 and p=0.02, respectively). The interaction of age and sex
was significant in absolute stride length (p=0.001), with post-hoc comparisons
demonstrating greater absolute stride length in males in the 7-8, 14-21, and 22-30 year age
groups (0=0.03, p=0.0009, and p<0.0001, respectively).

Age-related differences in the FAP condition are shown in Figure 2 with p-values presented
in Supplemental Table 1. Absolute stride length progressively increased with age, and was
longer in adults compared to children ages 5-13. After normalization, no differences in
stride length were observed. Absolute gait speed increased with age, with children ages 5-10
and adolescents 14-21 walking slower than young adults. Normalized gait speed was faster
in children ages 7-8 compared to 14-21 year olds. Stride length variability was greatest in
children ages 5-6 compared to all older age groups and in children 7-8 compared to adults.
Absolute cadence was greatest in children ages 5-10, reaching adult-like patterns by ages
11-13, whereas normalized cadence did not reach adult-like patterns until 14-21 years.
Children ages 5-6 spent more time in stance phase and less time in swing phase than adults
and children 11-13 years.

Similar to the SS condition, toe-out angle was aberrant in children ages 5-6; therefore, this
data was also excluded from the reference table. There were no other differences in foot
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position. Peak turn velocity and turn duration in children ages 7-13 were both faster than
adults. There were no differences in number of steps to turn.

4. Discussion

This is the first study to present normative spatiotemporal gait and turn parameters derived
from the commercially available APDM Mobility Lab ® Opal inertial sensor system in
typically developing children and young adults ages 5-30. As a system that is increasingly
used in clinical practice and research [1, 5, 7, 10, 12, 14-16, 30], clinicians and investigators
can now use this reference data to compare to pediatric populations with gait impairments.

Our findings of increasing absolute stride length and gait speed and decreasing cadence with
advancing developmental age in both speed conditions supports previous findings [19-23,
28, 29] and is likely to be related to increasing stature. This was supported by our finding
that stride length normalized to height did not vary between age groups in either condition,
also similar to prior findings in which normalization was applied [19, 21, 28, 29]. In contrast
to prior studies in which normalized gait speed and cadence remained stable in children ages
6-10 [19] and between children 5-13 and young adults 18-27 years [28] we found that
normalized gait speed and cadence decreased with age, reaching adult-like patterns by ages
14-21 in the SS condition. Discrepancies between our findings and those of prior studies
may be due to the exact normalization method. Some used leg length [19, 28, 29] and others
used height [21-23], which may underlie the differences obtained depending upon the
developing anthropometrics of the entire body versus the lower extremity alone.

Our values for all gait cycle parameters in the SS condition were similar to prior findings
[21, 23] with no differences between age groups. These results are somewhat in contrast to
another report where young adults demonstrated increased stance and double support time
compared to children [28]; however their values in young adults for double support time
(18.6%) were more similar to our values across all age groups (~16-17%) than those they
obtained in children ages 5-13 (13.5%). Walking speed influenced gait cycle parameters,
such that children ages 5-6 spent more time in stance phase and conversely less in swing
time than adults and children 11-13 in the FAP condition. Younger children may still be
developing gait stability requiring more time in stance to enhance stability at faster walking
speeds.

Previous normative studies have been limited by the inability to capture trunk motion and
ankle position utilizing GAITRIite® [20-23, 28, 29], or by the area available for motion
capture [19]; therefore this is the first study to present normative data on turns, FSA and
TOA in children. Children ages 5-13 turned faster in both speed conditions while number of
steps to turn remained constant. Higher FSA in children ages 7-8 suggests that ankle
stability may still be developing in young children. However, it is worth mentioning that all
measures of foot position in children ages 7-8 demonstrated high standard deviations,
possibly reflecting the maturation of the neural control mechanisms for gait stability. Our
adult values for FSA were very similar to those of a previous normative study using the
APDM system in adults [1], however, this was not the case for TOA, for which our values
were much lower. Additionally, our average TOA is higher than the motion capture literature
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(~20 degrees plantarflexion) [19, 31], likely due to differences in how Mobility Lab 2®
defines these angles relative to the horizontal surface versus the actual ankle angle. We posit
that the aberrant values obtained for toe angles in children ages 5-6 were abnormal because
the algorithms used in the Mobility Lab 2® system were derived based on an adult model
reference which would likely create errors when calculating these metrics in shorter
children.

Similar to prior findings [19-21, 23, 28], there was no significant interaction of age and sex
for all parameters in the SS condition, except for increased stride length variability in
females 5-6 years old. Stride length variability was highest in this age group and achieved
adultlike levels by age 9 in both conditions. Increased variability in younger children could
be related to either the maturation of the neural control mechanisms for gait stability or
increased distractibility in younger children, a hypothesis posited by Dusing & Thorpe [21].
Sex differences became apparent with fast walking in ages 14-30, where males
demonstrated longer absolute stride length, likely due to increased height in adolescence;
this finding supports prior hypotheses that sex differences may not become apparent until
adolescence [23].

Sutherland et al. [32] suggested that most gait patterns achieve adult-like levels by age 4.
Our results are in contrast to this hypothesis with the majority of our gait parameters in the
SS condition achieving adult-like patterns by ages 9-10 (absolute gait speed), 11-13
(absolute cadence) or ages 14-21 (absolute stride length, normalized gait speed and
cadence). In fact, greater stride length variability in children ages 5-6 as well as large
standard deviations for all measures of foot position in children 7-8 suggest that these
components of gait may still be maturing in younger children. These results align with prior
hypotheses that gait may not be mature until age 12 [20] or 13 [28].

One limitation of this study is that our values of FSA and TOA were not consistent with
prior studies [1, 19, 31]. Thus, further validation of these measures in both children and
adults is recommended. Another limitation is that data collection occurred in large
gymnasiums or hallways. All attempts were made to avoid distractions from activities in the
surrounding building, however some children may have become distracted during testing. In
addition, some of the younger children appeared to want to walk fast in the SS condition
while others did not. When this occurred we would restart the trial and repeat the directions
to walk at a normal self-selected pace. We believe that our results are valid and that there are
indeed inherent natural differences in self-selected and fast walking speeds in both children
and adults without gait abnormalities that would also be present in a clinical setting.
However, the gait and turn metrics obtained in the present study would be most applicable to
a very similar walking track and duration versus aggregation of shorter discrete trials. Prior
studies have shown that walking speed and gait variability measures are higher during
discrete trials, compared to continuous trials, perhaps due to disruptions in gait rhythm with
greater number of turns [33, 34]. Finally, test retest reliability studies using the APDM®
inertial sensor system are lacking in children and are recommended in future work.
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5. Conclusion

This study provides meaningful and clinically relevant normative spatiotemporal gait and
turning values using the commercially available APDM® inertial sensor system in children
and young adults ages 5-30. As this system is increasingly utilized for gait analysis by
clinicians and researchers, other groups can now compare their results in children with
atypical gait and/or children in research studies investigating response to interventions to a
relatively large reference of typically developing children and young adults. This work also
contributes significantly to the body of literature regarding the maturation of gait.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Normative gait metrics using the APDM® system in 5-30 year olds are
provided.

Database allows comparisons to children and young adults with abnormal
gait.

This work contributes to the literature regarding gait maturation.
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Coefficient of variation = SD/mean; FSA, foot strike angle; TOA, toe off angle. Significant
differences between age groups are noted as *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001
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