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Abstract
Mitochondrial disorders are multisystem conditions that can potentially affect gait in many ways. The aim of this study was to
select the optimal protocol to quantify the spatiotemporal parameters of gait in ambulatory children with mitochondrial disorders
based on feasibility, test-retest reliability, and the difference between patients and controls. Gait at self-selected pace was
quantified in ambulatory children with a genetically confirmed primary mitochondrial disease using the GAITRite electronic
walkway. Three protocols were tested: pre-exercise, post-exercise (after a 3-min walking test), and recovery. In 14 ambulatory
patients, we showed good to perfect reliability for velocity, cadence, step length, step time, step time variability, and step width in
the recovery condition. The difference between patients and 70 individually age- and gender matched healthy controls only
became apparent in the post-exercise protocol. In conclusion, measuring spatiotemporal parameters of gait using the GAITRite in
ambulatory children with mitochondrial disease is feasible and reliable for most of the parameters measured. When using gait
analysis in future studies in children with mitochondrial disease, we advise i) to use an exercise test prior to the gait analysis, ii) to
let children practice the test before the actual data collection, and iii) not to use symmetry parameters.

Introduction
Mitochondrial disorders are multisystem conditions that can
potentially affect gait in many ways. Since mitochondria are
present in almost all cells of the human body, signs and symptoms of all organs may arise, though they are generally most
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pronounced in the organs with the highest energy consumption
(Koopman et al 2016). Mitochondrial disorders are caused by
mutations in one of the 1150 nuclear genes encoding proteins
involved in oxidative phosphorylation or in mutations in the
small circular mitochondrial DNA (Pagliarini et al 2008; Calvo
et al 2016). Mitochondrial DNA (mtDNA) mutations are coexistent with healthy mtDNA in variable proportions per cell,
called heteroplasmy. With an estimated total prevalence of
roughly 1/5000, mitochondrial disease is one of the most common inherited neuromuscular conditions of metabolism
(Chinnery and Turnbull 2001).
Currently, there is no definite clinically beneficial treatment
for most mitochondrial patients (Gorman et al 2015). Several
recent collaborative papers of mitochondrial experts around
the globe suggest that validated, clinically meaningful outcome measures should be used to detect clinically relevant
effects of treatments (Pfeffer et al 2012; Pfeffer et al 2013).
Since many mitochondrial disease patients experience difficulties in ambulation (de Laat et al 2012), we and others previously studied gait analysis with the GAITRite electronic
walkway in adults with a mitochondrial disease (Galna et al
2014; Ramakers et al 2017). Both studies showed that the
GAITRite was able to quantify subtle changes in the balance
and strength of these adults with mitochondrial disease and
that reliability of the gait analysis was good to perfect.
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Since 86% of children with mitochondrial disease also experience severe difficulties in walking (Koene et al 2013), we
hypothesized that gait analysis is also a widely applicable and
reliable outcome measure for children with mitochondrial
disease.
The aim of this study was to select the optimal protocol
(with good feasibility and the highest test-retest reliability) to
quantify the spatiotemporal parameters of gait in ambulatory
children with mitochondrial disorders, comparing three different protocols (pre- and post exercise and recovery). Secondly,
the gait pattern of each of the mitochondrial patients was individually compared to five age- and gender matched healthy
controls to gain more insight in which walking parameters
were altered in children with mitochondrial disease. Finally,
validity was assessed by correlating the gait parameters with
the 3-min walking test (3MWT) distance, a measure for functional walking capacity.

J Inherit Metab Dis (2018) 41:731–740

removed. We have focused our gait analysis based on the
model introduced by Lord et al in 2013 (Lord et al 2013).
This model consists of five domains for assessing gait including pace (step length and step velocity), rhythm (step time),
variability (step length and step time variability), asymmetry
(step time asymmetry), and postural stability (step width, step
width variability and step length asymmetry) (Lord et al
2013). Mean velocity, step length, step time, and step width
were calculated for each protocol. Variability of step length,
time, and width was calculated as the root of the mean variance of the left and right foot. Step time- and step lengthasymmetry was defined as the absolute difference between
both feet. Velocity, cadence and average step length were normalized for leg length according to Stansfield et al (Stansfield
et al 2003).

Gait assessment

Methods
Study subjects
Children with a genetically confirmed primary mitochondrial
disease who were able to walk 30 m five times according to
parents were included in this study. Per patient, five individually age- (±0 years) and gender matched healthy controls were
recruited via colleagues within the hospital, sports clubs, and
social media. Exclusion criteria for this study were: any other
disease causing abnormal gait pattern (e.g., orthopedic, other
neurological or neuromuscular diseases) and/or severe behavioral problems. The ethics committee of Arnhem-Nijmegen
region, The Netherlands, approved this study
(NL58062.091.16). Parents and children ≥12 years of age
gave written informed consent before participation.

Measurements
Anthropometric data were collected for each subject before
gait assessment. Leg length was measured as true leg length,
from the Anterior Superior Iliac Spine (ASIS) toward the medial malleolus on both sides. Genetic and clinical data were
collected from the charts.

Gait analysis and data processing
A portable GAITRite electronic walkway system was used to
quantify gait patterns (Platinum model GAITRite, software
version 4.8.5, CIR systems, USA). The system was set up in
a laboratory setting and consisted of a 7 m long walkway with
2 m free walking space at both ends for acceleration (Fig. 1a).
All spatiotemporal gait parameters were captured by the
GAITRite software. Incomplete footfalls and scrubs were

Participants were instructed to refrain from walking for long
distances at the day of the measurements and to come to the
clinic using the hospital transportation or a wheelchair. All
patients rested for at least ten minutes while the study was
explained and informed consent was given.
Children were instructed to walk across the GAITRite-mat
barefoot at their self-selected pace (Bas if you were in your
house^). All subjects started 1 m before the mat and stopped at
least 1 m after the mat (Fig. 1a) to minimize the effect of
acceleration and deceleration.
We have tested three protocols: normal walking at selfselected pace before the 3MWT (pre-exercise protocol; test
1 and 2), and after the 3MWT to test the influence of exercise
(post-exercise protocol; test 3 and 4) and a protocol to assess
the recovery after a 10-min break in which the child sat on a
chair (recovery protocol; test 5), see also Fig. 1b. Each of the
five tests consisted of three walks (trials) across the mat without breaks in between. There was a one-minute break between
test 1 and 2 and between 3 and 4 in which the child sat on a
chair. The order and timing of the protocol was fixed to prevent influences of the exercise-induced exhaustion with the
pre-exercise protocol.
Subjects who were not able to understand the instructions were encouraged by a parent or investigator standing
on the other side of the mat with a motivational toy or
object. If participants were not able to complete three
valid trials within 3 min, the test was noted as Bmissing^.
Cooperation was noted on a self-developed 1–5 scale by
the researcher, where 1 is no cooperation, 2 is cooperation
with distraction and/or lack of understanding of the instructions leading to >2 repeats of trials, 3 is limited cooperation leading to 1–2 repeats of trials, 4 cooperation
with little distraction not obviously affecting the gait, and
5 is complete and direct cooperation.
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Fig. 1 a. Schematic
representation of the GAITRite
walkway setup. Children started
2 m in front of and ended 2 m
behind the actual GAITRite
walkway to ensure they would
have a constant walking speed.
Reproduced with permission of
Biomed Central
b. Gait assessment flowchart. All
subjects completed the same
rotation of trial conditions and
were given the same resting
period. Each condition consisted
of three walks across the
GAITRite walkway

3-min walking test
Between test 2 and 3, the 3-min walking distance test (3MWT;
pylons 25 m apart, standardized every-minute encouragements BOne minute, two more minutes to go, you’re doing
well^) was performed to assess their functional ambulation
capacity and to induce muscular tiredness. The 3MWT instead
of the 6-min walking test was selected because of the higher
feasibility and lower burden to the children. When the child
was not able to comply with the instructions of the 3MWT,
muscular fatigue was induced by playing for 3 min and the
distance of the 3MWT was not noted.

exercise protocol (second test) and the post exercise protocol
(third test) using the paired non-parametrical Friedman test in
non-Gaussian distribution; statistical significance has been defined as p < 0.05 (two-tailed). Correlation analysis was carried
out between the 3MWT and the different gait characteristics
for the pre-exercise protocol (second test) only. Since this is an
explorative study, we did not correct for multiple testing.

Results
Study subjects

Validity
The correlation between gait parameters and the 3MWT was
assessed to test the validity of the spatiotemporal parameters.

Statistical analysis
All data are presented as median and range unless otherwise
specified. To test the reliability of the gait parameters measured with the GAITRite, Intraclass Correlation Coefficients
for agreement (ICCs) were calculated for each study group,
variable and protocol. ICCs above 0.7 were defined as ‘acceptable’, above 0.8 were defined as ‘good’ and above 0.9
‘perfect’. Furthermore, we tested differences between patients
and their healthy age- and gender matched controls at the pre-

Fourteen ambulatory children with genetically-confirmed mitochondrial disease and 70 age- and gender matched controls
were included in this study (Table 1). Because two 10-year-old
boys with mitochondrial disease were included and insufficient
10-year-old controls could be recruited, they were matched to
three or four 10-year-old and two or one 11-year-old boys each.
The physical characteristics of the patients and controls are
present in Table 1 and the disease specific characteristics of
the patients are presented in Table 2. The most common signs
and symptoms of the patients were exercise intolerance (n = 10)
and psychomotor retardation (n = 5). Six out of 14 children
carried the m.3243A > G mutation (heteroplasmy percentages
in urinary epithelial cells 61–96%). Patients had significantly
shorter leg length compared to controls, but height, weight, and
BMI showed no statistically significant differences (Tables 1
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Table 1 Study population
demographics

Patients (n = 14)

Controls (n = 70)

median

range

median

(5–16)
(101–168)

11
154

Gender (% female)

43

Age (years)
Height (cm)

11
147

Difference
(p-value)

range

43
(5–16)
(109–187)

0.05
0.11

Weight (kg)

38.2

(14.9–57.0)

41.2

(17.7–108.5)

0.63

BMI (kg/m2)
Leg length (mean)

17.8
75

(13.9–21.2)
(46–85)

18
82

(12.8–33.3)
(53–100)

0.75
0.02

3-min walking test (distance, m)

215

(131–283)

235

(180–370)

0.03

Cooperation first test (1–5 scale)

5

(2–5)

5

(3–5)

0.03

Cooperation second test (1–5 scale)
Cooperation third test (1–5 scale)

5
5

(3–5)
(3–5)

5
5

(3–5)
(3–5)

0.05
0.04

Cooperation forth test (1–5 scale)
Cooperation fifth test (1–5 scale)

5
5

(2–5)
(2–5)

5
5

(3–5)
(4–5)

0.05
<0.001

Cooperation 3MWT (1–5 scale)

5

(2–5)

5

(4–5)

0.06

and 2). Patients had a significantly lower 3-min walking distance compared to their healthy peers (215 m versus 235 m,
respectively; p = 0.03).

exercise); p = 0.008, respectively), these parameters did not
reach statistical significance in patients.

Reliability
Feasibility
All participants completed the full protocol. Three patients
showed low cooperation (<4, meaning that the child was easily distracted or did not understand the instructions leading to
one or more repeats of trials), one patient cooperated, but with
no full understanding of the tasks, and ten patients completed
the protocol fully cooperatively. Of the healthy controls, only
one out of 70 children was not always cooperative, three controls cooperated with no full understanding of the tasks, and
66 controls were fully cooperative. Patients were significantly
less cooperative in almost all protocols (Table 1).

Gait characteristics
Comparisons of the gait characteristics per group for each
protocol are shown in Table 3. Patients and controls showed
no statistically significant differences for the pre-exercise protocol. In the post-exercise protocol, only step length variability and step width variability reached significance (3.8 cm
(patients) versus 3.2 cm (controls); p = 0.02 and 3.5 cm versus
2.7 cm; p = 0.05, respectively). When comparing the spatiotemporal parameters of pre- and post-exercise gait, patients
have an increased step time asymmetry (5.0 ms (preexercise) versus 13.0 ms (post-exercise); p = 0.008). While
healthy controls increase their step length and decrease step
width (3.1 cm (pre-exercise) versus 3.2 cm (post-exercise);
p = 0.02 versus 9.0 cm (pre-exercise) and 8.5 cm (post-

ICCs of the gait parameters for the different protocols are presented in Table 4. In patients, good to perfect reliability was
found for velocity, step length, and step width for all protocols
(ICC > 0.8). When only cooperative patients were assessed in
the recovery protocol, six out of ten parameters showed good or
perfect reliability. Although the ICCs in the clinically more
homogeneous control group tended to be lower, especially for
step width, a similar pattern of the reliability of the parameters
in the various protocols was found in the healthy control group.

Validity
In patients, none of the spatiotemporal gait parameters correlated significantly to the 3MWT distance. In healthy controls,
we only found statistically significant correlations between the
3MWT distance and normalized velocity (r = −0.33; p =
0.006), normalized step length (r = 0.43; p < 0.001), and step
width (r = 0.29; p = 0.03) in the pre-exercise protocol.

Discussion
To our knowledge, this is the first study to investigate the feasibility and same day test-retest reliability of gait analysis in
children with genetically-confirmed mitochondrial disease.
This exploratory study in 14 ambulatory patients showed good
feasibility of the GAITRite in quantifying the spatiotemporal
parameters in this population. We found good to perfect

Dummy

5
9

13
14

10
10
12
13
8
15

16
10
5
15

M
M

M
F

M
M
F
F
M
M

M
F
F
F

Mutation

c.788_794del
m.08649_
16084del
7435bp
m.3243A>G
c.442A>G;
c.1519G>A
MT-TL1
m.3243A>G
MT-TL1
m.3243A>G
MT-TL1
m.3243A>G
MT-TL1
m.3243A>G
MT-ATP6 m.09185t>C
MTFMT c.626C>T;
c.766C>T
MT-TL1
m.3243A>G
MT-TI
m.04300A>G
NDUFS7 c.364A>G
AGK
c1131+5G>A

TAZ
mt
deletion
MT-TL1
RARS

Gender Age Gene

Table 2

87 (U)
100 (M)

61 (U)
81 (U)
93 (U)
71 (U)

96 (U)

30 (U)

Heteroplasmy
(%)

MELAS
MICM
Leigh-like
Sengers

Leigh
Leigh

Barth
CPEO

EM
M
E
M

M
M
EM
M
EM
EM

M
E

M
M

+
+

+
+

+

+
+
+

+
+

+

+

+

+

+

+

+

+

+

+
+

+
+

+
+
+
+
+

+

+

+

+

+

+

+

+
+

+

+

+

+
+

+
+
+
+
+

+
+

+
+

Mitochon- Myopathy, Wheelchair Psychomotor Ataxia Exercise
Muscle
Cardiom- Hearing Vision Contracture Scoliosis Coopedrial
encephalo- for long
retardation?
intolerance weakness yopathy loss
loss
of achilles
rative
syndrome pathy or
distances?
tendon
encephalomyopathy?
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(cm)
(ms)

(ms)
(ms)
(cm)
(cm)

Step length asymmetry
Step time

Step time variability
Step time asymmetry
Step width
Step width variability

30
5,0
9.8
3.3

1.6
499

120
52
3.7

103

(75–149)

(14–94)
(<0.01–24)
(5.1–22.1)
(2.3–5.2)

(0.2–3.1)
(382–599)

(100–157)
(36–70)
(2.0–6.9)

124

25
9,0
8.8
2.5

1.5
498

120
62
3.1

(83–157)

(14–67)
(<0.01–51)
(3.6–14.7)
(1.1–5.1)

(0.04–4.7)
(358–619)

(97–167)
(33–78)
(1.6–7.9)

29
13
9.8
3.5

1.2
502

120
54
3.8

108

median

(17–80)
(<0.01–33)
(4.0–19.1)
(2.4–6.5)

(0.22–4.9)
(303–589)

(102–198)
(36–73)
(2.3–8.0)

(75–157)

range

24
8.5
8.4
2.7

1,0
499

120
63
3.2

124

median

(12–86)
(<0.01–42)
(3.9–14.5)
(1.4–6.5)

(0.03–4.1)
(363–630)

(95–165)
(30–80)
(1.2–10.6)

(63–163)

range

0.36
0.13
0.18
0.07

0.92
0.54

0.70/0.49#
0.006/0.14#
0.29

0.05/0.25#

Test 2

0.06
0.65
0.06
0.05

0.86
0.7

0.47
0.007/0.10#
0.02

0.20/0.32#

Test 3

Patients versus controls

Difference (p-value)

Differences in gait characteristics between patient and healthy controls, significant p-values below p = 0·05 are shown in bold, # p-value for non-normalized/normalized values

(cm/s)

(step/min)
(cm)
(cm)

Cadence
Step length
Step length variability

range

median

median

range

Patients (n = 14)

Controls (n = 70)

Patients (n = 14)

Controls (n = 70)

Post-exercise protocol (test 3)

Pre-exercise protocol (test 2)

Gait characteristics for the pre-exercise protocol and the post-exercise protocol for patients and their age- and gender matched controls

Velocity

Table 3

1.00
0.008
0.11
0.29

0.29
0.33

0.09
0.11
0.59

0.09

Patients

Test 2 vs 3

0.34
0.81
<0.001
0.06

0.34
0.15

0.70/0.49#
0.03
0.47

0.26

Controls
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Intra class correlations coefficients (ICCs) of the gait parameters for each walking protocol
Pre-exercise protocol (test 1 versus 2)
Patients (n = 14)

Controls (n = 70)

Cooperative patients (n = 11)

ICC

95%CI

ICC

95%CI

ICC

95%CI

Velocity

(cm/s)

0.900

(0.721–0.967)

0.775

(0.662–0.854)

0.941

(0.807–0.984)

Cadence

(step/min)

0.583

(0.132–0.841)

0.908

(0.857–0.942)

0.940

(0.788–0.984)

Step length
Step length variability

(cm)
(cm)

0.971
0.625

(0.911–0.990)
(0.145–0.863)

0.960
0.336

(0.937–0.975)
(0.109–0.529)

0.946
0.547

(0.813–0.985)
(−0.082–0.857)

Step length asymmetry
Step time

(cm)
(ms)

0.162
0.580

(−0.432–0.634)
(0.127–0.893)

0.426
0.934

(0.213–0.600)
(0.895–0.958)

0.211
0.917

(−0.438–0.712)
(0.724–0.977)

Step time variability

(ms)

0.726

(0.357–0.902)

0.394

(0.177–0.575)

0.739

(0.265–0.923)

Step time asymmetry
Step width
Step width variability

(ms)
(cm)
(cm)

0.543
0.980
0.618

(0.0.63–0.824)
(0.914–0.994)
(0.135–0.860)

0.252
0.851
0.463

(0.018–0.460)
(0.771–0.905)
(0.256–0.629)

0.471
0.969
0.529

(−0.084–0.818)
(0.811–0.993)
(−0.101–0.850)

Post-exercise protocol (test 3 versus 4)
Velocity
(cm/s)
Cadence
(step/min)
Step length
(cm)

0.835
0.209
0.972

(0.568–0.944)
(−0.327–0.650)
(0.916–0.991)

0.809
0.935
0.950

(0.710–0.877)
(0.897–0.959)
(0.959–0.984)

0.984
0.970
0.957

(0.934–0.996)
(0.893–0.992)
(0.855–0.988)

Step length variability
Step length asymmetry

(cm)
(cm)

0.699
0.747

(0.277–0.893)
(0.372–0.912)

0.223
0.543

(−0.14–0.435)
(0.356–0.689)

0.698
0.718

(0.180–0.910)
(0.233–0.916)

Step time
Step time variability
Step time asymmetry
Step width
Step width variability

(ms)
(ms)
(ms)
(cm)
(cm)

0.403
0.870
0.411
0.974
0.742

(−0.114–0.756)
(0.645–0.956)
(−0.062–0.753)
(0.917–0.992)
(0.315–0.913)

0.946
0.500
0.430
0.893
0.451

(0.915–0.966)
(0.301–0.658)
(0.222–0.601)
(0.833–0.932)
(0.241–0.620)

0.953
0.841
0.361
0.960
0.709

(0.839–0.987)
(0.508–0.955)
(−0.128–0.755)
(0.863–0.989)
(0.103–0.919)

Recovery protocol (test 2 versus 5)
Velocity
(cm/s)
Cadence
(step/min)
Step length
(cm)

0.977
0.918
0.945

(0.930–0.992)
(0.701–0.975)
(0.837–0.982)

0.766
0.880
0.939

(0.601–0.860)
(0.717–0.940)
(0.903–0.961)

0.973
0.960
0.913

(0.904–0.993)
(0.863–0.989)
(0.719–0.976)

Step length variability
Step length asymmetry

(cm)
(cm)

0.765
0.165

(0.416–0.918)
(−0.370–0.624)

0.277
0.212

(0.044–0.481)
(−0.016–0.422)

0.722
0.082

(0.238–0.917)
(−0.536–0.633)

Step time
Step time variability
Step time asymmetry
Step width
Step width variability

(ms)
(ms)
(ms)
(cm)
(cm)

0.933
0.855
0.380
0.969
0.608

(0.735–0.980)
(0.618–0.951)
(−0.125–0.741)
(0.904–0.990)
(0.122–0.857)

0.888
0.389
0.519
0.782
0.348

(0.731–0.944)
(0.173–0.570)
(0.323–0.671)
(0.672–0.859)
(0.125–0.537)

0.938
0.889
0.263
0.954
0.626

(0.785–0.983)
(0.658–0.968)
(−0.325–0.722)
(0.847–0.987)
(0.081–0.884)

ICCs in italic are good (above 0·80) and ICCs in bold are perfect (above 0·90)

reliability for six out of ten gait parameters in the recovery
protocol. Reliability was highest in the recovery protocol, suggesting that practice is required before the first walk is registered. The difference between patients and healthy controls,
however, only became apparent in the post-exercise protocol.
In this small cohort, none of the spatiotemporal parameters
correlated significantly to the distance walked at the 3MWT.
Gait is an extremely complex process, involving the interaction between the musculoskeletal system and central and

peripheral nervous system. Larger studies in adults with mitochondrial disease showed discrete but statistically significant
differences for velocity, step length, step length variability, step
time variability, and step width variability between patients and
controls (Galna et al 2014; Ramakers et al 2017). Despite
matching the patients individually to five age- and gender
matched controls, we could only detect statistically significant
differences between patients and controls in step length and step
width variability after exercise as performed in the 3MWT.
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However, the gait parameters deviating most markedly from the
age- and gender matched were found in the most severely affected patients, namely the two patients with Leigh syndrome
and the patient with MELAS syndrome. The two ambulatory
patients with ataxia had much milder gait abnormalities. In other
pathologies like Parkinson’s disease, it is known that the variability parameters of gait may be more sensitive to pathology
compared to routine spatiotemporal measures such as velocity
(Hausdorff 2007). The lack of differences between patients and
controls is probably due to the low sample size and the relatively
mild disease severity in our cohort, since a trend toward wider
step width and longer step time variability in the post-exercise
protocol and a trend towards higher step width variability in the
pre-exercise protocols was observed.
We found good to perfect repeatability of velocity, cadence,
step length, step time, step time variability, and step width in our
patients. Our reliability data are comparable to the data obtained
in children with neurological gait disorders and adult patients
with the m.3243A > G mutation, with respect to the reliability
of these spatial gait parameters (Graser et al 2016; Ramakers
et al 2017). In other studies in children with various other neurological conditions, the test repeatability was generally good
(Wondra et al 2007), but tended to be variable between parameters (Thorpe et al 2005; Sorsdahl et al 2008) and populations
(Thorpe et al 2005; Morrison et al 2012). Since both symmetry
parameters showed low repeatability in our study, we advice
not to use these parameters for longitudinal evaluations, as recommended by Graser et al previously (Graser et al 2016).
Gait analysis is also used to quantify subtle changes in
walking patterns of children and adults with various protocols
(Galna et al 2013; Hagmann-von Arx et al 2015; Gilchrist and
Tanner 2016; Hollands et al 2016; Lim et al 2016; Manicolo
et al 2016) and was able to obtain insight in the effects of a
therapeutic intervention (Koopman et al 2012; Lord et al
2013). In our patient cohort, same-day repeatability of several
spatiotemporal parameters was good to perfect in the recovery
protocol. However, in the healthy controls, the same-day repeatability of the selected spatiotemporal parameters in the
recovery protocol was only acceptable for two out of six parameters and low for step time variability. This suggests that
the heterogeneity in our patient population may have falsely
increased the ICCs, as ICCs are dependent on the betweensubject variance (larger between subject variance leads to larger ICCs).
For many neurological conditions, it has been shown that
the spatiotemporal parameters of gait are representative of
disease severity (Coker et al 2010; Stephenson et al 2015;
Gilchrist and Tanner 2016). The two studies in adult mitochondrial disease previously showed that velocity, step length,
step length variability, step time variability, and step width
variability correlate to the presence and severity of gait stability, exercise tolerance, myopathy, and/or cerebellar ataxia
(Galna et al 2014; Ramakers et al 2017). We found no
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correlations between any of the spatiotemporal parameters of
gait and the anchor we used, namely functional ambulation
(distance walked at the 3MWT). This may again be due to the
complex interplay between growth, development, maturation
of gait, and disease severity in this small sample (Di Nardo
et al 2017). Importantly, the impact of these growth and maturation factors should be taken into account when intervention
studies with a longer duration using gait analysis are designed,
illustrating the importance of natural history studies.
We used the 3MWT as a Bstress test^ to enlarge the difference between patients and healthy controls. Parents report that
children have an impaired balance or trip over more frequently
after walking a long distance, and we hypothesized the
3MWT would unmask their compensatory mechanisms to
maintain normal gait. We did observe statistically significant
increased step length and step width variability between both
groups post-exercise (3.8 cm (patients) versus 3.2 cm
(controls); p = 0.02 and 3.5 cm (patients) versus 2.7 cm
(controls); p = 0.05, respectively), which were not observed
before the 3MWT (pre-exercise). When comparing the postand pre-3MWT gait changes in children with mitochondrial
disease to their healthy peers, healthy children tend to decrease their step width after the 3MWT (post-exercise protocol), whereas patients with mitochondrial disease do not.
Since we could only detect differences between children with
mitochondrial disease and their healthy peers in the postexercise protocol, we recommend using an exercise protocol
before the gait measurement to induce neuromuscular fatigue
and diminish compensatory mechanisms to maintain normal
gait.
We did not include time for practice in our study. A reliability study in children with ambulatory CP allowed children
to perform two to four trials before data collection (Wondra
et al 2007). This might lead to better reliability, as shown by
the increase in the ICCs between the first (test 1 versus 2) and
the last (test 2 versus 5) comparison in our study. We advise
letting the child perform at least one well-performed walk
before starting the actual gait measurements, to induce a more
stable measurement.
Although repeatability may be lower in young or nontypically developing children (Thorpe et al 2005; Guffey
et al 2016), we found no obvious differences in the ICC when
less-cooperative patients were excluded, which probably reflects that walking is an automated process which requires
little cooperation. We therefore argue that spatiotemporal parameters, especially those on the variability of gait are promising outcome measures that are universally applicable to all
ambulatory patients with mitochondrial disease.
This study has several other limitations. We assessed testretest reliability on the same day, within the same hour for
most subjects. Because of logistical and ethical reasons it
was not suitable to let patients visit the hospital for a second
measurement within the same week or month. Secondly, we
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included a very heterogenous sample of children who were
able to walk 30 m five times. This may enhance the generalizability of our results to all ambulatory children with mitochondrial disease without severe behavioral problems, although the enormous heterogeneity seen in mitochondrial diseases may require a new reliability study for each separate
population. More importantly, the heterogeneity may have
positively influenced the reliability calculations, as illustrated
by the lower ICCs in the control group. Thirdly, we did not
determine responsiveness in our cohort, since no effective
intervention is available yet. In children with CP, gait parameters showed good responsiveness in two small short-time
intervention studies, (Kelly et al 2008; Coker et al 2010) but
since the mechanism of action of this intervention is probably
not comparable to the interventions that will be used in mitochondrial disease, responsiveness should still be confirmed in
future intervention studies.
In conclusion, measuring the spatiotemporal parameters of
gait using the GAITRite in ambulatory children with mitochondrial disease is feasible and reliable for most of the parameters measured. When using gait analysis in future studies,
we advise i) to use a (standardized) exercise test prior to the
gait analysis, ii) to let children practice the test before the
actual data collection, and iii) to not use symmetry parameters
to increase repeatability. Longitudinal natural history studies
should incorporate gait analyses in this growing and developing population to facilitate the interpretation of the data from
future intervention studies using this outcome measure.
Acknowledgements We thank all children and their parents for their participation in this study. We thank Diede van Duren, Marjolein Stuyvenberg,
and Amanda Vernet for their assistance in the data collection.
Funding This work was supported by Europees Fonds voor Regionale
Ontwikkeling (EFRO) [PROJ-00582].

Compliance with ethical standards
Conflict of interests This study was not industry sponsored.
Dr. Saskia Koene, Dr. Niki Stolwijk, Rob Ramakers, Maaike de Vries,
Dr. Lonneke de Boer, Dr. Mirian Janssen, and Imelda de Groot report no
disclosures.
Prof Jan Smeitink is the founding CEO of Khondrion BV.
Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References
Calvo SE, Clauser KR, Mootha VK (2016) MitoCarta2.0: an updated
inventory of mammalian mitochondrial proteins. Nucleic Acids
Res 44:D1251–D1257

739
Chinnery PF, Turnbull DM (2001) Epidemiology and treatment of mitochondrial disorders. Am J Med Genet 106:94–101
Coker P, Karakostas T, Dodds C, Hsiang S (2010) Gait characteristics of
children with hemiplegic cerebral palsy before and after modified
constraint-induced movement therapy. Disabil Rehabil 32:402–408
de Laat P, Koene S, van den Heuvel LP, Rodenburg RJ, Janssen MC,
Smeitink JA (2012) Clinical features and heteroplasmy in blood,
urine and saliva in 34 Dutch families carrying the m.3243A > G
mutation. J Inherit Metab Dis 35:1059–1069
Di Nardo F, Laureati G, Strazza A et al (2017) Is child walking conditioned by gender? Surface EMG patterns in female and male children. Gait Posture 53:254–259
Galna B, Lord S, Rochester L (2013) Is gait variability reliable in older
adults and Parkinson’s disease? Towards an optimal testing protocol.
Gait Posture 37:580–585
Galna B, Newman J, Jakovljevic DG et al (2014) Discrete gait characteristics are associated with m.3243A>G and m.8344A>G variants of
mitochondrial disease and its pathological consequences. J Neurol
261:73–82
Gilchrist L, Tanner L (2016) Gait patterns in children with cancer and
Vincristine neuropathy. Pediatr Phys Ther 28:16–22
Gorman GS, Schaefer AM, Ng Y et al (2015) Prevalence of nuclear and
mitochondrial DNA mutations related to adult mitochondrial disease. Ann Neurol 77:753–759
Graser JV, Letsch C, van Hedel HJ (2016) Reliability of timed walking
tests and temporo-spatial gait parameters in youths with neurological gait disorders. BMC Neurol 16:15
Guffey K, Regier M, Mancinelli C, Pergami P (2016) Gait parameters
associated with balance in healthy 2- to 4-year-old children. Gait
Posture 43:165–169
Hagmann-von Arx P, Manicolo O, Perkinson-Gloor N, Weber P, Grob A,
Lemola S (2015) Gait in very preterm school-aged children in dualtask paradigms. PLoS One 10:e0144363
Hausdorff JM (2007) Gait dynamics, fractals and falls: finding meaning
in the stride-to-stride fluctuations of human walking. Hum Mov Sci
26:555–589
Hollands KL, Pelton TA, van der Veen S, Alharbi S, Hollands MA (2016)
A novel and simple test of gait adaptability predicts gold standard
measures of functional mobility in stroke survivors. Gait Posture 43:
170–175
Kelly B, MacKay-Lyons MJ, Berryman S, Hyndman J, Wood E (2008)
Assessment protocol for serial casting after botulinum toxin a injections to treat equinus gait. Pediatr Phys Ther 20:233–241
Koene S, Wortmann SB, de Vries MC et al (2013) Developing outcome
measures for pediatric mitochondrial disorders: which complaints
and limitations are most burdensome to patients and their parents?
Mitochondrion 13:15–24
Koopman WJ, Beyrath J, Fung CW et al (2016) Mitochondrial disorders
in children: toward development of small-molecule treatment strategies. EMBO Molec Med 8:311–327
Koopman WJ, Willems PH, Smeitink JA (2012) Monogenic mitochondrial disorders. N Engl J Med 366:1132–1141
Lim BO, O’Sullivan D, Choi BG, Kim MY (2016) Comparative gait
analysis between children with autism and age-matched controls:
analysis with temporal-spatial and foot pressure variables. J Phys
Ther Sci 28:286–292
Lord S, Galna B, Verghese J, Coleman S, Burn D, Rochester L (2013)
Independent domains of gait in older adults and associated motor
and nonmotor attributes: validation of a factor analysis approach. J
Gerontol A Biol Sci Med Sci 68:820–827
Manicolo O, Grob A, Lemola S, Hagmann-von Arx P (2016) Age-related
decline of gait variability in children with attention-deficit/hyperactivity disorder: support for the maturational delay hypothesis in gait.
Gait Posture 44:245–249

740
Morrison SC, Ferrari J, Smillie S (2012) Are spatiotemporal gait characteristics reliable outcome measures in children with developmental
coordination disorder? Pediatr Phys Ther 24:46–50
Pagliarini DJ, Calvo SE, Chang B et al (2008) A mitochondrial protein
compendium elucidates complex I disease biology. Cell 134:112–
123
Pfeffer G, Horvath R, Klopstock T et al (2013) New treatments for mitochondrial disease-no time to drop our standards. Nat Rev Neurol 9:
474–481
Pfeffer G, Majamaa K, Turnbull DM, Thorburn D, Chinnery PF (2012)
Treatment for mitochondrial disorders. Cochrane Database Syst Rev
4:CD004426
Ramakers R, Koene S, Groothuis JT, de Laat P, Janssen MC, Smeitink J
(2017) Quantification of gait in mitochondrial m.3243A > G patients: a validation study. Orphanet J Rare Dis 12:91

J Inherit Metab Dis (2018) 41:731–740
Sorsdahl AB, Moe-Nilssen R, Strand LI (2008) Test-retest reliability of
spatial and temporal gait parameters in children with cerebral palsy
as measured by an electronic walkway. Gait Posture 27:43–50
Stansfield BW, Hillman SJ, Hazlewood ME et al (2003) Normalisation of
gait data in children. Gait Posture 17:81–87
Stephenson J, Zesiewicz T, Gooch C et al (2015) Gait and balance in
adults with Friedreich’s ataxia. Gait Posture 41:603–607
Thorpe DE, Dusing SC, Moore CG (2005) Repeatability of
temporospatial gait measures in children using the GAITRite electronic walkway. Arch Phys Med Rehabil 86:2342–2346
Wondra VC, Pitetti KH, Beets MW (2007) Gait parameters in children
with motor disabilities using an electronic walkway system: assessment of reliability. Pediatr Phys Ther 19:326–331

