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SUMMARY 
The use of the Outwalk protocol together with an Inertial and 
Magnetic Measurement System to obtain gait kinematics in a 
laboratory-free setting was evaluated in seven children with 
Cerebral Palsy. The main difference with the lab-based 
reference system and protocol (CAST) was present in offsets 
in the knee frontal and transversal plane angles and in the hip 
flexion. However, these differences were due entirely to the 
differences in protocol definitions and insignificantly in 
hardware performances. Outwalk protocol by means of IMMS 
is promising for clinical gait analysis use in children with 
Cerebral Palsy. 
 
INTRODUCTION 
Instrumental gait analysis frequently supports and assists 
clinical decision-making in children with Cerebral Palsy (CP). 
Main hesitations to extend the use of optoelectronic gait 
analysis in clinical practice concern: 1) the unnatural way a 
person normally walks in unfamiliar environments, like 
laboratories; 2) the necessity to acquire short and separated 
walking trials, due to the small measuring volumes and 
restricted markers visibility, and 3) the difficulty to identify 
the most representative gait cycles among those acquired. A 
new protocol was recently proposed (Outwalk, [1]) based on 
off-the-shelf Inertial and Magnetic Measurement System 
(IMMS) which allows to perform out-of-the-lab 3D kinematic 
data collection and real-time processing of tens of consecutive 
gait cycles. The aim of this work was to assess the coherence 
of Outwalk in combination with an IMMS with respect to an 
optoelectronic lab-based system and protocol, in terms of 
accuracy and reliability. 
 
METHODS 
Six children with spastic diplegic Cerebral Palsy (all females, 
GMFCS I-III, age 11.6±1.7 years) and one typical developing 
child (male, age 12 years) participated in the study. 
Sensor units (SUs) of the IMMS (MTx, Xbus Kit, Xsens 
Technologies, The Netherlands) were attached to the feet, 
shanks, thighs (both right and left leg), pelvis and thorax of the 
subjects using customized elastic straps provided by Xsens 
Technologies. Positioning of the SUs was according to the 
Outwalk protocol [1]. In addition, the CAST [2] protocol was 
implemented. In particular, optoelectronic marker clusters 
(OptoTrak, Waterloo, Canada) were rigidly attached over the 
SUs with double-sided tape. Data acquisition of the IMMS 
and the optical markers were synchronized via hardware  

 
 
(sampling frequency set at 100Hz). At least 5 successful trials 
were collected for each subject.  
For all subjects, the differences in ankle, knee, and hip angles 
joint kinematics of Outwalk-IMMS (OI) versus CAST-
Optoelectronic (CR) were assessed. For three subjects, the 
optical data were also used to elaborate joint kinematics based 
on Outwalk protocol in order to accurately measure protocol 
differences isolated from hardware performances [3]. The 
parameters used to assess the coherence between systems and 
protocols, were: i) difference in Range of Motion (dROM), ii) 
difference in offset (offset), iii) RMSE with offset removed 
(RMSE-Offset), and iv) Pearson correlation coefficient (r). 
 
RESULTS AND DISCUSSION 
Figure 1 reports representative OI and CR kinematics (sagittal 
plane) of the walking trials collected on a child with CP. 
Table 1 presents the mean and Standard Deviation (SD) over 
all subjects of the dROM, offset, RMSE-offset and r.  
On average, the differences in dROM were all less than 3 
degrees. dROM SDs were all less than 5 degrees. Mainly the 
transversal plane angles were affected by offset differences. As 
appears from the offset values in Table 1, the OI measured on 
average less external knee rotation and more external ankle 
rotation, however variability between subjects was high, as 
appears from the standard deviations. In 5 out of the 7  
subjects OI measured less hip flexion. When the offset was 
removed, RMSE-offset were all inferior to 4 degrees. r showed 
very good to excellent correlations for most joint kinematics (r 
> 0.85), however a moderate correlation (r = 0.65-0.75) for the 
ankle inv/eversion and a poor correlation (r < 0.65) for the 
knee varus/valgus and int/external.  
Similar to the results obtained in [3] on healthy subjects, 
mainly the transversal plane angles were affected by an offset. 
However, the maximum values were larger in CP children. 
Apart from the offsets, poor correlations values were observed 
in the knee frontal and transversal plane. After removing the 
offset, RMSE-offset differences in OI versus CR were 
clinically not relevant.  
The offsets in the transversal plane angles were also present in 
the protocol comparison (Outwalk/Optoelectronic versus 
CAST/Optoelectronic), showing the differences were due to 
the protocol (i.e. Outwalk versus CAST) and not due to the 
hardware performances (i.e. IMMS versus Optoelectronic). 
For the knee angle in the frontal plane, a poor correlation was 
also present in the protocol comparison. In addition, also the 



offset difference present at the hip flexion/extension level in 
the overall comparison was reiterated in the protocol 
comparison, indicating that the offset is predominantly 
induced by differences in the protocols. The Outwalk protocol 
enables to perform an alternative static trial in a supine 
position, with the hip and knee flexed at a certain known angle 
[1]. This could optimize the performance of the static 
calibration. 
 

CONCLUSIONS 
Outwalk protocol by means of IMMS showed good coherence 
in terms of gait kinematic results with respect to the 
optoelectronic system used in combination with the CAST 
protocol, revealing a promising application in the clinical 
practice. The main difference with the laboratory-based 
reference was due to the differences in the protocols, 
generating offsets in the knee frontal and transversal plane 
angles and in the hip flexion. These offsets were also present 
when applying optoelectronic data in the Outwalk protocol. 
Adjustment of the hip joint model of the Outwalk protocol and 
use of a supine posture in the static calibration may further 
improve the joint kinematics reliability of Outwalk in children 
with CP. 
A sensor setup as the one proposed with Outwalk is suitable to 
perform several clinical assessments in succession. The IMMS 
already demonstrated to be useful as tool able to evaluate 
spasticity in terms of measuring the angle of catch [4]. Once 
the sensors are applied on a subject’s body, they can be used 
in several clinical measurements, such as range of motion, 
spasticity and gait analysis, without any additional effort by 
the examiners 
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Table 1: Mean and Standard Deviation (SD) of dROM, offset, RMSE-Offset and r for Outwalk/IMMS (OI) versus 
CAST/Optoelectronic (CR), of hip, knee and ankle joint angles of seven subjects. Positive value means OI > CR 
 
 dROM [degr] Offset [degr] RMSE-Offset [degr] Pearson correlation [r] 
 Mean ±SD Mean ±SD Mean ±SD Mean 
Hip Flexion/Extension -0.42 ±3.08 -6.44 ±7.16 1.94 ±0.85 0.99 
Hip Ad/Abduction -0.85 ±2.20 -1.78 ±1.51 1.28 ±0.30 0.97 
Hip Internal/External -0.06 ±1.63 2.09 ±5.96 1.65 ±0.68 0.88 
Knee Flexion/Extension -1.42 ±2.25 -1.78 ±4.26 2.09 ±0.58 0.99 
Knee Varus/Valgus 2.35 ±3.41 -2.60 ±4.77 3.62 ±2.28 0.35 
Knee Internal/External -0.13 ±4.23 6.52 ±13.5 3.52 ±1.44 0.52 
Ankle Dorsi/Plantar -0.77 ±1.46 -3.10 ±4.31 1.07 ±0.38 0.99 
Ankle Inv/Eversion 1.87 ±1.29 -4.26 ±2.10 1.75 ±0.59 0.72 
Ankle Internal/External 0.23 ±1.73 -6.64 ±8.69 0.97 ±0.38 0.90 
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Figure 1: Sagittal plane joint angles of the left side of a CP 
child, measured via Outwalk-IMMS (bright lines) and CAST-
Optoelectronic (dark lines). 


