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Estimation of spatio‑temporal parameters 
of gait from magneto‑inertial measurement 
units: multicenter validation among Parkinson, 
mildly cognitively impaired and healthy older 
adults
Matilde Bertoli1,2  , Andrea Cereatti1,2,3, Diana Trojaniello4, Laura Avanzino5, Elisa Pelosin6, Silvia Del Din7, 
Lynn Rochester7,8, Pieter Ginis9, Esther M. J. Bekkers9,10, Anat Mirelman11,12, Jeffrey M. Hausdorff11,12,13 
and Ugo Della Croce1,2*

Abstract 

Background:  The use of miniaturized magneto-inertial measurement units (MIMUs) 
allows for an objective evaluation of gait and a quantitative assessment of clinical 
outcomes. Spatial and temporal parameters are generally recognized as key metrics 
for characterizing gait. Although several methods for their estimate have been pro-
posed, a thorough error analysis across different pathologies, multiple clinical centers 
and on large sample size is still missing. The aim of this study was to apply a previously 
presented method for the estimate of spatio-temporal parameters, named Trusted 
Events and Acceleration Direct and Reverse Integration along the direction of Progres-
sion (TEADRIP), on a large cohort (236 patients) including Parkinson, mildly cognitively 
impaired and healthy older adults collected in four clinical centers. Data were collected 
during straight-line gait, at normal and fast walking speed, by attaching two MIMUs 
just above the ankles. The parameters stride, step, stance and swing durations, as well 
as stride length and gait velocity, were estimated for each gait cycle. The TEADRIP per-
formance was validated against data from an instrumented mat.

Results:  Limits of agreements computed between the TEADRIP estimates and the 
reference values from the instrumented mat were − 27 to 27 ms for Stride Time, − 68 
to 44 ms for Stance Time, − 31 to 31 ms for Step Time and − 67 to 52 mm for Stride 
Length. For each clinical center, the mean absolute errors averaged across subjects 
for the estimation of temporal parameters ranged between 1 and 4%, being on 
average less than 3% (< 30 ms). Stride length mean absolute errors were on average 
2% (≈ 25 mm). Error comparisons across centers did not show any significant differ-
ence. Significant error differences were found exclusively for stride and step durations 
between healthy elderly and Parkinsonian subjects, and for the stride length between 
walking speeds.
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Conclusions:  The TEADRIP method was effectively validated on a large number of 
healthy and pathological subjects recorded in four different clinical centers. Results 
showed that the spatio-temporal parameters estimation errors were consistent with 
those previously found on smaller population samples in a single center. The combina-
tion of robustness and range of applicability suggests the use of the TEADRIP as a suit-
able MIMU-based method for gait spatio-temporal parameter estimate in the routine 
clinical use. The present paper was awarded the “SIAMOC Best Methodological Paper 
2017”.

Keywords:  Clinical gait analysis, Spatial and temporal gait parameters, Magneto-
inertial sensors, Wearable sensors, Parkinson, Elderly, Multicentric study

Background
Instrumented gait analysis provides objective and reliable measures of locomotion pat-
terns and their variability. These measures can contribute to the investigation of gait 
pathologies and to the definition of a targeted rehabilitation program [1, 2]. Gait analy-
sis is emerging as an effective tool to detect an incipient neurodegenerative disease or 
to monitor its progression [3, 4]. It has been shown that gait disturbances are an early 
indicator for mild cognitive impairment (MCI) and can predict progression from MCI 
to Alzheimer’s disease [5]. Furthermore, gait performance is also a predictor of fall status 
[6, 7], morbidity and mortality [8, 9].

Objective measures of the temporal and spatial parameters of gait allow to define the 
level of impairment and to characterize functional gait performance, which can serve as 
a biomarker of mobility [4, 6, 10]. The computation of the spatio-temporal parameters 
requires, for each gait cycle, the identification of specific gait events (GEs). These are the 
initial contact (IC) and final contact (FC) of the foot with the ground.

The most commonly used temporal gait parameters include stride and step duration 
and cadence. In addition, spatial gait parameters can be defined from the distance cov-
ered between two consecutive ICs (step and stride length). Gait spatio-temporal param-
eters can be estimated from measurements obtained using various sensing technologies, 
such as foot-switches, inertial sensors, pressure mats, or stereo-photogrammetric sys-
tems. While the latter two technologies are relatively expensive and require a controlled 
and dedicated environment, lengthy set-up and post-processing time, the other two 
options are comparatively inexpensive and easy to use. In particular, magneto-inertial 
measurement units (MIMUs) have been frequently presented as an affordable solution 
to assess gait parameters in a variety of environments [4, 6, 11, 12]. However, the accu-
racy of the gait spatio-temporal parameters obtained using MIMUs can vary remark-
ably depending on the algorithms used to detect ICs and FCs and estimate distances 
[13]. Moreover, methods developed and validated on healthy gait are not guaranteed to 
be effective in assessing parameters for specific pathological gaits [14]. So far, no study 
addressed the robustness of the detection algorithm across data coming from multiple 
clinical centers, despite its value for further supporting clinical use. Finally, and probably 
most importantly, the majority of the studies in the literature validated MIMU-based 
methods for the estimation of the gait spatio-temporal parameters only on limited sam-
ple sizes [14–19].

A promising method for the automatic GEs detection and spatio-temporal parameters 
was presented by Trojaniello et al. [14] and tested in real life settings in successive work 
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by Storm et al. [20]. The method, here named TEADRIP (Trusted Events and Accelera-
tion Direct and Reverse Integration along the direction of Progression), was validated 
on four different gait conditions (i.e. healthy elderly, hemiparetic, Parkinson and choreic 
gait) and two different walking speeds, and it was shown that its performance was com-
parable or better than other methods proposed [20, 21].

The aim of the present study was to further extend TEADRIP validation for the spatio-
temporal parameters estimation to gait inertial data recorded in a multicenter trial (four 
clinical centers) on a very large sample size of participants (236) including patients with 
Parkinson’s disease (PD), MCI and healthy older adults.

Methods
Subjects

Two-hundred-thirty-six community-living older adults who self-reported two or more 
falls within the previous 6 months were enrolled in the study across four clinical centers 
in four countries (Belgium, Israel, Italy, and the UK). The subjects were part of the ran-
domized controlled trial performed within the EU funded V-Time project and the study 
was approved by the medical ethics review committee at each site [22]. Eligible individu-
als were enrolled if they were aged 60–90 years, on stable medication for the past month 
and able to walk for at least 5 min unassisted (refer to Mirelman et al. [23] for additional 
eligibility criteria). Individuals who agreed to participate in the study were asked to sign 
informed written consent. Participants were divided into three groups: older adults with 
no cognitive impairment (ELD), older adults with mild cognitive impairment (MCI) and 
people with Parkinson’s disease (PD). Population characteristics for each clinical center 
are detailed in Table 1.

Instrumentation

Two synchronized MIMUs (Opal, APDM Inc), featuring a tri-axial accelerometer, gyro-
scope and magnetometer (unit weight 22  g, unit size 48.5  mm × 36.5  mm × 13.5  mm) 
were used. Inertial data were streamed wirelessly to a laptop (“robust synchronized 
streaming mode”) and stored for offline analysis. Sampling frequency was set at 128 Hz 
and the accelerometer range at ± 6 g. The MIMUs were attached with velcro straps to 
the subject ankles, laterally, about 30 mm above the malleoli. The sensors were aligned 
approximately along the three anatomical directions with X, Y and Z axes pointing 
downward, forward and to the right, respectively, for the MIMU on the right ankle 

Table 1  Subject characteristics for clinical centers

N total number, ELD healthy older adults, PD Parkinson’s disease subjects, MCI mild cognitive impaired subjects. (Subjects 
between centers were age matched)

Clinical center N Females Males Age
Mean ± SD 
(years)

ELD PD MCI

UNIGE 52 35 17 73 ± 5 16 28 8

KULEU 58 40 18 74 ± 7 27 14 17

TASMC 75 37 38 73 ± 7 20 53 2

NEWCA​ 51 26 25 74 ± 8 17 30 4

Total 236 138 98 74 ± 7 80 125 31
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(R-MIMU), and downward, backward and to the left for the MIMU on the left ankle 
(L-MIMU) (Fig. 1).

An estimate of the MIMUs local coordinate system (LCS) orientation with respect 
to the global coordinate system (GCS) was provided by the manufacturer’s proprietary 
software. A spot check of the MIMU performance was performed according to the 
guidelines proposed previously [24]. The GEs and spatio-temporal parameters resulting 
from the processing of the recordings of an instrumented 7-m instrumented mat acquir-
ing data at 120 Hz (Zeno Walkway, ProtoKinetics LLC) and analyzed with a dedicated 
software (PKMAS, ProtoKinetics LLC) were used for validation purposes. The instru-
mented mat measurements had a temporal accuracy of ± 1 sample (about 8  ms) and 
spatial resolution accuracy of ± 12.7 mm. The MIMU and the instrumented mat were 
synchronized via hardware (~ 8 ms). A custom-made cable was used to apply an external 
trigger generated by the instrumented mat to the access point controlling the MIMUs.

Experimental protocol

The data acquisition took place in the following laboratories: the Center for the Study of 
Movement, Cognition, and Mobility, Tel Aviv Sourasky Medical Centre, Israel (TASMC); 
the Neuromotor Rehabilitation Research Group, KU Leuven, Belgium (KULEU); the 
Clinical Ageing Research Unit, Newcastle University and Newcastle upon Tyne Hospi-
tals NHS Foundation Trust, UK (NEWCA); the laboratory of the Department of Neuro-
sciences, University of Genoa, Italy (UNIGE).

Recordings started with subjects standing still for a few seconds at 3  m from the 
instrumented mat and then walking back and forth for about 1  min at a comfortable 
speed (normally paced walk, NW) along a 12-m walkway which included the instru-
mented mat in its central portion. The same protocol was repeated at a higher walk-
ing speed (fast paced walk, FW). Subjects wore their own shoes and they could rest in 
between acquisitions if needed. Walking aids such as canes or tripods were allowed if 
used in daily life.

Gait events identification and gait temporal and spatial parameters estimation

A preliminary analysis was performed to eliminate operator-dependent swap between 
right and left MIMUs.

A first approximate segmentation of MIMU signals into gait cycles was performed 
by detecting the peaks in the medio-lateral (Z) component of the angular velocity. 

Fig. 1  Sensor placement (R-MIMU) and its local coordinate system axes
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These peaks usually occur during the leg swing motion. Gait cycles not detected 
or erroneously detected in this processing phase lead to missed or extra GEs, 
respectively.

Both ICs and FCs were then identified as in [14], although the FC search interval 
was made to begin at the minimum Z angular velocity rather than the maximum Y 
acceleration, being the former easier to identify. An example of IC and FC identifi-
cation during a passage on the instrumented mat is depicted in Fig. 2. Once the ICs 
and FCs were identified from both R-MIMU and L-MIMU signals, the following gait 
temporal parameters were calculated per gait cycle for both sides: Stride Time, Step 
Time, Swing Time and Stance Time.

The stride length was also estimated as described by Trojaniello et al. [14]. For each 
stride, ankle acceleration components were expressed in the GCS and, after gravity 
removal, optimally filtered and direct and reverse integrated (OFDRI technique [25]). 
The direction of progression was found by rotating the axes on the horizontal plane 
until one component of the velocity resulting from the above-mentioned integration 
was maximized. The MIMU acceleration was reoriented accordingly. The acceleration 
component along the direction of progression was integrated by means of the OFDRI, 
using as initial integration value the MIMU estimated forward linear velocity, given 
by the product of the Z angular velocity at mid-stance and the MIMU distance from 
the malleolus [26]. A further simple integration provided the forward displacement 
during a stride cycle (Stride Length). Gait Velocity was calculated for each cycle as 
Stride Length divided by Stride Time.

Temporal and spatial parameters resulting from TEADRIP were discarded when a 
stride was not fully included in the instrumented mat. Spatial parameters were dis-
carded when the estimate of the MIMU GCS orientation as provided by the manu-
facturer’s software failed. In case of freezing of gait for the PD subjects, the relevant 
portion of the trial was excluded from the analysis.

Fig. 2  TEADRIP and instrumented mat gait events. GEs for the first passage over the mat (right side only). GEs 
identified by the TEADRIP method are depicted as red triangles, while GEs identified from the instrumented 
mat are depicted as vertical lines (black IC, blue FC)
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Errors associated to the gait events identification and spatio‑temporal parameters 

estimation

To estimate the accuracy of the TEADRIP method, only gait data recorded while the 
participant walked on the instrumented mat (straight walking without turns) were con-
sidered. This gait data selection was made by excluding, for each passage over the mat, 
MIMU data recorded before the first IC and after the last FC as identified by the instru-
mented mat.

A GEs matching procedure was implemented to ensure that an unexpected additional 
time delay between MIMUs and instrumented mat would not compromise the com-
parison of their outputs. To match a TEADRIP estimated IC with the corresponding IC 
measured with the instrumented mat, a search interval around the latter was defined, 
which spanned from the FC preceding the IC to the FC following the IC. The TEADRIP 
estimated IC that fell in the interval was selected as the matching IC. If more than one 
TEADRIP estimated IC was found in the search interval, the farthest from the IC meas-
ured by the instrumented mat was counted as an extra IC, while if none fell in the inter-
val a missed IC was counted. If an extra TEADRIP estimated IC was found between two 
subsequent mat-measured FCs further apart than 1.3 s (which is approximately the aver-
age higher limit for PD stride duration, [27]), then the entire gait cycle was discarded 
(mat measure failure). The same procedure was applied to match TEADRIP estimated 
FCs to the corresponding FCs measured by the instrumented mat.

For each gait cycle, the stride-by-stride errors affecting the TEADRIP estimations of 
the GEs and the spatio-temporal parameters were computed as differences with respect 
to the relevant measurements obtained from the instrumented mat. Difference plots 
(Bland–Altman) were used to visually check the distributions of the spatio-temporal 
parameters errors between the two measurement systems.

For each subject, the mean error (me) and mean absolute error (mae) values for the 
estimated GEs and gait spatio-temporal parameters were calculated by averaging stride-
by-stride errors computed over the entire gait trial (left and right sides were not differen-
tiated). The standard deviation of the stride-by-stride error (sde) was also determined for 
each recorded trial. The TEADRIP estimations of the gait temporal and spatial param-
eters were also evaluated using the ratio between the mae and the mean value of the 
parameter as measured by the instrumented mat (%mae).

A three-way repeated measures analysis of variance (ANOVA) was performed on 
the mae for both GEs and spatio-temporal parameters to investigate the difference in 
the errors between subject groups (ELD, MCI, PD), between clinical centers (UNIGE, 
KULEU, TASMC, NEWCA) and within imposed walking speed (NW, FW). Since GEs 
mae were found not to be normally distributed (as resulted from a Shapiro–Wilk test), 
they were transformed to a logarithmic scale in order to ensure a normal distribution 
before undergoing ANOVA. Where a significant difference was found, post hoc tests for 
subject groups and clinical centers were performed with Bonferroni correction. All data 
was analyzed using SPSS v.24 (IBM Corporation) at a 5% level of significance.

Results
Over 15,000 gait cycles (see Table 2) were selected from the instrumented mat and com-
pared to those identified using the TEADRIP.
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The mean and standard deviation values of the mean trial values of the spatio-tempo-
ral parameters as determined by the instrumented mat in each clinical center at the two 
gait speeds are reported in Table 3.

Gait event identification and spatio‑temporal parameters estimation errors

The difference plots of Stride, Stance and Step Time and Stride Length are reported 
in Fig. 3. The estimated limits of agreement were 27 ms (2.6%) for Stride Time, 56 ms 
(8.5%) for Stance Time, 31 ms (5.8%) for Step Time and 60 mm (5.3%) for Stride Length.

The values of the me , sde , mae for IC and FC, averaged across the subjects of each 
clinical center, are reported for both for NW and FW trials in Table 4. The GEs errors 
for the participants from Newcastle could not be assessed due to a non-constant delay 
between MIMUs and instrumented mat signals across data acquisition sessions. How-
ever, being the delay constant within any acquisition session, this did not affect the esti-
mation of the errors related to temporal parameters. The same descriptive statistics in 
addition to the %mae are presented in Table 5 for each clinical center (both for NW and 
FW trials) for Stride Time, Stance Time, Swing Time, Step Time, Stride Length and Gait 
Velocity. Table 6 reports the subjects mae averaged across each group for both NW and 
FW trials.

Table 7 summarizes the ANOVA results; significant differences are indicated in italic. 
The analysis across clinical centers for the GE errors were performed only between 
UNIGE, TASMC and KULEU since NEWCA GE errors were not available.

A significant group main effect was found for IC identification. Post hoc analy-
ses revealed that for IC errors there was a significant difference between ELD and PD 
(p = 0.01), with larger errors for the PD group.

While no temporal parameter error showed any center effect, Stride Time and Step 
Time errors were significantly different across groups. Post hoc analyses revealed that 
there was a significant difference for errors between ELD and PD (p = 0.01 for Stride 
Time and p = 0.01 for Step Time), with larger errors for the PD group.

Group did not have a significant effect on the error of spatial parameters, while there 
was a significant effect for walking speed.

Table 2  Number of initial contacs and strides analyzed in each clinical center

The number of Stride Length estimates differs from that of Stride Time since stride length values were not computed for 
those trials in which the estimate of the MIMU GCS orientation failed

Clinical  
center

Initial  
contacts

Stride  
Time  
estimates

Stride  
Length  
estimates

UNIGE 5818 3512 3387

KULEU 5405 4156 4072

TASMC 7168 5824 5759

NEWCA​ 3632 2636 2585

Total 22,068 16,167 15,840
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Discussion
The tested method was successfully applied on a total of more than 20,000 ICs and 
FCs collected on 236 older adults (healthy, Parkinsonian and MCI participants). In 
performing the validation, additional care had to be taken to deal with limitations 
of the instrumented mat measurements used as reference values for the TEADRIP 

Fig. 3  Difference (Bland–Altman) plots for stride, stance and step durations and for stride length. Limits of 
agreement are, respectively, 27, 56, 31 ms and 60 mm. Red: TASMC; green: KULEU; black: NEWCA; blue: UNIGE

Table 4  Subject mean error, standard deviation and  mean absolute error averaged 
across clinical centers for both walking speeds (gait events)

me : subject mean error averaged across centers; sde : subject error standard deviation averaged across centers; mae : subject 
mean absolute error averaged across centers

Parameter Clinical center me sde mae

NW FW NW FW NW FW

Initial contact (ms) UNIGE 9 9 10 11 15 14

KULEU 3 4 9 9 11 10

TASMC 5 8 10 11 12 13

NEWCA​ n.a. n.a. n.a. n.a. n.a. n.a.

Final contact (ms) UNIGE − 9 − 9 13 13 20 20

KULEU − 8 − 7 12 14 21 19

TASMC − 3 − 2 12 14 19 17

NEWCA​ n.a. n.a. n.a. n.a. n.a. n.a.
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Table 5  Subject mean error, standard deviation, mean absolute error and  its relative 
percentage averaged across  clinical centers for  both  walking speeds (spatio-temporal 
parameters)

me : subject mean error averaged across centers; sde : subject error standard deviation averaged across centers; mae : subject 
mean absolute error averaged across centers; %mae : mean absolute error referred to parameter estimate averaged across 
centers

Parameter Clinical center me sde mae mae%

NW FW NW FW NW FW NW FW

Stride Time (ms) UNIGE < 1 < 1 15 14 12 11 1 1

KULEU < 1 < 1 12 11 9 9 1 1

TASMC < 1 < 1 14 13 10 10 1 1

NEWCA​ − 1 < 1 15 15 12 11 1 1

Stance Time (ms) UNIGE − 20 − 18 17 17 29 27 3 3

KULEU − 11 − 11 17 15 25 22 2 2

TASMC − 8 − 10 17 16 24 23 2 2

NEWCA​ − 11 − 12 17 15 24 23 3 4

Swing Time (ms) UNIGE 20 18 17 17 29 27 3 3

KULEU 11 11 17 16 25 23 2 2

TASMC 8 10 18 16 24 23 2 2

NEWCA​ 12 13 17 15 25 23 2 3

Step Time (ms) UNIGE < 1 < 1 16 15 13 12 1 1

KULEU < 1 < 1 14 13 11 11 1 1

TASMC < 1 < 1 16 15 12 12 1 1

NEWCA​ < 1 < 1 15 14 13 12 2 2

Stride Length (mm) UNIGE − 1 − 3 22 27 21 22 2 2

KULEU − 8 − 5 19 21 22 25 2 2

TASMC − 14 − 15 19 22 26 28 2 2

NEWCA​ − 4 − 6 19 30 19 27 2 2

Gait Velocity (mm/s) UNIGE − 2 − 4 23 30 21 24 2 2

KULEU − 7 − 5 20 25 21 27 2 2

TASMC − 13 − 16 20 25 25 30 3 2

NEWCA​ − 4 − 5 18 36 19 31 2 2

Table 6  Group average of  the  subjects mean absolute errors for  the  gait events 
and spatio-temporal parameters for both walking speeds

ELD healthy older adults, PD Parkinson’s disease subjects, MCI mild cognitive impaired subjects

Parameter ELD MCI PD

NW FW NW FW NW FW

Initial contact (ms) 10 11 10 10 14 14

Final contact (ms) 21 20 20 19 20 18

Stride Time (ms) 10 9 10 10 11 11

Stance Time (ms) 24 23 23 23 26 24

Swing Time (ms) 24 23 23 23 27 25

Step Time (ms) 11 10 11 10 13 12

Stride Length (mm) 21 25 19 23 23 25

Gait Velocity (mm/s) 21 29 18 25 22 28
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estimations of the gait parameters, such as steps outside the instrumented surface 
and unexpected failures.

The average values of the spatio-temporal parameters estimated by the instrumented 
mat showed a homogeneity across the clinical centers and values consistent with the 
literature.

The IC me showed, in all centers and at both walking speeds, an average delay of up to 
10 ms as identified by TEADRIP with respect to that identified by the instrumented mat, 
while the opposite holds for the FC. The amplitude of the subjects sde was slightly higher 
for the FC confirming the higher uncertainty in detecting FCs as opposed to ICs encoun-
tered in most validation studies. Similar conclusions can be drawn by looking just at the 
mae values. The opposite delays for IC and FC TEADRIP estimates reflected in a slight 
underestimation of the stance phase and an overestimation of the swing phase, but did 
not have any detrimental effect on the estimation of either Stride Time or Step Time, 
which showed extremely low me values. All temporal parameters exhibited a sde for 
each clinical center between 10 and 20 ms, confirming a limited variability of the errors 
within the trials at both walking speeds and in all clinical centers. The spatial parameters 
me in all clinical centers and for both walking speeds showed a global slight underesti-
mation performed by TEADRIP. Overall, the %mae of both temporal and spatial param-
eters was often below and, except NEWCA Stance Time at FW, never over 3% which is 
an excellent result, although a thorough comparison with the results obtained in studies 
proposing other methods is not straightforward [1, 15–17, 28–34]. Regarding the esti-
mation of the spatial parameters, it has been shown in the study conducted by Hannink 
et al. [35], that the OFDRI technique was the best performing among the double integra-
tion methods for mobile gait analysis tested in their study.

Even more importantly, all results of TEADRIP estimations were extremely consist-
ent across all clinical centers and with the previous results obtained in a single center 
on much smaller population samples [14]. Since the mae, as opposed to the me, is not 
affected by a potential cancellation due to cycle-differences of opposite signs, it was cho-
sen as the quantity to investigate with the ANOVA, which showed minimal statistical 
difference in the performance of the TEADRIP across subject groups, clinical centers 

Table 7  ANOVA results for  the  errors in  determining the  gait events and  the  gait spatio-
temporal parameters

Significant post hoc results: aELD-PD (p = 0.01); bELD-PD (p = 0.01); cELD-PD (p = 0.01). Underlined results are from the 
comparison of UNIGE, TASMC and KULEU only

Initial 
contact

Final 
contact

Stride 
Time

Stance 
Time

Swing 
Time

Step  
Time

Stride 
Length

Gait 
Velocity

Walking speed

 F value 0.12 3.30 0.10 1.78 1.59 2.93 4.78 27.32

 p value 0.73 0.07 0.76 0.18 0.21 0.09 0.03 0.00

Clinical center

 F value 1.97 0.56 2.40 0.60 0.50 0.53 1.66 1.59

 p value 0.14 0.57 0.07 0.61 0.68 0.66 0.18 0.19

Subject group

 F value 5.21 0.64 3.61 0.81 1.02 4.61 0.01 0.13

 p value 0.01a 0.53 0.03b 0.45 0.36 0.01c 0.99 0.88
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and gait speeds. In particular, only spatial parameters errors were significantly different 
between walking speeds. The difference is probably the result of a more difficult esti-
mation of a correct initial constant value needed to estimate velocity from acceleration 
when the task is performed at higher speed.

Consistently with the results of the previous study employing TEADRIP [14], esti-
mates of ICs for PD subjects were affected by errors significantly different from those 
obtained in the ELD subject group. In partial disagreement with the results of the pre-
vious study, a different error between ELD and PD was also found for Stride Time and 
Step Time estimations. However, this difference may be a consequence of the above 
mentioned difference between IC timing errors. These results therefore provide a clear 
insight of the margin of tolerance associated to the estimation of the different temporal 
parameters for different populations. For instance, when estimating the IC, an average 
uncertainty error of 10 ms is expected for ELD and MCI subjects, while slightly higher 
errors (14 ms) should be considered when analyzing PD subjects.

Overall, the results obtained in this study extend the validity of the TEADRIP method, 
originally employed in [14] on four smaller subject groups, and combined with the find-
ings of the work of Storm et al. [20], who applied the same gait parameter estimation 
method to free-living gait, make TEADRIP a well-validated gait parameter estimation 
method.

Conclusions
TEADRIP, the gait parameter estimation method employed in this study, was effectively 
validated on a large number of subjects recorded in four different clinical centers. Not 
only was the performance comparable to that of the instrumented mat used as a refer-
ence, but it was also characterized by a greater amount of recorded data (longer and 
more diversified walks can be instrumented). Furthermore, as demonstrated in earlier 
work [20], these results hold also for outdoor straight line walking. The TEADRIP is 
therefore a valuable candidate for becoming a standard for the estimation of gait spatio-
temporal parameters with MIMUs placed on the ankles.

Abbreviations
MIMU: magneto-inertial measurement unit; PD: Parkinson’s disease; MCI: mild cognitive impairment; ELD: elderly (older 
adults); GE: gait events; IC: initial contact; FC: final contact; LCS: local coordinate system; GCS: global coordinate system; 
NW: normally paced walk; FW: fast paced walk; UNIGE: University of Genova; KULEU: KU Leuven; TASMC: Tel Aviv Sourasky 
Medical Center; NEWCA​: Newcastle University; OFDRI: optimally filtered and direct and reverse integration; TEADRIP: 
Trusted Events and Acceleration Direct and Reverse Integration along the direction of Progression.

Authors’ contributions
MB fine-tuned the proposed method, organized and processed the recordings, performed the statistical analysis and 
drafted the manuscript. UDC, AC and DT developed the core of the proposed method. UDC and AC reviewed the data 
analysis. EP and LA contributed to subject recruitment and data collection at UNIGE. SDD and LR contributed to subject 
recruitment and data collection at NEWCA. EP and JH contributed to subject recruitment and data collection at KULEU. 
AM and JMH contributed to subject recruitment and data collection at TASMC. All authors read and approved the final 
manuscript.

Author details
1 Department of Biomedical Sciences, University of Sassari, Sassari, Italy. 2 Interuniversity Centre of Bioengineering 
of the Human Neuromusculoskeletal System, Sassari, Italy. 3 Department of Electronics and Telecommunications, Politec-
nico di Torino, Turin, Italy. 4 E‑services for Life and Health, San Raffaele Hospital, Milan, Italy. 5 Department of Experimental 
Medicine, Section of Human Physiology and Centro Polifunzionale di Scienze Motorie, University of Genoa, Genoa, Italy. 
6 Department of Neuroscience, Rehabilitation, Ophthalmology, Genetics and Maternal Child Health, University of Genoa, 
Genoa, Italy. 7 Institute of Neuroscience/Newcastle University Institute for Ageing, Clinical Ageing Research Unit, Campus 
for Ageing and Vitality, Newcastle University, Newcastle, UK. 8 Newcastle Upon Tyne Hospitals NHS Foundation Trust, 
Newcastle, UK. 9 Department of Rehabilitation Sciences, Neuromotor Rehabilitation Research Group, KU Leuven, Louvain, 



Page 13 of 14Bertoli et al. BioMed Eng OnLine  (2018) 17:58 

Belgium. 10 Department of Neurology, Donders Institute for Brain, Cognition and Behaviour, Parkinson Centre Nijmegen, 
Radboud University Medical Centre, Nijmegen, The Netherlands. 11 Center for the Study of Movement, Cognition 
and Mobility, Neurological Institute, Tel Aviv Sourasky Medical Center, Tel Aviv, Israel. 12 Sagol School of Neuroscience 
and Sackler School of Medicine, Tel Aviv University, Tel Aviv, Israel. 13 Rush Alzheimer’s Disease Center and Department 
of Orthopaedic Surgery, Rush University Medical Center, Tel Aviv, Israel. 

Acknowledgements
Not Applicable.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable 
request.

Consent for publication
Not applicable.

Ethics approval and consent to participate
The Declaration of Helsinki was respected and all subjects provided informed written consent. The trial was approved by 
the medical ethics review committee at each site.

Funding
This work was funded in part by the European Commission (FP7 projectV-TIME-278169).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Received: 12 December 2017   Accepted: 23 April 2018

References
	1.	 Sijobert B, Benoussaad M, Denys J, Pissard-Gibollet R, Geny C, Coste CA. Implementation and validation of a stride 

length estimation algorithm, using a single basic inertial sensor on healthy subjects and patients suffering from 
Parkinson’s disease. Health. 2015;7:704–14. https​://doi.org/10.4236/healt​h.2015.76084​.

	2.	 Simon SR. Quantification of human motion: gait analysis—benefits and limitations to its application to clinical 
problems. J Biomech. 2004;37:1869–80. https​://doi.org/10.1016/j.jbiom​ech.2004.02.047.

	3.	 Del Din S, Godfrey A, Rochester L. Validation of an accelerometer to quantify a comprehensive battery of gait 
characteristics in healthy older adults and Parkinson’s disease: toward clinical and at home use. IEEE J Biomed Health 
Inform. 2016;20:838–47.

	4.	 Horak F, King L, Mancini M. Role of body-worn movement monitor technology for balance and gait rehabilitation 
recent advances in body-worn sensors. Phys Ther. 2015;95:461–70. https​://doi.org/10.2522/ptj.20140​253.

	5.	 König A, Klaming L, Pijl M, Demeurraux A, David R, Robert P. Objective measurement of gait parameters in healthy 
and cognitively impaired elderly using the dual-task paradigm. Aging Clin Exp Res. 2017;29:1181–9.

	6.	 Della Croce U, Cereatti A, Mancini M. Gait parameters estimated using inertial measurement units. In: Müller B, Wolf 
SI, Brueggemann G-P, Deng Z, McIntosh A, Miller F, et al., editors. Handbook of human motion. Cham: Springer 
International Publishing; 2017. p. 1–21. https​://doi.org/10.1007/978-3-319-30808​-1_163-1.

	7.	 Mirelman A, Herman T, Brozgol M, Dorfman M, Sprecher E, Schweiger A, et al. Executive function and falls in older 
adults: new findings from a five-year prospective study link fall risk to cognition. PLoS ONE. 2012;7:1–8.

	8.	 Studenski S, Perera S, Patel K. Gait speed and survival in older adults. JAMA. 2011;305:50–8.
	9.	 Hausdorff JM, Rios DA, Edelberg HK. Gait variability and fall risk in community-living older adults: a 1-year prospec-

tive study. Arch Phys Med Rehabil. 2001;82:1050–6.
	10.	 Mirelman A, Gurevich T, Giladi N, Bar-Shira A, Orr-Urtreger A, Hausdorff JM. Gait alterations in healthy carriers of the 

LRRK2 G2019S mutation. Ann Neurol. 2011;69:193–7.
	11.	 Iosa M, Picerno P, Paolucci S, Morone G. Wearable inertial sensors for human movement analysis. Expert Rev Med 

Devices. 2016;13:641–59. https​://doi.org/10.1080/17434​440.2016.11986​94.
	12.	 Chen S, Lach J, Lo B, Yang GZ. Toward pervasive gait analysis with wearable sensors: a systematic review. IEEE J 

Biomed Health Inform. 2016;20(6):1521–37.
	13.	 Cereatti A, Trojaniello D, Croce U Della. Accurately measuring human movement using magneto-inertial sensors: 

techniques and challenges. In: 2nd IEEE international symposium inertial sensors system IEEE ISISS 2015—proceed-
ings. 2015.

	14.	 Trojaniello D, Cereatti A, Pelosin E, Avanzino L, Mirelman A, Hausdorff JM, et al. Estimation of step-by-step 
spatio-temporal parameters of normal and impaired gait using shank-mounted magneto-inertial sensors: 
application to elderly, hemiparetic, parkinsonian and choreic gait. J Neuroeng Rehabil. 2014;11:152. https​://doi.
org/10.1186/1743-0003-11-152.

	15.	 Salarian A, Russmann H, Vingerhoets FJG, Dehollain C, Blanc Y, Burkhard PR, et al. Gait assessment in Parkinson’s 
disease: toward an ambulatory system for long-term monitoring. IEEE Trans Biomed Eng. 2004;51:1434–43.

https://doi.org/10.4236/health.2015.76084
https://doi.org/10.1016/j.jbiomech.2004.02.047
https://doi.org/10.2522/ptj.20140253
https://doi.org/10.1007/978-3-319-30808-1_163-1
https://doi.org/10.1080/17434440.2016.1198694
https://doi.org/10.1186/1743-0003-11-152
https://doi.org/10.1186/1743-0003-11-152


Page 14 of 14Bertoli et al. BioMed Eng OnLine  (2018) 17:58 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

	16.	 Visi F, Georgiou T, Holland S, Pinzone O, Donaldson G, Tetley J. Assessing the accuracy of an algorithm for the estima-
tion of spatial gait parameters using inertial measurement units: application to healthy subject and hemiparetic 
stroke survivor. In: Proceedings of the 4th International Conference on Movement Computing. 2017.

	17.	 Chang H-C, Hsu Y-L, Yang S-C, Lin J-C, Wu Z-H. A wearable inertial measurement system with complementary filter 
for gait analysis of patients with stroke or Parkinson’s disease. IEEE Access. 2016;4:8442–53.

	18.	 Bötzel K, Marti FM, Rodríguez MÁC, Plate A, Vicente AO. Gait recording with inertial sensors—How to determine 
initial and terminal contact. J Biomech. 2016;49:332–7. https​://doi.org/10.1016/j.jbiom​ech.2015.12.035.

	19.	 Pham MH, Elshehabi M, Haertner L, Del Din S, Srulijes K, Heger T, et al. Validation of a step detection algorithm dur-
ing straight walking and turning in Patients with Parkinson’s disease and older adults using an inertial measurement 
unit at the lower back. Front Neurol. 2017;8:1–9.

	20.	 Storm FA, Buckley CJ, Mazzà C. Gait event detection in laboratory and real life settings: accuracy of ankle and waist 
sensor based methods. Gait Posture. 2016;50:42–6. https​://doi.org/10.1016/j.gaitp​ost.2016.08.012.

	21.	 Hannink J, Kautz T, Pasluosta CF, Barth J, Schülein S, Gaßmann K-G, et al. Mobile stride length estimation with 
deep convolutional neural networks. IEEE J Biomed Health Inform. 2018;22(2):354–62. https​://doi.org/10.1109/
JBHI.2017.26794​86.

	22.	 Mirelman A, Rochester L, Reelick M, Nieuwhof F, Pelosin E, Abbruzzese G, et al. V-TIME: a treadmill training program 
augmented by virtual reality to decrease fall risk in older adults: study design of a randomized controlled trial. BMC 
Neurol. 2013;13:15. https​://doi.org/10.1186/1471-2377-13-15.

	23.	 Mirelman A, Rochester L, Maidan I, Del Din S, Alcock L, Nieuwhof F, et al. Addition of a non-immersive virtual reality 
component to treadmill training to reduce fall risk in older adults (V-TIME): a randomised controlled trial. Lancet. 
2016;388:1170–82.

	24.	 Picerno P, Cereatti A, Cappozzo A. A spot check for assessing static orientation consistency of inertial and magnetic 
sensing units. Gait Posture. 2011;33:373–8. https​://doi.org/10.1016/j.gaitp​ost.2010.12.006.

	25.	 Köse A, Cereatti A, Della Croce U. Bilateral step length estimation using a single inertial measurement unit attached 
to the pelvis. J NeuroEng Rehabil. 2012;9:1–10. https​://doi.org/10.1186/1743-0003-9-9.

	26.	 Peruzzi A, Della Croce U, Cereatti A. Estimation of stride length in level walking using an inertial measurement unit 
attached to the foot: a validation of the zero velocity assumption during stance. J Biomech. 2011;44:1991–4. https​://
doi.org/10.1016/j.jbiom​ech.2011.04.035.

	27.	 Hass CJ, Malczak P, Nocera J, Stegemöller EL, Shukala A, Malaty I, et al. Quantitative normative Gait data in a large 
cohort of ambulatory persons with Parkinson’s disease. PLoS ONE. 2012;7:4–8.

	28.	 Song M, Kim J. An ambulatory gait monitoring system with activity classification and gait parameter calcula-
tion based on a single foot inertial sensor. IEEE Trans Biomed Eng. 2018;65(4):885–93. https​://doi.org/10.1109/
TBME.2017.27245​43.

	29.	 Ferrari A, Ginis P, Hardegger M, Casamassima F, Rocchi L, Chiari L. A mobile Kalman-filter based solution for the real-
time estimation of spatio-temporal gait parameters. IEEE Trans Neural Syst Rehabil Eng. 2016;24:764–73.

	30.	 Kong W, Lin J, Waaning L, Sessa S, Cosentino S, Magistro D, et al. Comparison of gait event detection from shanks 
and feet in single-task and multi-task walking of healthy older adults. In: 2016 IEEE international conference on 
robotics and biomimetics, ROBIO 2016. 2016;2063–8.

	31.	 Agostini V, Gastaldi L, Rosso V, Knaflitz M, Tadano S. A wearable magneto-inertial system for gait analysis (H-gait): 
validation on normal weight and overweight/obese young healthy adults. Sensors. 2017;17:2406.

	32.	 Hannink J, Kautz T, Pasluosta CF, Gasmann K-G, Klucken J, Eskofier BM. Sensor-based gait parameter extraction with 
deep convolutional neural networks. IEEE J Biomed Health Inform. 2017;21:85–93. http://ieeex​plore​.ieee.org/docum​
ent/77781​73/.

	33.	 Sabatini AM, Ligorio G, Mannini A. Fourier-based integration of quasi-periodic gait accelerations for drift-free 
displacement estimation using inertial sensors. Biomed Eng Online. 2015;14:106. https​://doi.org/10.1186/s1293​
8-015-0103-8.

	34.	 Zhuang Y, Gong J, Kerrigan DC, Bennett BC, Lach J, Russell S. Gait tracker shoe for accurate step-by-step determina-
tion of gait parameters. In: BSN 2016—13th annual body sensor networks conference. 2016:13–8.

	35.	 Hannink J, Ollenschläger M, Kluge F, Roth N, Klucken J, Eskofier BM. Benchmarking foot trajectory estimation meth-
ods for mobile gait analysis. Sensors. 2017;17:1940. https​://doi.org/10.3390/s1709​1940.

https://doi.org/10.1016/j.jbiomech.2015.12.035
https://doi.org/10.1016/j.gaitpost.2016.08.012
https://doi.org/10.1109/JBHI.2017.2679486
https://doi.org/10.1109/JBHI.2017.2679486
https://doi.org/10.1186/1471-2377-13-15
https://doi.org/10.1016/j.gaitpost.2010.12.006
https://doi.org/10.1186/1743-0003-9-9
https://doi.org/10.1016/j.jbiomech.2011.04.035
https://doi.org/10.1016/j.jbiomech.2011.04.035
https://doi.org/10.1109/TBME.2017.2724543
https://doi.org/10.1109/TBME.2017.2724543
http://ieeexplore.ieee.org/document/7778173/
http://ieeexplore.ieee.org/document/7778173/
https://doi.org/10.1186/s12938-015-0103-8
https://doi.org/10.1186/s12938-015-0103-8
https://doi.org/10.3390/s17091940

	Estimation of spatio-temporal parameters of gait from magneto-inertial measurement units: multicenter validation among Parkinson, mildly cognitively impaired and healthy older adults
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Subjects
	Instrumentation
	Experimental protocol
	Gait events identification and gait temporal and spatial parameters estimation
	Errors associated to the gait events identification and spatio-temporal parameters estimation

	Results
	Gait event identification and spatio-temporal parameters estimation errors

	Discussion
	Conclusions
	Authors’ contributions
	References




