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BACKGROUND: The 6-min walk test (6MWT) encompasses potential and untapped information
related to exercise capacity. However, this test does not yield any information about gait pattern.
Recently, we used a ventilatory polygraph to reveal respiratory adaptation during the 6MWT with
subjects having high or low body mass index (BMI). In this study, we aimed to determine gait
parameters with the same device, which integrates an accelerometer. METHODS: Using a 30-m
corridor, steps and U-turns were detected with a custom-made algorithm, compared to video
recordings as a reference method, and analyzed offline. From the vertical acceleration signal, we
were able to determine cadence and step length, and we could calculate the total distance covered
in 6 min (6MWD). We then compared these variables between subjects with low BMI (n � 13 sub-
jects) or high BMI (n � 29 subjects). RESULTS: Steps and U-turn detection correlated with video
results (r � 0.99, P < .001 for both). The 6MWD calculation was also in line with classical
measurements (r � 0.99, P < .001). High BMI subjects had a significantly lower 6MWD, cadence,
and step length than controls (P < .001 for each). Walking speed was more closely correlated with
step length (r � 0.92) than with cadence (r � 0.64) for both groups. CONCLUSION: Our results
demonstrated that a ventilatory polygraph with an embedded accelerometer can be used to detect
steps and U-turns, and to calculate 6MWD. This method is sufficiently sensitive to characterize
significant BMI-dependent differences in gait pattern during a 6MWT and appears to be a prom-
ising tool for routine clinical use. Key words: six-minute walk test; gait analysis; accelerometry;
exercise testing; obesity. [Respir Care 0;0(0):1–•. © 0 Daedalus Enterprises]

Introduction

The quantification of functional capacity in patients pre-
senting with chronic respiratory diseases is an important

issue for pulmonologists. These diseases may lead to gas-
exchange alterations that limit muscle oxygen consump-
tion, especially in muscles involved in locomotion such as
the quadriceps.1 An alteration of quadriceps endurance has
been linked to gait pattern.2

The 6-min walk test (6MWT) is a simple, low-cost, and
safe exercise test that is used to assess functional exercise
capacity by measuring the walking distance covered in
6 min (6MWD). A reduction of total distance, a decrease
in hemoglobin saturation as evaluated with a portable pulse

Dr Retory is affiliated with Centre EXPLOR!, Air Liquide European
Homecare Operations Services, Gentilly, France. Drs Retory and Bonay
are affiliated with U1179 Inserm, Laboratoire de Physiologie TITAN,
Montigny-le-Bretonneux, France. Dr David is affiliated with Service de
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portable device, and heart rate recovery are the most com-
mon indexes of exercise capacity alteration related to re-
spiratory limitations for the 6MWT.3,4

Despite its widespread adoption in everyday clinical
practice, this functional test does not provide a biome-
chanical analysis of the gait pattern, which is known to be
modified in patients with chronic respiratory diseases.5

Instead, mechanical gait parameters are usually explored
using biomechanical instrumentation such as a force plate
fitted into a walkway or opto-electronic movement-mea-
surement systems.5,6 All of these sophisticated techniques
require expensive devices, technical expertise, and powerful
analysis software, which limit their use in the context of
clinical screening with field testing or in a real-life environ-
ment. An alternative approach relies on the use of a portable
accelerometer. Indeed, an accelerometry-based portable de-
vice can objectively provide valid and reliable information
about locomotion movement patterns.7 Thus, such tools have
been used for gait analysis and as a clinical tool in diagnosis
and follow-up of gait disorders.8-10

In a previous study, we showed the benefits of adding
information related to the 6MWT by using respiratory in-
ductance plethysmography, with an adapted method to de-
scribe the breathing pattern in lean and overweight healthy
adults during the 6MWT.11 Hence, we hypothesized that
an integrated biomechanical analysis of gait combined with
ventilatory monitoring during the 6MWT in a population
of overweight subjects would yield relevant biomechani-
cal information. A description of gait pattern alteration
would help describe the impact of ventilatory limitation.

Respiratory recording devices, such as the portable mon-
itor that we described previously, can be embedded in an
upper trunk-mounted triaxial accelerometer and may prove to
be a good candidate for gait monitoring during the 6MWT.11,12

Accordingly, the primary aim of this study was to establish
the possibility of obtaining relevant basic gait parameters
during the specific conditions of the 6MWT with a portable
monitor placed at a thoracic position. As previously reported
for breathing pattern,11 the second aim was to explore this
method’s sensitivity when comparing gait parameters between
subjects with low or high body mass index (BMI).

Methods

Participants

A total of 52 subjects (41 women, 11 men) volunteered
to participate in this study; 10 subjects were included in a
video-validation group, while the 42 remaining subjects
were divided into 2 subgroups according to BMI. To de-
termine BMI, body weight was measured to the nearest
0.1 kg using a scale (Seca Model 750 VIVA, Hamburg,
Germany), and height was measured to the nearest 0.1 cm
with a wall-mounted stadiometer (NM Medical, Asnières,

France). Thirteen subjects with BMI � 25 kg/m2 and 29 sub-
jects with BMI � 30 kg/m2 were included in the low and
the high BMI groups, respectively (Table 1).

Exclusion criteria included a clinical history of meta-
bolic or respiratory disease, inability to walk, and smok-
ing. This study was approved by the Institutional Review
Board of the French Learned Society for Respiratory Med-
icine (Société de Pneumologie de Langue Française:
n°2015-23) and was conducted in accordance with the last
release of the Declaration of Helsinki. All subjects gave
their written consent to participate.

Recordings

As in our previous studies, a Nox-T3 thoracic polygraph
system (Nox Medical, Reykjavík, Iceland) was used to
record all signals (Fig. 1). The Nox-T3 device also has an

QUICK LOOK

Current knowledge

The 6-min walk test in its classical design gives useful
information on functional capacity. However, gait pa-
rameters are not evaluated by this test.

What this paper contributes to our knowledge

This study aimed at describing gait parameters and eval-
uating walk distance during 6MWT with an accelerom-
eter in thoracic position. This method allows calcula-
tions of step length, cadence and distance walked by
processing step events and U-turns. Comparison be-
tween high and low BMI subjects reveals a possible
discrimination based on gait parameters. Those results
are promising for the evaluation of gait in routine with
6MWT.

Table 1. Demographic Characteristics of Study Participants

Control Non-overweight Overweight P

Age, y 43.8 (12.8) 42.2 (13.6) 38.4 (10.7) .39
Weight, kg 67.3 (12.1)* 63.4 (8.6)* 121 (18.7) � .001
Height, m 166.7 (6.8) 167.2 (7.5) 165.9 (8.8) .88
Body mass

index, kg/m2
24 (2.5)* 22.6 (1.8)* 43.8 (5.4) � .001

Male/female
ratio

3/7 4/9 4/25 .34

Control n � 10; Non-overweight n � 13; Overweight n � 29. Values are mean (SD). One-way
analyses of variance were used to compare group means for the different demographic
variables. Post-hoc analysis consisted of paired t tests with Bonferroni correction. *P � .05
versus overweight. The chi-square test was used to compare the male/female ratios among the
groups.
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embedded triaxial accelerometer (range: � 2 g), which can
continuously measure upper trunk accelerations. Accord-
ing to the characteristics of the Nox-T3 device, accelero-
metric signals were sampled at 10 Hz. The raw data were
transmitted onto a computer via the Noxturnal software
(version 3.2) for offline processing.

A portable video recorder (Geonaute G-eye discover,
Groupe Decathlon, Mons, France), wearable on the fore-
head was used as a reference to record steps (Fig. 1A). The
video recorder had a resolution of 720 pixels with a frame
rate of 30 frames/s. Velocity was calculated as the distance
covered between consecutive U-turns divided by the cor-
responding duration.

Experimental Procedures

Gait was assessed during the 6MWT, which was per-
formed according to guidelines from the American Tho-
racic Society.13 Only subjects from the first group were
equipped with the video camera on their forehead (Fig.
1A) for validation sessions with video.

Data Processing

As described in our previous papers,11,12 data files were
extracted and converted into ASCII files for offline analysis.
Signal processing was performed with custom routines writ-
ten in Matlab (Release 2015b, The Mathworks, Inc., Natick,
Massachusetts). Among the 3 directions of acceleration, ver-
tical acceleration (Z) provided a better graphical recognition
of steps in all subjects. Thus, a raw Z signal was bandpass-
filtered between 0.9 Hz to remove the direct current (DC)
component, which was mainly the influence of gravity, and
2.5 Hz to remove tissue vibration contamination by using a

5-order Butterworth filter (Fig. 2A). Considering the cyclical
nature of the collected accelerometric signal and gait, we
assigned step-event detection to all peaks found in the filtered
signal. As such, a peak detection function was used to count
the steps, defined by the local maximum of the filtered ac-
celeration signal (Fig. 2B). U-turns were identified as steps
characterized by a significant deceleration in comparison with
other steps.14 A moving root mean square envelope of a
Z-filtered signal with a sliding window of 3 consecutive points
was used for detection. This envelope was characterized by
2 curves: an upper curve (Z-upper) and a lower curve (Z-
lower) (Fig. 2C). A threshold value was set at the 95th per-
centile of the Z-filtered values during the 6MWT, below
which the values were omitted (Fig. 2D). A refractory period
of 10 s was respected, during which 2 consecutive U-turns
could not be labeled. Average step lengths were then calcu-
lated by dividing the distance between 2 consecutively de-
tected U-turns, namely at 30 m, by the median of the number
of steps needed to cover it. The 6MWD was calculated as the
product of the global number of steps detected during the
6MWT by the median step length, and this was compared to
the distance actually measured.

Video Validation

The individual video recordings of the 6MWT were
viewed by 2 observers blinded to each other. They were
instructed to count steps during a predetermined period of
time (10 s, 20 s, 40 s, 50 s, 80 s, and 160 s) without
overlapping from the onset to the end of the 6MWT. They
were also instructed to time U-turn occurrences. The data
obtained from the 2 observers were compared to those of
the automatized detection process for steps and U-turns.

Nox-T3 device Nox-T3 device

Video recorder
BA

Thorax
RIP belt

Thorax
RIP belt

Fig. 1. The Nox-T3 equipment as worn by a participant. Total carrying mass is 88 g. A: Includes video camera. B: Without video camera.
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Statistical Analysis

Bland-Altman analysis, including calculation of mean
bias between each testing protocol (automatized detection
process from polygraph, video via observer 1, and video
via observer 2) and standard deviation (SD) of bias
(bias � 2 SD), was used to evaluate the performance of the
proposed method.15 Data from the polygraph were checked
for normality and for equality of variance. A multivariate
analysis of variance (MANOVA) with repeated measures
was used to analyze changes in the outcome measures as
a function of group status and time. For effects that were
statistically significant in the MANOVA, follow-up anal-
yses included a univariate analysis of variance. Using the
data from all subjects, Bravais-Pearson correlation coeffi-
cients (r) were calculated to evaluate potentially linked
parameters. A linear regression was established to char-
acterize the relationship between the 2 methods for de-
termining 6MWD. Differences were considered signif-
icant when P � .05. Data are presented as mean � 1 SD.

Statistics corresponding to validation results were as-
sessed with GraphPad Prism version 5.01 (San Diego
California), whereas those corresponding to determina-
tion of gait parameters of subjects with high or low BMI
were calculated with Sigmastat (SigmaPlot, Systat Soft-
ware, San Jose, California).

Results

Technical Validation

As shown in Figure 3A, there was a significant corre-
lation between the number of steps detected with the ac-
celerometer analysis and the video observation from both
observers (r � 0.99, P � .01 for both observers). How-
ever, Bland and Altman analysis (Fig. 3B, 3C and 3D)
revealed biases between the two observers and between
each observer and the polygraph, which are in the same
range (�0.7 � 3.5 steps; 1.2 � 2.9 steps and 0.5 � 2.5
steps, respectively).
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Fig. 2. Vertical accelerometric signal processing protocol. See text for further details.
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There was a significant correlation between the occur-
rences of U-turns detected by the first observer and the
second observer (r � 0.99, P � .01). As a result, corre-
lations were identical and significant (r � 0.99, P � .01)
between U-turns detected with the accelerometer and those
detected by the 2 observers (Fig. 3E), with mean biases of
� 1 s (�0.68 � 2.37 s and �0.64 � 2.33 s) as determined
with revealed Bland-Altman analyses. The sensitivity (ie,
the number of steps correctly considered to be implied

among the 181 U-turns tested), was 95.7%, whereas the
specificity (ie, number of steps correctly considered not
implied in U-turns among the 7,231 steps tested) was 99.9%.

There was a significant positive correlation (r � 0.99,
P � .01) characterizing the relationship between 6MWD
determined classically and with those of our data treatment
(Fig. 3F). For this relationship, the slope was close to the
identity line (0.97) with an intercept of 19.2 m and an
average bias of 3.9 � 7.7 m.
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Fig. 3. A: Relationship between the number of steps detected by the polygraph and video. B, C, D: Bland-Altman difference plots for
the number of step obtained from the polygraph and the video (observer 1 and observer 2). The mean bias, representing the
mean difference between 2 testing protocols, appears on the graph as a horizontal dashed line, with the upper and lower lines
representing the limits of agreement (bias � 2 SD). E: Correlation between U-turn occurrences detected in the polygraph and video.
F: Correlation between the 6-min walk distance assessed in the polygraph and video. Linear regression fit (black line), r, and P values
are reported.
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Subjects with Low or High BMI

There was no significant difference in biometric char-
acteristics between groups except for weight and BMI
(Table 1). Nevertheless, the 6MWD for subjects with high
BMI was significantly lower than the 6MWD for subjects
with low BMI (P � .001). As shown in Figure 4A, con-
sidering velocity during the 6MWT, there was a BMI ef-
fect (explaining 38.5% of the total variation, P � .01)
without a time effect. Tukey pairwise comparisons dem-
onstrated significantly lower values for the high-BMI group
at each minute of the test in comparison with the low-BMI
group (P � .01). For cadence (Fig. 4B), there was also a
BMI effect (explaining 22.3% of the total variation,
P � .01), with lower values for the high-BMI group with-
out a time effect. Furthermore, there was a BMI effect at
each minute of the test (P � .01, P � .01, P � .05,
P � .01, P � .01, P � .01, respectively). Step length (Fig.
4C) was also influenced by BMI (explaining 27.4% of the
total variation, P � .01), with high-BMI subjects showing
lower values without any significant time effect. In addi-
tion, velocity was better correlated with step length
(r � 0.92) than with cadence (r � 0.64).

Discussion

Technological Aspects

Our results demonstrated the possibility of monitoring
basic gait parameters with a classical ventilatory poly-
graph placed at a thoracic position during the 6MWT.
Despite the fact that this was not our primary goal, we also
confirmed that this is a simple tool to calculate with con-
fidence the total distance covered during the 6MWT. As
reported in the literature, accelerometry has been primarily
used to estimate gait parameters.8 In this study, the device
was located at the thorax, which is unusual (ie, acceler-
ometers typically are placed near the center of mass in the
lumbar position16 or on the ankle17), but this related to the
accelerometer on the ventilatory polygraph. Kavanagh
et al18 described accelerometric signals produced by sen-
sors located in the occipital position and near the L3 spi-
nous process and found a strong correlation between sig-
nals produced in both locations. Representations of head
accelerations reported by Kavanagh et al18 were close to
those recorded in our study during the 6MWT. This indi-
cates that the thoracic location seems suitable when step
detection is required. Another concern is the detection of
steps by way of the acceleration signal, which only mea-
sures in the vertical direction. Our device actually allows
recording of mediolateral and anteroposterior components.
Kavanagh et al18 found a better correlation between the
head and trunk vertical component of acceleration than for
the mediolateral and anteroposterior components. Further-
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more, the 2 vertical accelerometer signals exhibited better
phase congruence. Kavanagh et al18 interpreted these re-
sults by suggesting that the trunk does not play a major
role as a shock absorber in the vertical direction. Thus, we
hypothesized that the vertical component of acceleration
remains the most appropriate signal to estimate center-of-
mass accelerations during walking when placing the sen-
sor away from the center of mass.

Another point was the sampling frequency of our de-
vice, which was lower (10 Hz) than what is generally used
for gait analysis.19 Indeed, sampling rates from 25 Hz up
to 200 Hz are have been reported in other studies.19 How-
ever, Huang et al20 successfully used a 10 Hz sampling
frequency to count steps with an accuracy of 93–96%.
This seems compatible with the Shannon Theorem, which
states that the minimal sampling rate of a signal has to be
at least twice the maximum frequency of the target phe-
nomenon.21 This indicates that this system cannot accu-
rately describe a gait compound higher than 5 Hz, but it
does seem capable of detecting cadence, which is much
lower than 5 Hz.

Cutoff frequencies for the bandpass filtering selected in
this study are motivated by rejection of respiratory motion
artifacts and tissue motion artifacts induced by walking.
Indeed, the lower cutoff of 0.9 Hz was set to avoid respi-
ratory movement contamination, as well as the DC com-
ponent, namely gravity. The upper cutoff at 2.5 Hz was
determined to limit contamination by vibration of fat tis-
sue in subjects with high BMI. Indeed, we have reported
that artifact occurrence was proportional to individual BMI
values.11 Perhaps 2.5 Hz appears too low, and, as indicated
by Capela et al,19 a cutoff frequency below 4 Hz would
miss some steps with an accelerometer placed in a lumbar
position. To our knowledge, the particular setup used in
our study (ie, cutoff frequencies with this device location)
had never been tested before in the context of the 6MWT.
It is noteworthy that this filtering limits the ability to ac-
curately determine phases of gait, such as swing or sway
periods. However, in our experimental paradigm, the cut-
off frequency was not detrimental in estimating the num-
ber of steps.

Performance

In our methods, U-turn detection is important because
this is part of the 6MWT protocol, and also because this
variable is taken into account when calculating mean step
length. Gyroscopic sensors in wearable smartphones have
been used in previous studies to detect U-turns.19 We em-
pirically observed that a marked deceleration occurred dur-
ing each U-turn. This observation is well supported by the
close linear relationship between velocity and the curva-
ture of a locomotor trajectory as described by Vieilledent
et al,14 which supports the observation that a reduction of

speed and acceleration occurs during U-turns. Our results,
based on a deceleration assessment, were sufficient to con-
fidently detect U-turns with good specificity and sensibil-
ity as validated with our video recordings.

Given the specificity of the 6MWT protocol, which in-
cludes turns within at least 30 m of a hallway, we used the
distance between turns and the number of steps needed to
cover this length to determine mean step length, and we
then multiplied this by the global step number to estimate
a 6MWD value.13 Step detection is an important concern,
and our data demonstrated adequate step detection. It is
likely that these results are due to the particular conditions
of the 6MWT. Indeed, subjects try to walk as far as pos-
sible during 6 min, so they naturally adopted a very regular
locomotor pattern at a speed slightly higher than a spon-
taneous or preferred walking speed.

Having a few errors did not impair the global results.
This is likely due to the fact that we used median step
length values rather than means in the calculation of 6MWD.
This prevented inclusion of possible aberrant values that
might occur if adding or omitting one or several U-turns.
Both step and U-turn detection showed satisfactory results
with very few errors. When calculating 6MWD, these er-
rors may be cumulative, but global accuracy seems to be
suitable for clinical distance estimation with an average
bias of 3.9 m � 7.7 m.

Finally, our results showed that automatic 6MWD de-
termination and obtaining basic gait parameters are readily
feasible in addition to the ventilatory monitoring during a
6MWT as proposed in our previous study.11

Clinical Considerations

The standardized format of the 6MWT contributes to
worldwide applicability. Due to its simplicity, however,
this test does not give information on ventilatory adapta-
tion or on locomotor pattern. In this study, we aimed to
obtain gait parameters such as cadence, step length, and
velocity with the same device. It is well known that pa-
tients with high BMI have lower 6MWD as well as lower
cadence and step length.5 Knowing that there were no
significant differences for height, age, and sex ratio, our
results showed that velocity, cadence, and step length were
significantly lower in subjects with high BMI than in con-
trols at each minute of the test without any time effect.
This suggests that the locomotor adaptation in subjects
with high BMI is meaningful and may be linked to ven-
tilation or cardiac factors that result in different adaptation
strategies during exercise.

Conclusion

We conclude that locomotor monitoring of the 6MWT
provides a useful tool to better characterize gait parameter
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impairments related to high BMI. Validation of such in-
formation can enrich ventilatory monitoring. Moreover,
this method could be used with different patient popula-
tions with respiratory diseases such as COPD, pulmonary
fibrosis, or pulmonary hypertension. The ability to mea-
sure walk-distance reduction along with a correlation in
respiratory limitation and gait-parameter alteration may be
of practical clinical use.
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