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Abstract: Inertial measurement units (IMUs) provide benefits over the traditional optoelectronic
motion capture (OMC) systems in measuring kinematics for the low back pain population. The
reliability and validity of IMUs to quantify three-dimensional motion for multiple hip/spine seg-
ments have not been systematically evaluated. The purpose of this study was to determine the
repeated-measures reliability and concurrent validity of an IMU system for measuring the three-
dimensional spine/hip kinematics in six common movement assessments. Seventeen participants
(32.3 (14.7) years; 11 female) performed two trials each of six range-of-motion assessments while fit-
ted with four IMUs (T1/T2, T12/L1, L5/S1, and femur). The IMUs showed good–excellent reliability
for most of the movements in the primary plane and poor–moderate reliability in the non-primary
planes. The IMU and OMC systems showed generally good–excellent agreement in the primary
plane and RMSE values between 3.03◦ and 15.75◦. The removal of outliers based on the Bland–
Altman analysis resulted in RMSE values between 2.44◦ and 10.30◦. The system agreement in the
non-primary planes was generally poor–moderate, and the RMSE values ranged from 2.19◦ to 45.88◦.
Anomalies in the proprietary sensor fusion algorithm or calibration may have contributed to the large
RMSE values, highlighting the importance of assessing data for physiological relevance. The results
suggest that these IMUs may be best suited for population-based studies measuring movement in
the primary plane and point toward the need for the development of more robust approaches for
broader implementation.

Keywords: inertial measurement units; spine; validity; reliability; low back

1. Introduction

In low back pain (LBP), it is important to measure spine movement to evaluate
symptom provocation and inform treatment decisions [1–6]. Individuals with LBP have
altered motion in their lumbar spine [2,6], thoracic spine [2], and lower limbs [7–9]. The
impaired range-of-motion makes it difficult to complete functional activities and can
perpetuate pain and disability in the LBP population [4,5]. It is important to understand
the clinical implications of these kinematic changes, but this is difficult given that most
motion analysis is representative of only a single time point in an artificial laboratory
environment [10].

Optoelectronic motion capture (OMC) is the current gold standard for quantifying
spine kinematics [2,11,12]. OMC involves the use of reflective markers—which must be
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visible to a set of cameras—to track body movement. Unfortunately, reflective markers
are easily occluded by clothing or skin [13,14], especially during end-range movements.
In addition, OMC is expensive, making it cost-prohibitive in many clinical settings where
treatment decisions occur. Finally, OMC is not conducive to ‘real-world’ settings, such as
remote monitoring, and requires the use of a specialized laboratory space. Therefore,
OMC cannot be used to monitor movement in a clinical or at-home setting. Due to
the limitations of the OMC system, small wearable inertial measurement units (IMUs)
are gaining popularity for measuring joint kinematics [12,15], including for use in the
spine [11,12,16–19]. Hodges and Hoorn emphasized the need for the remote monitoring of
spine kinematics as a vital addition to a proposed ‘suite of sensors’ useful for the future
of spine care [10]. Specifically, IMUs are noted as necessary tools in building prediction
algorithms for precision medicine applications [20]. IMUs provide additional benefits over
the gold-standard OMC systems in that they enable motion tracking over longer time
periods and within at-home or community settings [12,15]. The characteristics of LBP
(e.g., the propensity for acute flareups [21], symptom fluctuations [22], and prevalence of
movement impairments across functional tasks [2,4,23]) make IMUs particularly compelling
for monitoring movement across time and tasks in this population.

Before incorporating IMUs into research and clinical settings, it is important to assess
their reliability and validity as compared to the gold-standard OMC system [15]. A rigorous
kinematics assessment in LBP should include the following components: (1) an analysis of
multiple body segments to capture any compensatory movement or maladaptive move-
ment strategies associated with pain [7,9,19] and (2) an assessment of the three-dimensional
range of motion to monitor coupled movements (e.g., twisting while lifting) that may
perpetuate pain and increase the risk for further injury [24,25]. A systematic review by Papi
and colleagues highlighted 22 different studies investigating the use of wearable sensors to
study spine kinematics. However, only five [16,17,26–28] of the included studies included
three-dimensional range of motion as an outcome measure. Of these five studies, only
three [16,26,27] captured the three-dimensional motion of multiple body segments (i.e., tho-
racic, lumbar, and hip). The three studies that examined three-dimensional multi-segment
movement focused only on specific dynamic movements (i.e., stair climbing [26,27] or sit-to-
stand [16]). To the authors’ best knowledge, no existing studies have rigorously examined
three-dimensional multi-segment kinematics across a variety of clinical movements. The
current study builds upon the existing literature that explores the use of wearable sensors
for measuring spine kinematics [11,12,16–19]. This study is novel because it rigorously
quantifies the repeated-measures reliability and concurrent validity of an inertial mea-
surement unit system to measure three-dimensional kinematics across multiple spine/hip
segments for six common clinical movement assessments. Multi-planar and multi-segment
analyses are crucial to fully elucidate the biomechanical patterns and injury risk for LBP.

2. Materials and Methods
2.1. Participants

Participants were recruited after obtaining Institutional Review Board (IRB) approval
through the University of Pittsburgh (STUDY20020091). Participants were recruited
through the University of Pittsburgh’s Clinical and Translational Science Institute re-
search registry and community flyers. Participants were included if they were between
18 and 70 years old, reported no low back pain in the last two years, and denied exercise
or activity restrictions preventing them from completing low back range of motion tests.
Participants were excluded if they reported a history of cancer, spinal cord compression,
or discitis.

2.2. Instrumentation

Placement of the four sensors enabled assessment of thoracic, lumbar, and hip motion
(Figure 1). Four IMUs (Lifeware Labs, LLC, Pittsburgh, PA, USA) were adhered to each
participant using double-sided adhesive body-safe tape (Figure 1). Each IMU sensor was
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fitted with three reflective markers to capture IMU and OMC data simultaneously. Spine
sensors were turned on, three-dimensionally calibrated using a figure-eight waving pattern,
and placed at palpated T1/T2, T12/L1, and L5/S1 interspinous spaces. Spine sensors were
placed according to the literature, on landmarks that enabled distinction of thoracic and
lumbar segments [17,29–32]. The hip sensor was calibrated in the same fashion and placed
on the right femur, in a location chosen to minimize clothing artifact. The hip sensor was
located either 10 cm distal to the right greater trochanter or 10 cm proximal to the right
lateral femoral epicondyle (depending on participant’s clothing). Variable location of the
hip sensor did not create additional variability in the results for two reasons: (1) the OMC
markers were adhered directly to the IMU sensors and measured the same movement
regardless of location, and (2) peak hip range of motion is not impacted by sensor placement
along the femur, which is considered a rigid body for kinematic analysis [33].

Figure 1. Experimental setup shows IMUs on T1/T2, T12/L1, and L5/S1 interspinous processes and
right lateral thigh and corresponding segments. Each IMU has three reflective OMC markers acting
as a rigid body cluster attached to a custom black plastic casing. cm = centimeters.

The IMU devices included a MEMS IMU (Bosch Sensortec model BNO055) and a
Bluetooth transmitter. The IMUs recorded triaxial linear accelerations, triaxial angular ve-
locities, and magnetic field readings. The lab space used for data collection was determined
to be free of magnetic interference. Absolute orientation of the sensor was described by
quaternions derived using a built-in sensor fusion algorithm, which took place on the IMU
(Bosch Sensortec model BNO055). Raw data were wirelessly transmitted to an AndroidTM

smartphone (Pixel 3, Google, LLC, Mountain View, CA, USA) at a rate of 62.5 Hz, and
a custom software application (Lifeware Labs, LLC, Pittsburgh, PA, USA) was used for
data capture. OMC data were collected at 120 Hz using a Vicon Motion System with
14 T40S cameras (Oxford, UK). After sensors were adhered to the participant, the partici-
pant stomped on the floor with their right foot one time. The stomp resulted in a distinct
peak in the linear acceleration readings captured by each sensor, which were then used to
manually time-synchronize the four IMUs.

2.3. Movement Protocol

Participants completed two trials each of six range-of-motion (ROM) tasks to assess the
repeated-measures reliability of the IMUs. A trial consisted of five repetitions of six ROM
movements: flexion/extension (F/E), left/right axial rotation (L/R AR), and left/right side
bend (L/R SB). Participants were instructed to move as far as they could comfortably go
while keeping their knees and pelvis straight for each repetition. Participants practiced
the movement with feedback from the primary author (A.H.B.) until it was performed per
instructions, at which point data collection began for the five repetitions. The extension
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(E) movement was modified to be only a portion of the participants’ total available range-
of-motion as most participants’ full extension range resulted in blocking of the OMC
reflective markers. Participants were cued to stop the extension movement once the OMC
markers were occluded. The movement tasks were performed in the same order for each
participant. Movement trials were also video recorded using a camcorder that was time-
synchronized with the OMC system. After completing the first trial (Time 1), the four IMUs
were removed from the participant before a short rest period lasting no more than 10 min.
Sensors were then reapplied to the previously described landmarks and the movement
tests were performed again for a second trial (Time 2). Participants were again instructed to
move as far as they could comfortably go while keeping their knees and pelvis straight for
each repetition. Typically, healthy participants show consistent kinematics when assessed
at different time points [34,35].

2.4. Derivation of Kinematics

A custom algorithm (openly available from GitHub at https://github.com/anb254
/Lifeware-IMU-Accuracy-Study, accessed 25 August 2024) was implemented in Matlab
(Matlab R2023B, The MathWorks Inc., Natick, MA, USA) to quantify spine and hip kine-
matics obtained from both the IMU and OMC systems. Flowcharts for derivation of
kinematics for OMC and IMU data are shown in Figures 2 and 3. Kinematics were derived
for three segments (lumbar, thoracic, and hip) across six movements, resulting in a total
of 18 ‘segment movements’ for each participant. IMU quaternions were converted to
3 × 3 rotation matrices between the IMU sensor local coordinate system and the global
coordinate system (Rglobal

IMU_local). Similarly, right-handed coordinate systems were derived

from Vicon marker data using rigid body clusters placed on each IMU (Rglobal
OMC_local). To

calculate ROM regarding functionally relevant axes, participants performed a modified
functional alignment procedure [36,37] from which a rotation matrix was derived that
would convert points from the local IMU or Vicon coordinate system to a ‘body’ coordinate
system (Rbody

IMU_local or Rbody
OMC_local). The alignment procedure was completed twice, once

before Time 1 and once before Time 2. One repetition of trunk flexion defined the functional
medial–lateral axis for the spine sensors and one repetition of hip flexion defined the
functional medial–lateral axis for the hip sensor. The vertical axis for the ‘body’ coordinate
system was defined for the IMUs using orientation with respect to gravity (pitch and roll) in
a static pose and for Vicon data using the vertical vector from the Vicon-derived Rglobal

OMC_local
rotation matrix in a static pose. The third and final axis of the ‘body’ coordinate system
(i.e., anterior–posterior axis) was derived by the cross product of the two previous axes
(medial–lateral and vertical). A second cross product was taken to ensure orthogonality of
the entire ‘body’ coordinate system.

Appropriate matrix multiplication was used to derive 3 × 3 rotation matrices repre-
senting the rotation from one sensor in its body coordinate system to a second sensor in
its body coordinate system. Appropriate matrix multiplication is shown in Formula (1)
(S# body = sensor body coordinate system; S# local = sensor local coordinate system). This
same formula was used for both IMU and OMC rotation matrix calculations, with appro-
priate local coordinate systems (either IMU or OMC).

RS2 body
S1 body = RS2 body

S2 local · RS2 local
global · Rglobal

S1 local · RS1 local
S1 body (1)

To account for individual differences in anatomy, final rotation matrices were normal-
ized to each individual’s static position. Static position was defined as the last five frames
of the recorded trial after completion of the movement task. To normalize rotation matrices
to each individual’s static posture, final rotation matrices (RS2 body

S1 body) were multiplied by the
inverse of the rotation matrix derived from the static position. Euler angles were derived
from this normalized RS2 body

S1 body rotation matrix according to the most appropriate order of
decomposition. For AR, a transverse–sagittal–frontal (AR-F/E-SB) order was used. For

https://github.com/anb254/Lifeware-IMU-Accuracy-Study
https://github.com/anb254/Lifeware-IMU-Accuracy-Study
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SB, a frontal–sagittal–transverse (SB-F/E-AR) order was used. For FE, a sagittal–frontal–
transverse (F/E-SB-AR) order was used. Resulting angles representing three-dimensional
ROM between two sensors were derived.

Figure 2. Flowchart outlining derivation of kinematics for IMU data. Figure was created using
Lucidspark (Lucid Software Inc., 2024, accessed 26 September 2024) and includes icons from BioRen-
der (https://www.biorender.com/, accessed 26 September 2024)and Microsoft PowerPoint, version
16.89.1. The * represents matrix multiplication.

2.5. Visual Inspection and Peak ROM Extraction

Graphical representations of the ROM achieved during each segment movement were
derived for all participants for both the IMU and OMC systems (Figures 4 and 5). Each
plot was visually inspected by the author (A.H.B.). The maximum ‘peak’ ROM achieved in
the primary plane for each segment was extracted for each of the five repetitions of each
movement. Distinct movement repetitions were visually identified by inspection of the
kinematic trace of the T1 sensor in reference to the L5 sensor. In the case that other segments
preceded or lagged behind the start of the T1/L5 kinematic trace, inspection of that par-
ticular segment was used to identify distinct repetitions for that segment. Secondary and
tertiary authors (R.R. and K.M.B.) were consulted for consensus regarding any kinematic
traces that did not clearly show visible differentiation between movement repetitions.

https://www.biorender.com/
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Figure 3. Flowchart outlining derivation of kinematics for OMC data. Figure was created using Lu-
cidspark (Lucid Software Inc., 2024, accessed 26 September 2024) and includes icons from BioRender
(https://www.biorender.com/, accessed 26 September 2024). The * represents matrix multiplication.

Average ‘peak’ ROM for each segment movement was calculated by averaging the
peak ROM values achieved across all repetitions [11]. Six segment movements (out of
284, 2 percent) included only four repetitions. For these six segment movements, the fifth
repetition was missing or excluded because either (1) the participant only performed four
repetitions, or (2) there was a system error visualized in the kinematic trace.

Due to individual movement differences, some participants demonstrated spine seg-
ment movement in the direction opposite to the global direction of movement that was
cued. For example, when performing left axial rotation of the trunk, most of the available
motion is a result of the left rotation of the thoracic spine [38]. The lumbar spine may move
in one of three ways depending on individual movement strategies and spine mobility. The
lumbar segment may (1) rotate to the left (in the direction of cued movement), (2) remain
in a neutral position as the participant tries to maintain a ’straight pelvis’ as instructed, or
(3) rotate slightly to the right, again in an effort to maintain a straight pelvis. The third
possibility, which will be termed ‘countermovement’, is not due to a misunderstanding
of directions, but rather it is due to differences in individual movement strategies and
spine mobility constraints. Whenever this ‘countermovement’ was observed in a kinematic
trace, the authors confirmed the countermovement via video recording of the participant’s
movement. Peak ROM for each repetition was then extracted for whichever direction the
participant effectively moved their spine segment (rather than the direction they were cued
to move).

https://www.biorender.com/
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Figure 4. Typical kinematic trace of primary ROM that one participant demonstrated during flexion
task in the sagittal plane for (A) lumbar, (B) thoracic, and (C) hip segments. The IMU kinematic trace
is shown by the dotted black line, and the OMC trace is shown by the dashed gray line. Positive
values correspond to forward flexion. Maximum ‘peak’ ROM was extracted for each segment for
each of the five repetitions.

Figure 5. Typical kinematic trace of non-primary ROM that one participant demonstrated during
flexion task in the the transverse plane for (A) lumbar, (B) thoracic, and (C) hip segments. The
IMU kinematic trace is shown by the dotted black line, and the OMC trace is shown by the dashed
gray line. Positive values correspond to left rotation. Maximum and minimum ROM achieved over
entire trial (indicated by black triangles for IMU and gray circles for OMC) were extracted to derive
non-primary ROM values.

ROM was also derived in the non-primary planes of movement (i.e., sagittal/frontal
planes during AR, sagittal/transverse planes during SB, and frontal/transverse planes
during F/E). Because coupled movement varies between participants [17], and it was not
easy to predict its directionality, non-primary motion was not quantified for each repetition
as was conducted for primary motion. Instead, non-primary motion was described as
the maximum total ROM achieved over the total movement (i.e., |maximum positive
ROM-minimum negative ROM|) in the secondary and tertiary planes (Figure 5).
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2.6. Statistical Analysis

To determine repeated-measures reliability of the IMUs, ICC values were calculated to
compare average peak ROM values between Trial 1 and Trial 2. Strength of agreement was
based on the following ICC cutoffs: poor (<0.5), moderate (0.50–0.75), good (0.75–0.90), and
excellent (>0.90) [39]. To determine accuracy of the IMUs as compared to the gold-standard
OMC system, ICC and root-mean-squared-error (RMSE) values were calculated to compare
average peak ROM values between the IMUs and OMC systems. Bland–Altman [40]
analyses were performed to assess mean bias between the IMU and OMC systems for
each segment movement, across all five repetitions. All analyses were performed in SPSS
(version 28.0).

3. Results
3.1. Participants and Missing Data

Seventeen (17) participants consented to this IRB-approved study. The participant
characteristics are described in Table 1. Sixteen (16) sets of participant data were analyzed
for repeated-measures reliability and concurrent validity, with one participant excluded due
to significant magnetometer fluctuations during the data collection. The reliability analysis
included 15 participants; one participant was excluded due to unavailable IMU data at
Time 2 due to battery depletion. One participant was excluded from hip segment F/E
reliability analysis also due to battery depletion. One participant was excluded from lumbar
and thoracic R AR validity analyses due to OMC marker occlusion of the T12/L1 sensor.

Table 1. Participant descriptors for participants enrolled in study (N = 17).

Age 32.3 (14.7) years
Sex 11 Female, 6 Male
BMI 25.7 (7.5)
Race 70.6 (12) White / 17.6 (3) Asian / 11.8 (2) Black

Age and BMI are listed as mean (standard deviation). Race is listed as percent (number).

3.2. Repeated-Measures Reliability

In the primary plane, twelve segment movements showed good–excellent correlations
(ICC = 0.77–0.96) and six segment movements showed moderate correlations based on
the ICC values (Table 2). In the non-primary planes, eight segment movements in the
secondary plane and six segment movements in the tertiary plane showed good–excellent
correlations (Table 2). Ten segment movements in the secondary plane and twelve segment
movements in the tertiary plane showed poor–moderate correlations.

Table 2. ICCs comparing IMUs at two different time points on same day (N = 15).

Primary Secondary Tertiary

Flexion Lumbar 0.77 (0.30–0.92) † 0.02 (−1.9–0.67) 0.10 (−1.67-0.70)
Thoracic 0.96 (0.88–0.99) † 0.44 (−0.66–0.81) 0.63 (−0.12–0.87)
Hip * 0.92 (0.75–0.97) † 0.66 (−0.07–0.89) 0.77 (0.28–0.93) †

Extension Lumbar 0.66 (−0.03–0.88) −0.39 (−3.15–0.53) 0.60 (−0.20–0.87)
Thoracic 0.86 (0.58-0.95) † 0.79 (0.38–0.93) † 0.61 (−0.16–0.87)
Hip * 0.73 (0.16–0.91) 0.08 (−1.87–0.71) 0.78 (0.32–0.93) †

Left Axial Rot Lumbar 0.86 (0.57–0.95) † 0.80 (0.39–0.93) † 0.75 (0.25–0.92) †

Thoracic 0.94 (0.82–0.98) † 0.35 (−0.94-0.78) 0.94 (0.82–0.98) †

Hip 0.59 (−0.21–0.86) 0.98 (0.93–0.99) † 0.86 (0.57–0.95) †
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Table 2. Cont.

Primary Secondary Tertiary

Right Axial Rot Lumbar 0.91 (0.73–0.97) † 0.49 (−0.51–0.83) 0.17 (−1.47–0.72)
Thoracic 0.94 (0.81–0.98) † 0.80 (0.39–0.93) † 0.55 (−0.35–0.85)
Hip 0.83 (0.51–0.94) † 0.79 (0.39–0.93) † 0.59 (−0.22–0.86)

Left Side Bend Lumbar 0.93 (0.80–0.98) † 0.62 (−0.19–0.88) −0.23 (−2.83–0.61)
Thoracic 0.73 (0.20–0.91) 0.87 (0.59–0.96) † 0.61 (−0.23–0.87)
Hip 0.58 (−0.26–0.86) 0.57 (−0.34–0.86) 0.75 (0.23–0.92) †

Right Side Bend Lumbar 0.73 (0.19-0.91) 0.31 (−1.07–0.77) 0.11 (−1.67–0.70)
Thoracic 0.82 (0.47–0.94) † 0.84 (0.53–0.95) † 0.73 (0.19–0.91)
Hip 0.83 (0.50–0.94) † 0.83 (0.50–0.94) † 0.16 (−1.51–0.72)

Values are listed as ICC (95% confidence interval). Primary/secondary/tertiary movements are as follows:
flexion/extension = sagittal/frontal/transverse; side bend = frontal/sagittal/transverse; axial rotation = trans-
verse/sagittal/frontal. Rot=rotation. * N = 14. † indicates good–excellent ICC values.

3.3. Concurrent Validity
3.3.1. Primary Motion

The majority of the correlations (ICC values) between the IMUs and OMC in the
primary plane were good–excellent (ICC = 0.77–0.99), although four segment movements
(out of eighteen) showed poor–moderate correlations (Table 3). The primary RMSE values
between the two systems ranged from 3.03◦ to 15.75◦. A full description of the ICCs and
RMSEs for each segment movement in the primary plane is included in Table 3.

The Bland–Altman plots [40] are shown in Figure 6, and the associated mean bias
between the two systems is shown in Table 4. There was high variability in the system bias
across the subjects, as indicated by the high standard deviation of the biases (Table 4). Some
participants had biases that fell outside two standard deviations (Figure 6). The outliers
identified from the Bland–Altman plots are listed in Table 5. Due to its squaring of errors,
RMSE is heavily influenced by outliers. Therefore, a secondary analysis was performed in
which the RMSE was recalculated after the outliers were excluded. The adjusted RMSE
values are shown in Table 3. Under this secondary analysis, the primary RMSE values
ranged from 2.44◦ to 10.30◦.

Table 3. ICCs and RMSEs between IMU and OMC measurements (N = 16) during each movement
for each spine segment in the primary plane of movement (i.e., flexion/extension = sagittal, side
bend = frontal, axial rotation = transverse).

ICC (CI, 95%) RMSE
(deg)

Adjusted RMSE
(deg) #

Flexion Lumbar 0.88 (0.65–0.96) † 10.65 6.69
Thoracic 0.99 (0.96–1.00) † 5.02 3.18
Hip 0.99 (0.98–1.00) † 4.89 3.88

Extension Lumbar 0.77 (0.35–0.92) † 7.00 3.87
Thoracic 0.91 (0.75–0.97) † 3.03 2.54
Hip 0.95 (0.84–0.98) † 3.67 3.00

Left Axial Rotation Lumbar 0.88 (0.65–0.96) † 5.00 2.60
Thoracic 0.84 (0.55–0.94) † 14.16 9.94
Hip 0.66 (0.03–0.88) 8.82 2.63

Right Axial Rotation Lumbar * 0.95 (0.86–0.98) † 3.45 3.45
Thoracic * 0.78 (0.33–0.93) † 15.75 10.30
Hip 0.93 (0.80–0.98) † 2.98 2.98
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Table 3. Cont.

ICC (CI, 95%) RMSE
(deg)

Adjusted RMSE
(deg) #

Left Side Bend Lumbar 0.87 (0.62–0.95) † 7.02 5.01
Thoracic 0.32 (−0.96–0.76) 9.70 3.81
Hip 0.69 (0.12–0.89) 3.66 3.66

Right Side Bend Lumbar 0.67 (0.06–0.89) 8.62 3.82
Thoracic 0.80 (0.42–0.93) † 7.28 3.10
Hip 0.84 (0.53–0.94) † 3.24 2.44

deg = degrees; * N = 15; † indicates good–excellent ICCs; # RMSE was recalculated after outliers (listed in Table 5)
were excluded.

Table 4. Bias between IMU and OMC systems in the primary plane as determined by Bland–Altman
analysis (N = 16).

Lumbar Thoracic Hip

Flexion −4.9 (9.8) −0.5 (5.2) −3.4 (3.6) ∗

Extension −1.8 (7.0) −0.6 (3.1) 1.6 (3.4)
Left Axial Rotation 0.2 (5.2) 7.4 (12.5) −1.3 (9.0)
Right Axial Rotation −1.0 (3.4) * −7.2 (13.4)∗ −1.0 (2.9)
Left Side Bend −1.3 (7.1) 2.2 (9.8) −1.0 (3.6)
Right Side Bend 2.0 (8.7) −2.7 (7.0) −0.7 (3.3)

Values were derived as mean peak IMU ROM – mean peak OMC ROM and are listed as mean (standard deviation),
* N = 15.

Table 5. Outliers from Bland–Altman analysis for primary movement.

Movement Participant (Segment(s))

Flexion S02 (lumbar)
S04 (thoracic)
S16 (hip)

Extension S02 (lumbar)
S05 (thoracic)
S12 (hip)

Left Axial Rotation S05 (thoracic)
S12 (lumbar, hip)
S16 (hip)

Right Axial Rotation S05 (thoracic)

Left Side Bend S05 (lumbar, thoracic)

Right Side Bend S02 (lumbar)
S05 (thoracic)
S06 (hip)
S18 (thoracic)

Outliers are defined as biases that are more than two standard deviations from the mean.
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  Figure 6. Bland–Altman plots corresponding to each ROM task (rows) for each segment (columns).
Dotted lines on the individual plots correspond to two standard deviations above and below the line
of equality (at y = 0). Rot = rotation.

3.3.2. Non-Primary Motion

The ICC and RMSE values comparing the two systems in the non-primary planes
are shown in Table 6. In the secondary plane, seven segment movements (out of eigh-
teen) showed good–excellent correlations between the systems, while the others had
poor–moderate correlations. In the tertiary plane, six segment movements had good–
excellent correlations between the systems, while the other segment movements had
poor–moderate correlations.

The RMSE values between the IMU and OMC systems ranged from 2.19◦ to 27.30◦

in the secondary plane and 3.21◦ to 45.88◦ in the tertiary plane. The lumbar-F segment
movement was associated with particularly large RMSE values. Upon further inspection,
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it was discovered that these large RMSE values were heavily influenced by just one par-
ticipant, for whom the IMU showed non-physiological ROM values (i.e., 85.7◦ primary,
79.8◦ secondary, and 131.9◦ tertiary). Upon removing this participant’s lumbar-F data,
the RMSE for lumbar-F was reduced from 27.30◦ and 45.88◦ to 21.86◦ and 28.14◦ in the
secondary and tertiary planes, respectively. The Bland–Altman plots were not created
to compare the system bias for the non-primary movements given the poor–moderate
correlation and higher error between the two systems in the non-primary planes.

Table 6. ICC and RMSE values between IMU and OMC measurements (N = 16) during
each movement for each spine segment in the non-primary planes of movement (i.e., sec-
ondary: flexion/extension = frontal, side bend = sagittal, axial rotation = sagittal; tertiary:
flexion/extension = transverse, side bend = transverse, axial rotation = frontal).

Secondary Plane Tertiary Plane

ICC (CI, 95%) RMSE (deg) ICC (CI, 95%) RMSE (deg)

Flexion Lumbar 0.20 (−1.28–0.72) 27.30 # −0.07 (−2.06–0.63) 45.88 ##

Thoracic 0.74 (0.25–0.91) 6.06 0.38 (−0.78–0.78) 10.61
Hip 0.68 (0.07–0.89) 6.41 0.85 (0.58–0.95) † 4.24

Extension Lumbar 0.23 (−1.19–0.73) 13.19 0.75 (0.29–0.91) † 3.46
Thoracic 0.43 (−0.64–0.80) 3.86 0.58 (−0.20–0.85) 4.21
Hip 0.78 (0.36–0.92) † 2.81 0.08 (−1.64–0.68) 11.29

Left Axial Rotation Lumbar 0.93 (0.81–0.98) † 2.19 0.76 (0.32–0.92) † 3.57
Thoracic 0.54 (−0.33–0.84) 9.79 0.23 (−1.20–0.73) 18.84
Hip 0.59 (−0.16–0.86) 12.88 0.26 (−1.12–0.74) 11.99

Right Axial Rotation Lumbar * 0.69 (0.06–0.89) 5.28 0.43 (−0.69–0.81) 8.72
Thoracic * 0.95 (0.84–0.98) † 3.40 0.12 (−1.61–0.71) 22.68
Hip 0.93 (0.80–0.98) † 4.62 0.42 (−0.66–0.80) 4.28

Left Side Bend Lumbar 0.53 (−0.39–0.84) 9.51 0.50 (−0.48–0.83) 7.34
Thoracic 0.85 (0.57–0.95) † 3.96 0.85 (0.55– 0.95) † 7.73
Hip 0.92 (0.76–0.97) † 3.11 0.92 (0.76–0.97) † 3.21

Right Side Bend Lumbar 0.54 (−0.32–0.84) 7.94 0.56 (−0.25–0.85) 6.39
Thoracic 0.74 (0.25–0.91) 6.56 0.89 (0.69–0.96) † 5.52
Hip 0.91 (0.74–0.97) † 2.95 0.08 (−1.65–0.68) 6.05

ICCs are listed with 95% confidence intervals; deg = degrees; * N = 15; † good–excellent ICCs; # RMSE
reduced to 21.86◦ when single subject’s non-physiological data were excluded; ## RMSE reduced to
28.14◦ when single subject’s non-physiological data were excluded.

4. Discussion

The purpose of this study was to evaluate the repeated-measures reliability and con-
current validity of an inertial measurement unit system to measure the three-dimensional
spine/hip kinematics for six ROM tasks. This study assessed the thoracic, lumbar, and hip
segments during six different movements, resulting in a total of 18 segment movements for
each participant. The IMUs had good–excellent reliability for the majority of the segment
movements in the primary plane and poor–moderate reliability for the majority of the
segment movements in the non-primary planes. The correlation between the IMU and
OMC systems was mostly good–excellent in the primary plane and poor–moderate in
the non-primary planes. The majority of the primary-plane RMSE values fell below a
10-degree threshold, which is comparable to other IMU validity studies [12,41–43]. Larger
RMSE values were found for several segment movements in the non-primary planes. The
Bland–Altman analysis showed reasonable agreement between the two systems although
high variability among the participants, with several participants falling outside two stan-
dard deviations of the mean bias in the system. The removal of these ‘outlier’ participants
resulted in a reduction in the RMSE values. The presence of outliers points toward the use
of these sensors for population-based studies rather than individual clinical assessment.
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4.1. Repeated-Measures Reliability

A primary aim of this study was to determine the repeated-measures reliability of the
IMUs. We assumed that our repeated-measures reliability analysis would be indicative of
the sensor performance rather than the differences in participant movement between Time
1 and Time 2 because healthy participants typically have shown consistent primary-plane
movement when assessed at different time points [34,35]. Overall, the IMUs showed good–
excellent reliability in the primary plane for 12/18 segment movements. The remaining six
segment movements showed moderate reliability. The moderate agreement for the exten-
sion movement was not surprising based on the protocol adaptations to minimize OMC
marker artifact. Specifically, when the participants completed maximum extension, the L1
and L5 sensor markers often obscured each other, so the participants were cued to only
extend partway through the full range to prevent artifact. This may have induced altered
motions that were not easily replicated between Time 1 and Time 2, thereby contributing
to the lower ICCs for primary plane extension. The moderate agreement for the other
segment movements (i.e., hip-L AR, thoracic-L SB, hip-L SB, and lumbar-R SB) cannot be
explained by the movement variability introduced through protocol modifications. Due to
the rigorous protocol ensuring consistent movement between the trials (i.e., the participants
were provided the opportunity to practice the movements before data collection and were
instructed to move as far as possible for each movement), we assume that the moderate
agreement for these segment movements is indicative of the true sensor performance.
However, because we did not derive the gold-standard ROM values at Time 1 and Time 2,
we cannot rule out the possibility that the ICC differences may be due to true movement
differences between the trials.

Despite the good performance in the primary plane, the IMUs showed poor–moderate
reliability in the non-primary planes. Previous studies indicate that individuals have
less consistent movements in non-primary planes [34,35], suggesting that the lower ICC
values in the non-primary planes for the current study may be partially due to actual
movement differences between Time 1 and Time 2. Another explanation for the low ICC
values in the non-primary planes may be due to the smaller overall movement in these
planes. The smaller movement may have contributed to the low inter-subject variabil-
ity in the non-primary planes, which is known to produce low ICCs, even in data sets
that are similar [34,44]. Overall, it is unclear whether the low ICCs for the non-primary
planes in the current study were due to poor reliability of the sensors themselves or other
contributing factors. Future studies may wish to assess sensor reliability in parallel with
a gold-standard system or use a controlled passive movement device to systematically
evaluate non-primary-plane movement.

4.2. Concurrent Validity

Another primary aim of this study was to determine the concurrent validity of the
IMUs as compared to a gold-standard OMC system. The ICC values suggest that the
correlation between the IMUs and OMC system was generally good–excellent in the pri-
mary plane and poor–moderate in the non-primary planes. The results are consistent with
previous literature showing lower system agreement for non-primary planes [17,18,45,46].
The smaller magnitude of movement that occurs in non-primary planes likely contributes
to a depressed signal-to-noise ratio and thereby inferior performance of the IMUs in quan-
tifying non-primary plane motion [18,45,46]. It is important to note that many ICC values
were associated with large confidence intervals, pointing toward significant variability in
system agreement between the participants. Previous studies have also noted significant
variability in system agreement between participants [47], which may be due to inconsis-
tent calibration, anomalies in the built-in sensor fusion algorithm [45], or skin/clothing
artifact [13].

A comparison of the RMSE values in the primary and non-primary planes supports
the conclusions drawn from the corresponding ICC values: the IMUs show acceptable
validity in the primary plane, but the results are less conclusive for the non-primary
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planes. Typically, RMSE values up to 5◦ are considered to be clinically acceptable [12]. A
systematic review found the average RMSE for the IMU vs gold standard comparison to
be <2.4◦ for the lumbar spine in the primary plane [11]. However, in the current study,
many of the segment movements fell outside the 5◦ range for primary-plane movement,
pointing toward limited usability of these IMUs for clinical interpretation [12]. Despite the
recommended 5◦ cutoff for clinical interpretation, realistically, many studies report RMSE
values up to 10◦ when comparing the measurement errors of IMUs to OMC [12,41–43,48].
For instance, one study reported RMSE values up to 40◦ depending on the joint and plane
of movement [43]. In the current study, only one segment movement in the primary plane
was associated with an RMSE > 10◦ after the exclusion of outliers (Table 3, ‘Adjusted RMSE’
column). Therefore, based on the 10◦ threshold[12,41–43,48], the IMUs in the current study
may be acceptable substitutes for OMC when measuring the ROM in the primary plane, but
their acceptability for non-primary plane ROM is not yet well-supported across multiple
segment movements.

The IMUs used in the current study may be best suited for aggregate research or
population-based studies rather than for clinical interpretation or individual assessment,
which tend to require a higher degree of accuracy [12]. Population-based studies rely on
group averages and are more robust to outliers due to larger sample sizes. We hypothesize
that the outlier values may have been the result of inter-individual differences in the
accuracy of the functional calibration procedure, anomalies in the IMU’s built-in sensor
fusion algorithm [45], or clothing/skin artifact [13]. This hypothesis is based on the
following observations: (1) a small number of participants contributed to the majority of
the outliers and (2) the outlier values were associated with intact raw data, suggesting
inconsistencies in sensor fusion or other down-stream processing. However, due to the
proprietary nature of the built-in sensor fusion algorithm, additional information regarding
the sensor fusion could not be obtained, which is a limitation of using a built-in sensor
fusion algorithm. To ensure rigorous accuracy testing, future researchers may consider
developing their own sensor fusion algorithm, although this must be balanced with the
extensive time and expertise such a task would require, thereby reducing the feasibility
of use across a variety of settings. Although still available for purchase and commonly
used for joint angle measurement [49–51], the BNO055 has recently been discontinued and
newer BHIxy products may be used as replacements. Future research should investigate
the accuracy of updated models and identify specific causes for outlier values.

To the authors’ best knowledge, there are no comparable studies that systematically
assess the reliability and validity of IMUs to measure three-dimensional multi-segmental
spine angles across clinical ROM tasks. This innovative study is the first that uses IMUs
to thoroughly capture the three-dimensional kinematics of the spine and hip segments.
Three-dimensional joint angles provide insight into compensatory patterns and coupled
movement strategies, which may perpetuate pain and disability [24,25]. Additionally, the
importance of multi-segmental assessment has been emphasized in the literature [7,9,19];
thus, a multi-sensor system such as the one described here should be the standard moving
forward. The presence of movement differences associated with LBP is not sufficient to
inform clinical practice. Instead, the future work must explore the clinical correlates to
the observed movement impairments [10]. IMUs such as those used in the current study
enable the remote monitoring of spinal motion and posture, which facilitates increasingly
accurate depiction of the associations between movement impairments, symptomology,
and daily function.

4.3. Limitations

The current study investigated the reliability and accuracy of IMU sensors in a back-
healthy population; the results may be different in individuals with low back pain or
with different adiposities. Future work should examine the reliability and accuracy of
these sensors for use in clinical populations. The study protocol described here is also
associated with some minor limitations. For instance, the IMU and OMC systems were not
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synchronized. However, peak extraction does not require time synchronization, and the
current study did not assess temporal accuracy. Instead, the extraction of the peak ROM
values relied on the visual inspection of the kinematic traces by the authors, which presents
its own limitations and is inherently prone to human error. To reduce human error and
improve consistency, automated processes were used to extract the peak ROM, and the
visual inspection was performed by one author (A.H.B.) who consulted with secondary
and tertiary authors (R.R. and K.M.B.) as needed. Additionally, IMUs are prone to position
drift over time, which may have made the peak extraction less reliable, especially over
multiple movement repetitions. The authors of the current study opted to extract the
peak ROM values for improved clinical relevance and to be consistent with the previous
literature [11]. The agreement between the IMU and OMC systems may be improved by
correcting for the drift after each movement repetition or examining the total movement
excursion (i.e., L AR ROM + R AR ROM) rather than the peak ROM. The positioning of the
OMC markers on the sensor itself presents a final limitation. The short distance between
the markers and the protruding arm of the plastic case (Figure 1) to which the third marker
was adhered introduce the potential for additional marker/skin artifact, a portion of which
is unavoidable within OMC systems [13,14].

5. Conclusions

The current study investigated the reliability and accuracy of IMUs to determine the
three-dimensional angles of the thoracic, lumbar, and hip segments during six different
clinical ROM tests. This study is the first of its kind to assess the three-dimensional ROM
across multiple spine/hip segments for a thorough assessment of the kinematics. The
results of the current study suggest that these IMUs may be reasonably used to replace
OMC for measuring ROM in the primary plane of movement. The presence of outliers
in the validity analysis suggests that these sensors are best suited for population-based
studies, which are more robust to outliers, rather than for individual clinical use. To
identify the potential reasons for outlier values, future work should investigate inter-
participant differences in the calibration, accuracy of the built-in sensor-fusion algorithm,
and skin/clothing artifact. Given their utility for population-based studies, these IMUs are
particularly relevant for large phenotyping studies, many of which seek to combine rich
biomechanical data sets from large populations with biopsychosocial parameters and multi-
omics [10,52]. Large phenotyping studies hold promise for the future of precision medicine
as applied to LBP [10,20]. Insights from the current study may inform the interpretation of
the kinematic data collected as part of such large phenotyping studies.

Author Contributions: Conceptualization, A.H.B., M.J., and K.M.B.; methodology, A.H.B., M.J.,
and K.M.B.; software, A.H.B., R.R., W.C., H.C., and K.M.B.; formal analysis, A.H.B. and G.M.;
resources, G.A.S., R.C., and K.M.B.; data curation, A.H.B., R.R., H.C., and G.M.; writing—original
draft preparation, A.H.B.; writing—review and editing, M.J., R.R., W.C., H.C., G.M., G.A.S., R.C., and
K.M.B.; supervision, G.A.S., R.C., and K.M.B.; funding acquisition, A.H.B., G.A.S., R.C., and K.M.B.;
investigation, A.H.B.; project administration, A.H.B. and M.J.; validation, A.H.B., M.J., R.R., W.C.,
G.A.S., R.C., and K.M.B.; visualization, A.H.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the Virginia Kaufman Endowment Fund through the Pain
Research Challenge, a program of the Clinical and Translational Science Institute at the University of
Pittsburgh. This research was also supported by the National Institutes of Health through the NIH
HEAL Initiative under award number U19AR076725-01. The content is solely the responsibility of
the authors and does not necessarily represent the official views of the National Institutes of Health
or its NIH HEAL Initiative. The Back Pain Consortium Research Program is administered by the
National Institute of Arthritis and Musculoskeletal and Skin Diseases. Work by author A.H.B. was
also supported by Department of Bioengineering at the University of Pittsburgh and the Eunice
Kennedy Shriver National Institute of Health and Human Development of the National Institutes of
Health under Award Number F30HD112110.



Sensors 2024, 24, 6580 16 of 18

Institutional Review Board Statement: The study was conducted in accordance with the Dec-
laration of Helsinki and approved by the Institutional Review Board of University of Pittsburgh
(STUDY20020091, approved 6 December 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The custom code presented in the study is openly available from GitHub
at https://github.com/anb254/Lifeware-IMU-Accuracy-Study, accessed 25 August 2024. The raw
data supporting the conclusions of this article will be made available by the authors upon request.

Acknowledgments: Thank you to Haajar Ahmad-Ali for assistance with Vicon data processing and
to Matthew Mesoros for statistical support.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Magnusson, M.L.; Bishop, J.B.; Hasselquist, L.; Spratt, K.F.; Szpalski, M.; Pope, M.H. Range of motion and motion patterns in

patients with low back pain before and after rehabilitation. Spine 1998, 23, 2631–2639. [CrossRef] [PubMed]
2. Errabity, A.; Calmels, P.; Han, W.S.; Bonnaire, R.; Pannetier, R.; Convert, R.; Molimard, J. The effect of low back pain on spine

kinematics: A systematic review and meta-analysis. Clin. Biomech. 2023, 108, 106070. [CrossRef] [PubMed]
3. Marich, A.V.; Lanier, V.M.; Salsich, G.B.; Lang, C.E.; Van Dillen, L.R. Immediate Effects of a Single Session of Motor Skill Training

on the Lumbar Movement Pattern During a Functional Activity in People with Low Back Pain: A Repeated-Measures Study.
Phys. Ther. 2018, 98, 605–615. [CrossRef] [PubMed]

4. Hernandez, A.; Gross, K.; Gombatto, S. Differences in lumbar spine and lower extremity kinematics during a step down functional
task in people with and people without low back pain. Clin. Biomech. 2017, 47, 46–52. [CrossRef]

5. Sedrez, J.A.; Mesquita, P.V.d.; Gelain, G.M.; Candotti, C.T. Kinematic Characteristics of Sit-to-Stand Movements in Patients with
Low Back Pain: A Systematic Review. J. Manip. Physiol. Ther. 2019, 42, 532–540. [CrossRef] [PubMed]

6. Laird, R.A.; Gilbert, J.; Kent, P.; Keating, J.L. Comparing lumbo-pelvic kinematics in people with and without back pain: A
systematic review and meta-analysis. BMC Musculoskelet. Disord. 2014, 15, 229. [CrossRef]

7. McGregor, A.H.; Hukins, D.W.L. Lower limb involvement in spinal function and low back pain. J. Back Musculoskelet. Rehabil.
2009, 22, 219–222. [CrossRef]

8. Prather, H.; Cheng, A.; Steger-May, K.; Maheshwari, V.; Van Dillen, L. Hip and lumbar spine physical examination findings in
people presenting with low back pain, with or without lower extremity pain. J. Orthop. Sport. Phys. Ther. 2017, 47, 163–172.
[CrossRef]

9. Müller, R.; Ertelt, T.; Blickhan, R. Low back pain affects trunk as well as lower limb movements during walking and running.
J. Biomech. 2015, 48, 1009–1014. [CrossRef]

10. Hodges, P.W.; van den Hoorn, W. A vision for the future of wearable sensors in spine care and its challenges: Narrative review.
J. Spine Surg. 2022, 8, 103–116. [CrossRef]

11. McClintock, F.A.; Callaway, A.J.; Clark, C.J.; Williams, J.M. Validity and reliability of inertial measurement units used to measure
motion of the lumbar spine: A systematic review of individuals with and without low back pain. Med Eng. Phys. 2024, 126, 104146.
[CrossRef] [PubMed]

12. Cuesta-Vargas, A.I.; Galán-Mercant, A.; Williams, J.M. The use of inertial sensors system for human motion analysis. Phys. Ther.
Rev. PTR 2010, 15, 462–473. [CrossRef] [PubMed]

13. Leardini, A.; Chiari, L.; Della Croce, U.; Cappozzo, A. Human movement analysis using stereophotogrammetry. Part 3. Soft
tissue artifact assessment and compensation. Gait Posture 2005, 21, 212–225. [CrossRef] [PubMed]

14. Ehara, Y.; Fujimoto, H.; Miyazaki, S.; Mochimaru, M.; Tanaka, S.; Yamamoto, S. Comparison of the performance of 3D camera
systems II. Gait Posture 1997, 5, 251–255. [CrossRef]

15. Weygers, I.; Kok, M.; Konings, M.; Hallez, H.; De Vroey, H.; Claeys, K. Inertial Sensor-Based Lower Limb Joint Kinematics: A
Methodological Systematic Review. Sensors 2020, 20, 673. [CrossRef]

16. Goodvin, C.; Park, E.J.; Huang, K.; Sakaki, K. Development of a real-time three-dimensional spinal motion measurement system
for clinical practice. Med Biol. Eng. Comput. 2006, 44, 1061–1075. [CrossRef]

17. Ha, T.H.; Saber-Sheikh, K.; Moore, A.P.; Jones, M.P. Measurement of lumbar spine range of movement and coupled motion using
inertial sensors - a protocol validity study. Man. Ther. 2013, 18, 87–91. [CrossRef] [PubMed]

18. Bauer, C.M.; Rast, F.M.; Ernst, M.J.; Kool, J.; Oetiker, S.; Rissanen, S.M.; Suni, J.H.; Kankaanpää, M. Concurrent validity and
reliability of a novel wireless inertial measurement system to assess trunk movement. J. Electromyogr. Kinesiol. 2015, 25, 782–790.
[CrossRef]

19. Papi, E.; Koh, W.S.; McGregor, A.H. Wearable technology for spine movement assessment: A systematic review. J. Biomech. 2017,
64, 186–197. [CrossRef]

https://github.com/anb254/Lifeware-IMU-Accuracy-Study
http://doi.org/10.1097/00007632-199812010-00019
http://www.ncbi.nlm.nih.gov/pubmed/9854763
http://dx.doi.org/10.1016/j.clinbiomech.2023.106070
http://www.ncbi.nlm.nih.gov/pubmed/37595368
http://dx.doi.org/10.1093/ptj/pzy044
http://www.ncbi.nlm.nih.gov/pubmed/29660077
http://dx.doi.org/10.1016/j.clinbiomech.2017.05.012
http://dx.doi.org/10.1016/j.jmpt.2018.12.004
http://www.ncbi.nlm.nih.gov/pubmed/31864436
http://dx.doi.org/10.1186/1471-2474-15-229
http://dx.doi.org/10.3233/BMR-2009-0239
http://dx.doi.org/10.2519/jospt.2017.6567
http://dx.doi.org/10.1016/j.jbiomech.2015.01.042
http://dx.doi.org/10.21037/jss-21-112
http://dx.doi.org/10.1016/j.medengphy.2024.104146
http://www.ncbi.nlm.nih.gov/pubmed/38621847
http://dx.doi.org/10.1179/1743288X11Y.0000000006
http://www.ncbi.nlm.nih.gov/pubmed/23565045
http://dx.doi.org/10.1016/j.gaitpost.2004.05.002
http://www.ncbi.nlm.nih.gov/pubmed/15639400
http://dx.doi.org/10.1016/S0966-6362(96)01093-4
http://dx.doi.org/10.3390/s20030673
http://dx.doi.org/10.1007/s11517-006-0132-3
http://dx.doi.org/10.1016/j.math.2012.04.003
http://www.ncbi.nlm.nih.gov/pubmed/22575288
http://dx.doi.org/10.1016/j.jelekin.2015.06.001
http://dx.doi.org/10.1016/j.jbiomech.2017.09.037


Sensors 2024, 24, 6580 17 of 18

20. Herrero, P.; Ríos-Asín, I.; Lapuente-Hernández, D.; Pérez, L.; Calvo, S.; Gil-Calvo, M. The use of sensors to prevent, predict
transition to chronic and personalize treatment of low back pain: A systematic review. Sensors 2023, 23, 7695. [CrossRef]

21. Stevans, J.M.; Delitto, A.; Khoja, S.S.; Patterson, C.G.; Smith, C.N.; Schneider, M.J.; Freburger, J.K.; Greco, C.M.; Freel, J.A.;
Sowa, G.A.; et al. Risk factors associated with transition from acute to chronic low back pain in US patients seeking primary care.
JAMA Netw. Open 2021, 4, e2037371. [CrossRef] [PubMed]

22. Alrwaily, M.; Timko, M.; Schneider, M.; Kawchuk, G.; Bise, C.; Hariharan, K.; Stevans, J.; Delitto, A. Treatment-based Classification
System for Patients with Low Back Pain: The Movement Control Approach. Phys. Ther. 2017, 97, 1147–1157. [CrossRef] [PubMed]

23. Sahrmann, S.; Azevedo, D.C.; Dillen, L.V. Diagnosis and treatment of movement system impairment syndromes. Braz. J. Phys.
Ther. 2017, 21, 391–399. [CrossRef]

24. Marras, W.S.; Lavender, S.A.; Leurgans, S.E.; Rajulu, S.L.; Allread, W.G.; Fathallah, F.A.; Ferguson, S.A. The role of dynamic
three-dimensional trunk motion in occupationally-related low back disorders. The effects of workplace factors, trunk position,
and trunk motion characteristics on risk of injury. Spine 1993, 18, 617–628. [CrossRef]

25. Hoogendoorn, W.E.; Bongers, P.M.; de Vet, H.C.; Douwes, M.; Koes, B.W.; Miedema, M.C.; Ariëns, G.A.; Bouter, L.M. Flexion
and rotation of the trunk and lifting at work are risk factors for low back pain: Results of a prospective cohort study. Spine 2000,
25, 3087–3092. [CrossRef]

26. Lee, J.K.; Park, E.J. 3D spinal motion analysis during staircase walking using an ambulatory inertial and magnetic sensing system.
Med Biol. Eng. Comput. 2011, 49, 755–764. [CrossRef]

27. Lee, J.K.; Desmoulin, G.T.; Khan, A.H.; Park, E.J. Comparison of 3D spinal motions during stair-climbing between individuals
with and without low back pain. Gait Posture 2011, 34, 222–226. [CrossRef] [PubMed]

28. Charry, E.; Umer, M.; Taylor, S. Design and validation of an ambulatory inertial system for 3-D measurements of low back
movements. In Proceedings of the 2011 Seventh International Conference on Intelligent Sensors, Sensor Networks and Information
Processing, Adelaide, SA, Australia, 6–9 December 2011; IEEE: Piscataway, NJ, USA 2011; pp. 58–63. [CrossRef]

29. Chhikara, A.; McGregor, A.H.; Hadjilucas, L.; Bello, F.; Rice, A.S. Quantitative Assessment of the Motion of the Lumbar Spine and
Pelvis with Wearable Inertial Sensors. In Proceedings of the 2010 International Conference on Body Sensor Networks, Singapore,
7–9 June 2010; IEEE: Piscataway, NJ, USA 2010; pp. 9–15. [CrossRef]

30. Wong, W.Y.; Wong, M.S. Trunk posture monitoring with inertial sensors. Eur. Spine J. 2008, 17, 743–753. [CrossRef]
31. Wong, W.Y.; Wong, M.S. Smart garment for trunk posture monitoring: A preliminary study. Scoliosis 2008, 3, 7. [CrossRef]
32. Miyachi, R.; Sano, A.; Tanaka, N.; Tamai, M.; Miyazaki, J. Measuring lumbar motion angle with a small accelerometer: A reliability

study. J. Chiropr. Med. 2022, 21, 32–38. [CrossRef]
33. Wu, G.; Siegler, S.; Allard, P.; Kirtley, C.; Leardini, A.; Rosenbaum, D.; Whittle, M.; D’Lima, D.D.; Cristofolini, L.; Witte, H.; et al.

ISB recommendation on definitions of joint coordinate system of various joints for the reporting of human joint motion–part I:
Ankle, hip, and spine. International Society of Biomechanics. J. Biomech. 2002, 35, 543–548. [CrossRef] [PubMed]

34. Niggli, L.A.; Eichelberger, P.; Bangerter, C.; Baur, H.; Schmid, S. Between-session reliability of skin marker-derived spinal
kinematics during functional activities. Gait Posture 2021, 85, 280–284. [CrossRef]

35. Fernandes, R.; Armada-da Silva, P.; Pool-Goudaazward, A.; Moniz-Pereira, V.; Veloso, A.P. Three dimensional multi-segmental
trunk kinematics and kinetics during gait: Test-retest reliability and minimal detectable change. Gait Posture 2016, 46, 18–25.
[CrossRef]

36. Favre, J.; Jolles, B.M.; Aissaoui, R.; Aminian, K. Ambulatory measurement of 3D knee joint angle. J. Biomech. 2008, 41, 1029–1035.
[CrossRef] [PubMed]

37. Favre, J.; Aissaoui, R.; Jolles, B.M.; de Guise, J.A.; Aminian, K. Functional calibration procedure for 3D knee joint angle description
using inertial sensors. J. Biomech. 2009, 42, 2330–2335. [CrossRef] [PubMed]

38. Hammad, A.; Goel, V.; Ahmad, A.A. Biomechanics of the thoracic spine. In Handbook of Orthopaedic Trauma Implantology; Banerjee,
A., Biberthaler, P., Shanmugasundaram, S., Eds.; Springer Nature Singapore: Singapore, 2023; pp. 1853–1870. [CrossRef]

39. Koo, T.K.; Li, M.Y. A guideline of selecting and reporting intraclass correlation coefficients for reliability research. J. Chiropr. Med.
2016, 15, 155–163. [CrossRef]

40. Altman, D.G.; Bland, J.M. Measurement in Medicine: The Analysis of Method Comparison Studies. Statistician 1983, 32, 307.
[CrossRef]

41. Bolink, S.A.A.N.; Naisas, H.; Senden, R.; Essers, H.; Heyligers, I.C.; Meijer, K.; Grimm, B. Validity of an inertial measurement
unit to assess pelvic orientation angles during gait, sit-stand transfers and step-up transfers: Comparison with an optoelectronic
motion capture system. Med. Eng. Phys. 2016, 38, 225–231. [CrossRef] [PubMed]

42. Morrow, M.M.B.; Lowndes, B.; Fortune, E.; Kaufman, K.R.; Hallbeck, M.S. Validation of inertial measurement units for upper
body kinematics. J. Appl. Biomech. 2017, 33, 227–232. [CrossRef]

43. Mavor, M.P.; Ross, G.B.; Clouthier, A.L.; Karakolis, T.; Graham, R.B. Validation of an IMU Suit for Military-Based Tasks. Sensors
2020, 20, 4280. [CrossRef]

44. Weir, J.P. Quantifying test-retest reliability using the intraclass correlation coefficient and the SEM. J. Strength Cond. Res. 2005,
19, 231–240. [PubMed]

45. Iosa, M.; Picerno, P.; Paolucci, S.; Morone, G. Wearable inertial sensors for human movement analysis. Expert Rev. Med. Devices
2016, 13, 641–659. [CrossRef]

http://dx.doi.org/10.3390/s23187695
http://dx.doi.org/10.1001/jamanetworkopen.2020.37371
http://www.ncbi.nlm.nih.gov/pubmed/33591367
http://dx.doi.org/10.1093/ptj/pzx087
http://www.ncbi.nlm.nih.gov/pubmed/30010971
http://dx.doi.org/10.1016/j.bjpt.2017.08.001
http://dx.doi.org/10.1097/00007632-199304000-00015
http://dx.doi.org/10.1097/00007632-200012010-00018
http://dx.doi.org/10.1007/s11517-011-0738-y
http://dx.doi.org/10.1016/j.gaitpost.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21628099
http://dx.doi.org/10.1109/ISSNIP.2011.6146618
http://dx.doi.org/10.1109/BSN.2010.39
http://dx.doi.org/10.1007/s00586-008-0586-0
http://dx.doi.org/10.1186/1748-7161-3-7
http://dx.doi.org/10.1016/j.jcm.2022.02.010
http://dx.doi.org/10.1016/S0021-9290(01)00222-6
http://www.ncbi.nlm.nih.gov/pubmed/11934426
http://dx.doi.org/10.1016/j.gaitpost.2021.02.008
http://dx.doi.org/10.1016/j.gaitpost.2016.02.007
http://dx.doi.org/10.1016/j.jbiomech.2007.12.003
http://www.ncbi.nlm.nih.gov/pubmed/18222459
http://dx.doi.org/10.1016/j.jbiomech.2009.06.025
http://www.ncbi.nlm.nih.gov/pubmed/19665712
http://dx.doi.org/10.1007/978-981-19-7540-0_114
http://dx.doi.org/10.1016/j.jcm.2016.02.012
http://dx.doi.org/10.2307/2987937
http://dx.doi.org/10.1016/j.medengphy.2015.11.009
http://www.ncbi.nlm.nih.gov/pubmed/26711470
http://dx.doi.org/10.1123/jab.2016-0120
http://dx.doi.org/10.3390/s20154280
http://www.ncbi.nlm.nih.gov/pubmed/15705040
http://dx.doi.org/10.1080/17434440.2016.1198694


Sensors 2024, 24, 6580 18 of 18

46. Picerno, P.; Cereatti, A.; Cappozzo, A. Joint kinematics estimate using wearable inertial and magnetic sensing modules. Gait
Posture 2008, 28, 588–595. [CrossRef] [PubMed]

47. Rekant, J.; Rothenberger, S.; Chambers, A. Inertial measurement unit-based motion capture to replace camera-based systems for
assessing gait in healthy young adults: Proceed with caution. Measurement. Sensors 2022, 23, 100396. [CrossRef] [PubMed]

48. Dahl, K.D.; Dunford, K.M.; Wilson, S.A.; Turnbull, T.L.; Tashman, S. Wearable sensor validation of sports-related movements for
the lower extremity and trunk. Med Eng. Phys. 2020, 84, 144–150. [CrossRef]

49. Molimard, J.; Delettraza, T.; Ojardias, E. Development of a miniaturized motion sensor for tracking warning signs of low-
back pain. In Proceedings of the Proceedings of the 14th International Conference on Biomedical Electronics and Devices, Online,
11–13 February 2021; pp. 129–134.

50. Ancans, A.; Greitans, M.; Cacurs, R.; Banga, B.; Rozentals, A. Wearable Sensor Clothing for Body Movement Measurement during
Physical Activities in Healthcare. Sensors 2021, 21, 2068. [CrossRef]

51. DAntona, A.; Rizzi, J.; Bertagnon, A.; Bonfe, M.; Farsoni, S. Wearable Sensors and Augmented Reality to Enable the Autonomous
Execution of Rehabilitation Exercises. Available online: https://openreview.net/pdf/3a808c142d633643b8f440c96d7f7c49cd711c0
0.pdf (accessed on 24 September 2024)

52. Vo, N.V.; Piva, S.R.; Patterson, C.G.; McKernan, G.P.; Zhou, L.; Bell, K.M.; Anderst, W.; Greco, C.M.; Schneider, M.J.; Delitto, A.;
et al. Toward the identification of distinct phenotypes: Research protocol for the low back pain biological, biomechanical, and
behavioral (LB3P) cohort study and the BACPAC mechanistic research center at the university of pittsburgh. Pain Med. 2023,
24, S36–S47. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1016/j.gaitpost.2008.04.003
http://www.ncbi.nlm.nih.gov/pubmed/18502130
http://dx.doi.org/10.1016/j.measen.2022.100396
http://www.ncbi.nlm.nih.gov/pubmed/36506853
http://dx.doi.org/10.1016/j.medengphy.2020.08.001
http://dx.doi.org/10.3390/s21062068
https://openreview.net/pdf/3a808c142d633643b8f440c96d7f7c49cd711c00.pdf
https://openreview.net/pdf/3a808c142d633643b8f440c96d7f7c49cd711c00.pdf
http://dx.doi.org/10.1093/pm/pnad009

	Introduction
	Materials and Methods
	Participants
	Instrumentation
	Movement Protocol
	Derivation of Kinematics
	Visual Inspection and Peak ROM Extraction
	Statistical Analysis

	Results
	Participants and Missing Data
	Repeated-Measures Reliability
	Concurrent Validity
	Primary Motion
	Non-Primary Motion


	Discussion
	Repeated-Measures Reliability
	Concurrent Validity
	Limitations

	Conclusions
	References

