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ARTICLE INFO ABSTRACT

Keywords: Low back pain (LBP) is a leading cause of disability, resulting in aberrant movement. This movement is difficult

Low back to measure accurately in clinical practice and gold standard methods, such as optoelectronic systems involve the

Pain use of expensive laboratory equipment. Inertial measurement units (IMU) offer an alternative method of

Sensors P . . . . .

Revie quantifying movement that is accessible in most environments. However, there is no consensus around the
view . o i - .

Biomechanics validity and reliability of IMUs for quantifying lumbar spine movements compared with gold standard measures.

The aim of this systematic review was to establish concurrent validity and repeated measures reliability of using
IMUs for the measurement of lumbar spine movements in individuals with and without LBP. A systematic search
of electronic databases, incorporating PRISMA guidelines was completed, limited to the English language. 503
studies were identified where 15 studies met the inclusion criteria. Overall, 305 individuals were included, and
109 of these individuals had LBP. Weighted synthesis of the results demonstrated root mean squared differences
of <2.4° compared to the gold standard and intraclass correlations >0.84 for lumbar spine movements. IMUs
offer clinicians and researchers valid and reliable measurement of motion in the lumbar spine, comparable to

laboratory methods, such as optoelectronic motion capture for individuals with and without LBP.

1. Introduction

Low back pain (LBP) is the leading cause of years lived with disability
[1,2]. Prevalence estimates vary across reports, but range between 23
and 42 % of the global population [3,4]. Despite initial improvements to
pain within 12 weeks of an acute episode of LBP, a review of 11 studies
found up to 71 % of individuals report ongoing symptoms [5].

The measurement of lumbar motion remains a common part of
impairment evaluation in the assessment of individuals with LBP.
Clinically, LBP is assessed using separate, single, in-plane movements for
flexion/extension, lateral bending, or rotation [6] where measurement
methods commonly rely on observation [7], a tape measure [8], or an
inclinometer [9]. Whilst quick and easy to implement, observation
cannot quantify the movement, whilst a tape measurement and incli-
nometer only quantify the peak angle achieved at the end of the range of
movement. The inability to quantify continuous lumbar angle
throughout a single-plane movement, or through complex dynamic
movements in multiple planes of motion, such as lunge and twist
movements, or movements in sport such as a cricket fast bowling, limits
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the understanding of lumbar kinematics through time.

Laboratory systems often utilise optoelectronic motion capture to
measure movement through time, and these are thought to be the gold
standard non-invasive method of measuring kinematics [10,11]. How-
ever, these are often limited by cost, complexity, are time-consuming,
and are usually constrained to a dedicated environment [12,13].
Through-movement analysis is required to allow movement quality to
be assessed [14]. Therefore, researchers and clinicians are seeking
alternative methods to provide valid and reliable objective motion
analysis that overcomes these limitations and moves the understanding
of LBP movement forward.

One potential solution is miniature body-worn sensors such as iner-
tial measurement units (IMUs) [15]. These devices house tri-axial ac-
celerometers, gyroscopes, and magnetometers and through the fusion of
these elements, offer drift-free orientation data, from which joint angles
can be derived [16,17]. The growth of the use of such devices to measure
joint angles is evident from the literature [18-20], however, previous
authors have suggested that the validity and reliability of such devices
applied to human motion analysis may be dependent on the specific
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anatomical region being assessed, as well as the task being performed
[10]. Therefore, it is essential to understand if IMUs can offer a viable
solution for motion analysis of the lumbar spine.

Prior to recommending a new measurement method, establishing
validity and reliability is critical. As individuals with LBP move differ-
ently to those without [21-24], and because clinical studies often
compare individuals with matched controls, it is necessary to establish
validity, and reliability in individuals with and without LBP. IMUs are
known to perform differently to slow and fast movements [25,26],
therefore establishing validity and reliability in both groups is impor-
tant. This evaluation is important for understanding the devices’ sensi-
tivity, and discriminatory ability in accurately measuring movement
behaviour associated with underlying LBP.

Previous reviews focussing on concurrent validity and reliability
have demonstrated IMUs are valid and reliable for measuring stride
variables during running and gait analysis [27,28]. Moreover, a previ-
ous review has explored the state of the art of wearables for spinal
movement testing [29], however the focus of this review was not IMUs
specifically nor did it focus on validity and reliability. Therefore, to date
no systematic evaluation specifically of validity and reliability for using
IMUs to measure lumbar movement exists. If validity and reliability can
be established, new opportunities for real world monitoring of lumbar
movement will be possible. Therefore, the aim of this review is to
establish concurrent validity (compared to a gold standard) and the
repeated measures reliability of using IMUs for measurement of the
movement of the lumbar spine, in individuals with and without LBP.

2. Methods
2.1. Search strategy

A search strategy was developed in line with PRISMA guidelines
[30]. A Boolean search on databases MEDLINE, CINAHL, SPORTDiscuss,
Scopus, and Web of Science, was performed in April 2022. A date limiter
of 2005 was set as due to the rapidly evolving IMU sensor industry,
ensuring only the most up-to-date measurement methods were consid-
ered. This allows the results of this review to be applicable for modern
and current IMU devices. The keywords used for this search are pre-
sented in Table 1. Once completed, and with duplicates removed, the
articles were analysed against inclusion and exclusion criteria (Section
2.2), with any uncertainty resolved by consensus (Authors: 1,2,3,4).
Reference lists of included articles were reviewed with additional
appropriate articles identified and further screened against inclusion
and exclusion criteria. A diagram of the search can be seen in Fig. 1.

2.2. Inclusion/exclusion criteria

To be included, articles needed to have employed two or more IMUs
to measure lumbar movement. This was to ensure studies were inves-
tigating the relative angle between two sensors, not the absolute angle of
one sensor (including the use of a smartphone). As the focus of the re-
view is on IMUs, articles using only accelerometers or gyroscopes in
isolation were excluded. The articles needed to report either the con-
current validity of IMUs compared to optoelectronic motion capture or
repeated measures reliability of IMUs, or both. The participants included
in the articles needed to be healthy or have non-specific low back pain.

Table 1
Search strategy terms.

Boolean Search terms
function
lumbar OR spine OR spinal OR “low spine” OR “lumbar spine” OR
“low back” OR “lower back” OR “low-back” OR “lower-back”
AND pain OR injury OR “low-back-pain”
AND “inertial measurement unit*” OR IMU OR “inertial sensor” OR node
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Articles reporting use in individuals with LBP in association with a
known pathological condition were excluded, to minimise the risk of
condition-specific bias. To be included in the quantitative synthesis the
articles needed to include data values in tables, not just graphical for-
mats. The data needed to be measuring low back movement during
common clinical assessment movements (flexion extension, lateral
flexion, rotation), or dynamic complex movements (involving move-
ments in all three planes) such as sporting movements e.g., cricket fast
bowling, discus throwing.

2.3. Study appraisal and data extraction

Studies that passed the inclusion requirements were subject to an
appraisal and risk of bias check. To appraise studies reporting on val-
idity, the QUADAS-2 checklist was used [31] and for studies reporting
reliability, the QAREL checklist was used [32]. Studies that reported
both validity and reliability were appraised using both checklists. Each
article was assessed by the same author (FM) with uncertainties resolved
by consensus (FM, JW). The results of the quality appraisal are found in
Tables 2 and 3. Validity studies, in Table 2, gained a point for every “low
risk” answer and due to the relevance of the questions, needed to score at
least four to be included in the review. Reliability studies, in Table 3,
scored a point for every “yes” answer and due to the relevance of the
questions needed to score at least five points to be included in the re-
view. These thresholds provided a consensus that the papers had low
risk of bias throughout. All the studies passed the appraisal and risk of
bias checks. Data from all the included studies were entered into a
spreadsheet by a single investigator (FM) and checked by a second
investigator (JW). This spreadsheet tabulated author names and publi-
cation date, study design, participants, technology and methods, lumbar
spine assessment procedure, validity and/or reliability measures, sta-
tistical analysis, results, and any methodological limitations and com-
ments (see Table 4). Further measures of reliability such as standard
error measurement (SEMs) produced by some of the studies can be found
in Table 5.

2.4. Quantitative synthesis

For the quantitative synthesis, validity studies needed to report root
mean squared error (RMSE) and reliability studies intraclass correla-
tions (ICC). The quantitative synthesis was performed for the three
planes of motion, flexion extension, lateral flexion, and rotation. Com-
plex movements (which involved movements in all three planes of
movement) were compared against each other to attain a further un-
derstanding of IMU performance. Weighted mean, computed from the
proportion of each study’s sample size relative to the total cumulative
sample size, with a 95 % confidence interval (95 %CI) were calculated
from the IMU measurements for each of the three main movements for
validity and reliability. The standard deviation of the RMSE from each
study was combined using Eq. (1) [33]. To calculate the weighted
standard deviation for reliability studies reporting ICC values, Eq. (2)
was used.

Ni+N,
Ny +N, -1

\/(Nl — 1)SD? + (N> — 1)SD2 + % (M2 4 M2 — 2M, M) o

Where N is the sample size for study 1 and Ny is the sample size for
study 2. SD; the standard deviation from study 1 and SD; is the standard
deviation from study 2. M; is the mean from study 1 and M, is the mean
from study 2.

Zilwi()‘i - 3)2
V_1)~N
. v )Zizlwi

Where N is the number of studies included in the group. w; is a vector
of the weighting for the study. x; is the reported ICC value and X is the
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Identification of studies via databases and registers
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Duplicate records removed
(n =204)

Records excluded™*

(n=272)

Reason — Not relevant to lumbar
spine.

Reason 2 — Not including validity
or reliability.

Reason 3 — Not a primary study

Reports not retrieved
(n=0)

Reports excluded:
Reason 1 — Non relevant use
of protocol (n =6)
Reason 2 — Accelerometers
used instead of IMUs (n =1)
Reason 3 — Specific back
pain population e.g. Axial
Spondyloarthritis. (n=3)
Reason 4 — Only graphical
reported data. (n=1)
Reason 5 — Data reported for
single sensor, not angle
between sensors. (n=1)

Fig. 1. PRISMA flow chart of the search strategy.

Table 2
Results of the QUADAS-2 appraisal tool for validity studies to determine risk of bias. Y = yes study passed with no bias, N = no study has risk of bias in this area, / =
unclear.
Study Unbiased selection  Patients match Unbiased interpretation Index test matches Unbiased Target condition Unbiased
of patients review question of index test review question reference matches review patient flow
standard question
Wong 2007 Y Y Y Y Y Y Y
King 2009 / Y Y Y Y Y Y
Bauer 2015 Y Y Y Y Y Y Y
Mjosund Y Y / Y Y Y Y
2017
Brice 2018 Y Y Y Y Y Y Y
Molnar 2018  / Y Y Y Y Y Y
Beange 2019 Y Y Y Y Y Y Y
Brice 2020 / N / Y Y Y Y
Senington / Y Y Y Y Y Y
2020
Franco 2021 Y Y / Y Y Y Y
Brice 2022 Y Y Y Y Y Y Y
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N - weighted mean of the reported ICC values. V is the number of non-zero

o 8 weighted values.
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Table 4E

Data extraction for the 16 included studies in this review, the movements and measurements included. Root mean square (RMSE), intraclass correlation (ICC), dependability, Pearson’s correlation, and validity ICC.

Study Design Total Sample Equipment Sensor Comparator Testing procedure Movements Results
sample composition location (Validity) tested RMSE ICC Dependability ~ Pearson’s Validity
size (SD) ROM correlation ICC
ROM
Franco Observational 11 11 Males 5 Avanti IMUs T1T6 L1 S2 Qualisys Each movement repeated 3 Flexion 1.65° 0.99
2020 validity and and motion times, performed at a slow extension (0.55°)
reliability forehead. capture constant pace focusing on
maximal ROM.
Lateral flexion 2.4° 0.99
1)
Graham Observational 30 19 Females 2 Meylan T8 S2 - Movements completed to Flexion 0.49
2020 reliability IMUs beat of metronome at extension
0.28,0.24 and 0.14 Hz
respectively.
Lateral flexion 0.71
11 Males Rotation 0.88
Senington Observational 40 40 Males 4 T1L1S2 Vicon motion 6 maximal effort warm up Lumbar flexion 0.93 0.99
2021 validity and Thetametrics middle capture. bowls then 6 maximal effort in bowling
reliability IMUs shank recording bowls.
Lumbear lateral 0.64 0.95
flexion in
bowling
Lumbar 0.67 0.61
rotation in
bowling
Brice 2022 Observational 8 8 Females 4 IMeasureU T1T7 L2 S2 Vicon motion Participants rowed for 1 min 20 SPM 2.48°
validity IMUs capture. at rates of 20,24,28, and 32 (0.54°)
strokes per minute. Breaks at
18 strokes per minute
between tests.
24 SPM 2.84°
(0.88°)
0 Males 28 SPM 2.31°
(0.92°)
32 SPM 2.82°
(0.93°)

IMU- Inertial measurement unit.

ICC- Intraclass corelation.
ROM- Range of motion.
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Table 5
Further reliability results from the studies.

Study Total Population = Movement Standard error ~ Minimum
sample tested measurement detectable
size ©) difference

©)

Bauer 23 LBP Flexion 5.1

2016 extension
Lateral 4.25
flexion

Franco 11 LBP Flexion 0.55

2020 extension
Lateral 1.1
flexion
Graham 30 LBP Flexion 0.016 0.024
2020 extension
Lateral 0.007 0.011
flexion
Rotation 0.012 0.018

Seningt- 40 Healthy Flexion 4.02 11.14

on extension

2021 Lateral 4.46 12.36
flexion
Rotation 4.82 13.36

LBP - Low back pain.

3.2.1. Flexion extension

The quantitative synthesis included four studies for reliability [42,
43,45,48], (Fig. 2d). Regarding participants with LBP the weighted
mean ICC (95 %CI) was 0.77 (0.71-0.83), and 0.99 (0.99-0.99) for
healthy participants. The overall weighted mean for ICC (95 %CI) of
flexion extension was 0.84 (0.72-0.95).

3.2.2. Lateral flexion

The quantitative synthesis included three studies for reliability [42,
43,48], (Fig. 2e) with one study including individuals with LBP [42].
The weighted mean for reliability was 0.98 for participants with LBP and
ICC (95 %CI) 0.96 (0.92-0.99) for participants without LBP, and 0.97
(0.97-0.98) when combined.

3.2.3. Rotation

The quantitative synthesis included three studies for reliability [42,
43,45], (Fig. 2f). Two of the reliability studies were from LBP pop-
ulations [42,45]. ICC (95 %CI) for LBP participants was 0.92
(0.92-0.93) and for healthy participants 0.94. Combined, the weighted
mean (95 %CI) was 0.93 (0.90-0.95).

3.2.4. Complex movements

Reliability in complex movements was completed by two studies in
this review, lumbar movement in cricket [47], and lifting movements
[42]. The weighted mean ICC (95 % CI) value for these movements was
0.84 (0.81-0.88).

Orientation and therefore angles produced from the IMUs were
calculated using different methods of sensor fusion of the accelerometer,
gyroscope and magnetometer with five using a Kalman algorithm [49]:
[36-39,43], three using a Madgwick algorithm [50,44-46], two used
quaternion representation of orientation [35,48], two completed a
fusion of just the accelerometer and gyroscope [40,41].

The location of the sensors ranged from T3-PSIS [35], to L1-L5 [43].
The most common placement of the two sensors over the lumbar spine
was L1-Sacrum [42,44,46-48].

3.3. Methodological quality

A third of the studies that reported on measures of validity had the
potential for bias around the selection of the sample used [36,38,40,47].
They used a purposeful sampling method rather than open sampling,
therefore potentially limiting the generalisability of the findings to the
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wider population. However, as this review contains studies with both
sampling methods, i.e., it includes studies in specific populations
(cricket fast bowlers), as well as in individuals with and without LBP
wider generalisability could be possible. Rater representativeness was
assessed in studies where the raters and/or their professions were
described clearly, or if an ICC (2,1) was completed, as the raters for this
version of ICC must be representative of the population. If the profession
stated physiotherapist, or clinician, this was agreed to be representative
of the target population.

The main potential threat of bias shared across reliability studies
relates to the use of blinding. This was evident in either raters or as-
sessors being unblinded to reference values and prior results. Blinding of
raters and assessors is important to prevent attempts to align current
values to previous values or repeat tests when undesirable values are
produced. However, with the optoelectronic and IMU systems such
methods are automated and post-processed, therefore limiting the in-
fluence of this bias across the results.

4. Discussion

This review, for the first time, presents a synthesis of reliability and
validity estimates, along with a scope of the literature pertaining to the
measurement of lumbar motion using IMUs. Furthermore, a critical
strength of the review is that it includes data for individuals with non-
specific LBP, enabling researchers and clinicians to understand these
metrics in a specific and common target population. Overall, the results
demonstrate that IMUs can be considered valid and reliable for
measuring lumbar ROM, in individuals with and without LBP. This was
observed regardless of the plane of movement, demonstrating the
applicability to use IMUs in clinical assessments. Furthermore, the re-
sults remain applicable to more complex multidimensional (multi-
plane) movements, such as those seen in sports or daily functional tasks.
This demonstrates the ability of the technology to assess movement in
dynamic environments to an excellent standard, which is important
when exploring mechanisms underpinning of LBP.

Despite this overarching synthesis statement, some nuances around
the findings and application of this technology warrant further discus-
sion. The method of measuring validity and reliability differed across the
studies. Some studies reported RMSE values as a measure of the error
between the two systems, whilst others opted to explore the relationship
(correlation) between the two systems, demonstrating excellent corre-
lations [41,47]. Such bivariate correlations are only able to explore the
relationship of one variable to another, and not how similar or different
the values are. An excellent correlation is possible even in the presence
of large differences between the two systems. RMSE estimates overcome
this limitation by providing greater clarity over how similar or different
specific values for each system are, however again by design, do not
provide estimates of the relationship between the values. The results
from this review, through the cumulative synthesis of findings from
across the studies demonstrate that IMUs offer a measure that is both
highly correlated to the optoelectronic gold standard but also highly
similar based on RMSE values. Therefore, regardless of the method,
good-excellent results for validity were demonstrated.

Reliability was approached variably across the studies with most of
the studies reporting ICC values [42,43,45,47,48]. Two studies used an
alternate approach to reliability estimation, utilising the index of
dependability, which enabled the authors to model the effect of
manipulating the number of trials or repeated movements [44,46]. This
has the advantage of removing unnecessary testing, especially when
individuals may be experiencing pain, and these studies suggest one trial
may be enough due to high-reliability coefficients 0.69-0.9 [44,46].
Therefore, regardless of the method employed to estimate reliability,
good-excellent results were determined. Further reliability data
(Table 5) show SEMs between 0.01-4.82°, with the two studies on LBP
populations producing the lower error values compared to the healthy
population. This may be due to a smaller ROM of LBP participants,
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Fig. 2. Forest plots of the weighted means and confidence intervals from the quantitative synthesis. a- Validity of flexion extension, b- Validity of lateral flexion, c-
Validity of rotation, d- Reliability of flexion extension, e- Reliability of lateral flexion, f- Reliability of rotation.

however the results show that the error values are low compared to the
range of motion, further contributing to the reliability of the IMUs to
measure the lumbar spine.

Approaches to validity and reliability used in the articles included in
this review had a strong emphasis on a single value or point in time, (e.
g., peak ROM). For example, RMSE estimates were for the ‘peak’ ROM of
the optoelectronic system compared to IMUs. Similarly, ICC values were
commonly determined from peak ROM values also. Such analysis does
not consider the similarity of the data across time. It is entirely possible
to observe very different movement behaviour which converges at the
peak, yielding good estimates of both validity and reliability. To un-
derstand the similarity in the ROM across time, cross-correlation (rather
than ICC) with related RMSE would serve to better estimate relation-
ships and differences in ROM across time between the optoelectronic
and IMU systems, representing validity for the whole movement time
curve [51]. Similarly, the coefficient of multiple correlation with related

RMSE, would explore and quantify the similarities and differences be-
tween repeated movement time curves and represent an estimate of
reliability [42]. As IMUs have the potential to explore the movement of
the lumbar spine during normal daily function and as normal daily
function does not often reach peak ROM [52], determining if validity
and reliability estimates remain applicable at other ranges would be
beneficial.

The quantitative synthesis of RMSE for validity demonstrates <2.4°
on average, with rotation offering slightly higher relative error. As a
percentage, the largest difference is seen with rotation which seems
related to the small ROM in this plane rather than a large error observed.
However, this does result in larger relative errors for this motion. Sensor
error relates to the internal consistency of the device during repeated
known measurements and is often reported by IMU manufacturers to
range from 0.5 to 2°. Often data specification sheets report measures of
Yaw/Heading to be less accurate than those of pitch and roll,
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presumably related to the lack of contribution from the accelerometers
to the fusion, which may explain some of the error here [48,53].

The error related to the human-sensor interface relates specifically to
the attachment of the device, where relative movement between the skin
and sensor results in error. A variety of attachment methods were
observed in the studies, most commonly either attaching sensors directly
to the skin with double-sided tape [36,42], or via a plastic plate to in-
crease the attachment footprint [39]. Importantly some articles chose to
‘piggyback’ one measurement system on another (e.g., 3D motion cap-
ture markers on an IMU), thereby minimising the influence of this
interface error, as changes in the single attachment affect both systems.
There was no discernible difference in values for this method compared
to non-piggy-backed methods suggesting either attachment method is
both valid and reliable. The differences in the placement of the two IMUs
in each study to measure across the lumbar spine has the potential to
create differences between the recorded values and was variable in the
studies included in this review. However, there was no distinguishable
difference between the locations therefore, the placement of the two
IMUs does not alter the validity or reliability. However, for accurate
measurement of the lumbar spine alone, with minimal interference from
the thoracic spine, it would be recommended to place the IMUs on the
skin over the anatomical limits of the lumbar spine (L1 and Sacrum),
which was the most common setup in the studies of this review.

Another potential source of error is human error which represents
the variability in humans repeating movements. This natural variance is
important in the measures of reliability but less in methods that simul-
taneously measure the two systems. Evidence from these studies sug-
gests most repeated movements are highly similar, except for flexion and
extension in individuals with LBP. Good reliability estimates were
calculated for individuals with LBP, but these were excellent in in-
dividuals without LBP. This may be representative of movements where
there is the expectation of pain or actual provocation of pain, as this can
result in altered movement behaviour [24].

IMUs offer several advantages over optoelectronic measurement
systems. They are cheaper than a motion capture system, with single
sensors retailing from £100 to £1000. They do not require line-of-sight,
which offers benefits for applications where the low back is not exposed.
Sensors are quick to attach and require little calibration making them an
attractive option for clinical and research applications. Two studies used
fusion of the accelerometer and gyroscope only [40,41]. There were no
differences in the results of this study compared to the others, demon-
strating the potential for using IMUs in multiple environments, for
example in clinical areas that may be compromised by magnetic inter-
ference. Literature demonstrates development of protocols that estimate
joint angle from IMU readings without the magnetometer, building on
the idea that IMUs can be used in the future regardless of the setting [54,
55]. Now that validity and reliability have been synthesised users can
have confidence that errors are well understood compared to the
existing gold standard. However, there are several limitations of IMUs as
compared to optoelectronic measurements, most notably the absence of
directly measured location, providing solely orientation. Computation-
ally, location is derivable however the reliability and validity of this is
beyond the scope of this review.

This study has shown that IMUs have the potential to measure
through time, and from this review it is known that they can correctly
measure the lumbar spine. Furthermore, the values reported in this
study can be used by clinicians and researchers. Understanding the error
estimates enables clinicians to analyse movement and be confident of
true change compared to sensor error. For researchers such values can
be used in effect size calculations and confidence estimates, giving an
important contribution to future design of studies involving IMUs and
individuals with LBP.

Future studies should look to understand through movement mea-
surements of the lumbar spine further using IMUs. This will allow
greater understanding of movement patterns and load management.
With the accessibility and versatility of IMUs, research into LBP can be
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completed in ways and locations where quantification was not previ-
ously possible. Multiple IMUs may be used to understand health con-
ditions, or even sporting performance, injury risk and movement
efficiency. Research needs to be completed to understand the effect of
speed on IMU joint angle measurement.

5. Strengths and limitations

This review has made several contributions to the literature. Firstly,
it has provided, through quantitative synthesis, estimates of error for
using IMUs to measure lumbar movements as compared to the gold
standard. Researchers and clinicians can utilise such values to determine
if such devices meet the needs of their application. Secondly, this study
has provided estimates of reliability, demonstrating that in individuals
with and without LBP, that such devices can reliably measure lumbar
movement. Another strength of this paper is the use of a weighted
synthesis, which places a greater ‘weight’ on the values from studies
with larger sample sizes. As such the proportion of each study’s sample
size to the total cumulative sample size is considered as part of the
calculation. Without such a method a study with a sample size of 5
would be treated with equal ‘weight’ as one with a sample size of 100.
For example, in this review the RMSE for flexion extension in healthy
participants as an arithmetic mean is 2.2° compared to the used
weighted mean of 2.9°. This arithmetic mean would result in erroneous
conclusions, in this case suggesting a reduction in error, whereas the
weighted mean reflects a better representation of true error.

Finally, these findings seem to hold true for different sensors and
different attachments. One of the limitations of this review is that not all
studies reported the same movements or the same units. This meant that
some studies were not included in the synthesis and as such the weighted
mean was limited to fewer studies. As no funds were available for En-
glish language translation, only studies in this language were used to
avoid misinterpretation of other studies, which may have limited the
number of studies used in this review.

6. Conclusion

The aim of this review was to establish concurrent validity
(compared to the gold standard) and the repeated measures reliability of
IMUs for measurement of the movement of the lumbar spine in in-
dividuals with and without LBP. The results demonstrated excellent/
good validity against the gold standard for all single plane and complex
(multi-plane) movements, in individuals with and without LBP. The
most common validation method, mirroring clinical practice, uses ‘peak’
ROM, yet ‘peak’ ROM is seldom seen in everyday activities. Instead,
validity for the whole movement time curve would allow a better esti-
mate of movement over time and allow the progression of metrics for
lumbar spine assessment and rehabilitation. IMUs offer clinicians and
researchers a valid and reliable measurement of motion in the lumbar
spine compared to the current laboratory method.
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