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A B S T R A C T   

Whole-body lifting strategies could be derived from conventional video recordings using the Stoop-Squat-Index, 
which quantifies the ratio between trunk forward lean and lower extremity joint flexion from 0 (full squat) to 100 
(full stoop). The purpose of this study was to compare Stoop-Squat-Indices derived from conventional video 
recordings to those from a three-dimensional marker-based motion capture system and to evaluate interrater and 
intrarater reliability of the video-based approach. 

Thirty healthy participants lifted a 5-kg box under different conditions (freestyle, squat, stoop). Kinematic data 
were recorded using a Vicon motion capture system (serving as reference standard) and an iPad camera. Stoop- 
Squat-Indices over the entire lifting cycle were derived separately from both approaches. Agreement was 
assessed using mean differences (video minus motion capture) and limits of agreement. Reliability was inves
tigated by calculating intraclass correlation coefficients (ICC) and minimal detectable changes (MDC) over the 
course of the lifting cycle. Systematic errors were identified with Statistical Parametric Mapping-based T-tests. 

Systematic errors between the video-based and the motion capture-based approach were observed among all 
conditions. Mean differences in Stoop-Squat-Indices over the lifting cycle ranged from − 6.9 to 3.2 (freestyle), 
from − 1.8 to 5.3 (squat) and from − 2.8 to − 1.1 (stoop). Limits of agreement were lower when the box was close 
to the floor, and higher towards upright standing. Reliability of the video-based approach was excellent for most 
of the lifting cycle, with ICC above 0.995 and MDC below 3.5. 

These findings support using a video-based assessment of Stoop-Squat-Indices to quantify whole-body lifting 
strategy in field.   

1. Introduction 

Recent systematic reviews on lifting biomechanics have focused on 
investigating associations between lifting posture and low back pain 
(Nolan et al., 2020; Saraceni et al., 2020). Kinematic outcomes have not 
only included lumbar spine flexion and trunk forward bending angles 
(Saraceni et al., 2020) but also lower extremity joint angles and whole- 
body lifting strategy (Nolan et al., 2020). Whole-body lifting strategy 
has mostly been categorized into either stoop or squat (van Dieen et al., 
1999). Other studies investigating whole-body lifting strategy have used 

a postural index, which is continuously scaled but calculated from 
multiple joint angles (Burgess-Limerick and Abernethy, 1997; Larivière 
et al., 2002), and hence requires high computational effort. 

The Stoop-Squat-Index is a simple measure to assess whole-body 
lifting strategy by quantifying the ratio between forward lean of the 
trunk and the flexion of the lower extremity joints during lifting 
(Schmid, 2022). The index is calculated based on the vertical displace
ment of the spinous process C7 and the hip joint center and results in a 
value from 0 (full squat) to 100 (full stoop). It has previously been 
demonstrated to reliably discriminate between a squat and a stoop 
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movement throughout the entire lifting cycle, and has been used to 
investigate the association between whole-body lifting strategy and 
pain-related fear (Bangerter et al., 2023; Schmid et al., 2021; Schmid, 
2022). A major advantage of the Stoop-Squat-Index is that it can be 
easily determined from conventional video recordings, allowing field 
assessments such as in occupational or clinical settings. 

Most available studies on lifting biomechanics have been conducted 
in a laboratory setting (Saraceni et al., 2020), which may not allow 
direct conclusions for everyday lifting behavior. In addition, marker- 
based motion capture approaches are expensive, time-consuming, and 
do not allow for large-scale field observations. Previous studies have 
mostly only analyzed discrete parameters, such as range of motion or 
peak values (Nolan et al., 2020; Saraceni et al., 2020) but have not 
considered continuous data, which could have washed out possible 
differences. Recently, the advantage of analyzing continuous kinematic 
data over the entire lifting cycle has been pointed out to provide more 
detailed information about movement strategies (Papi et al., 2020). 
Correspondingly, agreement with reference methods and reliability 
analyses should not be limited to predefined time points but be assessed 
continuously over the entire lifting cycle (Schmid, 2022). 

Therefore, the purpose of this study was to compare continuous 
Stoop-Squat-Indices derived from conventional video recordings to 
those obtained with a three-dimensional marker-based motion capture 
system and to evaluate the interrater and intrarater reliability of Stoop- 
Squat-Indices derived from video recordings. 

2. Methods 

2.1. Participants 

Thirty healthy adults (19 females and 11 males) were enrolled [mean 
± standard deviation (range); age: 32.5 ± 11.5 (19–57) years, height: 
172.7 ± 6.8 (162–187) cm, mass: 69.0 ± 10.6 (50.8–89.0) kg, body 
mass index: 23.1 ± 3.0 (17.8–28.6) kg/m2]. Inclusion criteria were: 
aged between 18 and 60 years and currently free of any sort of pain. 
Exclusion criteria were: a low back pain episode within the prior 6 
months; pathologies, diseases, injuries, surgeries, painful conditions, or 
other circumstances limiting the capability of lifting; obesity (body mass 
index ≥ 30 kg/m2); and insufficient understanding of German. Women 
with known current pregnancy as well as breastfeeding mothers were 
excluded. The responsible ethics committee provided exemption for this 
study (Kantonale Ethikkommission Bern, Req-2021–00878), and all 
participants gave written informed consent prior to data collection. This 
methods comparison and reliability study followed the Guidelines for 
Reporting Reliability and Agreement Studies (Kottner et al., 2011). The 
sample size of 30 participants was chosen following the respective 
recommendation for reliability studies (Koo and Li, 2016). 

2.2. Data collection 

2.2.1. Experimental procedure 
All measurements were conducted by the same experienced phys

iotherapist in one single visit to the Bern Movement Laboratory. 
Following the collection of demographic and anthropometric data, 
participants were equipped with retro-reflective skin markers as previ
ously described (Schmid et al., 2017). One additional marker was placed 
on the left greater trochanter (trochanter marker) to facilitate and 
standardize the subsequent video analyses (Damsted et al., 2015; 
Fernández-González et al., 2020). For this study, however, only the 
pelvis and lower body markers, the trochanter marker and the marker 
placed on the tip of the spinous process C7 (C7 marker) were considered. 

Three-dimensional marker positions were recorded using a 16-cam
era Vicon motion capture system (Vicon, Oxford, UK; sampling fre
quency: 200 Hz). Conventional video recordings were conducted 
simultaneously using an iPad Air (Apple Inc., Cupertino, CA, USA; 
sampling frequency: 60 Hz) placed on a tripod at 85 cm above the floor 

and 3 m from the person perpendicular to the participant’s lifting plane 
(strictly lateral view). No correction for potential projection errors was 
performed. 

2.2.2. Lifting tasks 
Participants were asked to repetitively lift up and put down a 5-kg 

box (40x20x10cm) at a self-selected speed under three conditions. In 
brief, the three conditions (Fig. 1, left) were freestyle (intuitively), squat 
(keeping the spine as upright as possible while flexing the knees) and 
stoop lifting (keeping the knees as straight as possible while bending the 
spine) (Dreischarf et al., 2016; von Arx et al., 2021). The first condition 
was always freestyle lifting, whereas the order of the remaining two 
lifting conditions was randomly assigned. To define the standing posi
tion with the feet in natural position hip width apart, the participant’s 
toes were aligned to a tape stuck on the floor (frontal plane), and a 
perpendicular tape passing halfway between the participant’s feet 
(sagittal plane). The box had handles, was equipped with two markers 
on the rim and placed on the floor 15 cm in front of the participant’s toes 
(also marked with a tape). Each repetition started with the participant in 
an upright standing position, lifting up the box, maintaining the stand
ing position for 1 s (Fig. 1, right), putting down the box, and returning to 
the standing position (without the box) (von Arx et al., 2021). For each 
condition, five valid (no marker loss, correct movement) trials were 
conducted. 

2.2.3. Rating procedure 
Raters involved in performing the video analyses were physiother

apists with no prior experience, knowledge, or particular interest in the 
field of video analysis. The same person introduced the software, 
informed all raters on how to perform the video analysis and provided a 
30-minute supervised training for each rater. The order of participants 
to be analyzed was not randomized. Apart from the participant’s body 
height and the video recordings, the raters had no further information 
about the participants but were aware of the purpose that their ratings 
would be used for comparisons. For the methods comparison, three 
raters were assigned to independently analyze all video recordings of 
one single lifting condition (either freestyle, squat, or stoop). For 
interrater reliability, two additional raters analyzed all freestyle lifting 
video recordings. For intrarater reliability, one rater repeated the 
analysis of all freestyle video recordings after 1 month. 

2.3. Data processing 

2.3.1. Video-based approach 
Video recordings were processed using the Dartfish software (Dart

fish company, Freiburg, Switzerland), according to a customized pre
defined protocol. The participant’s body height was used as reference 
distance, and a virtual two-dimensional coordinate system was deter
mined, with the origin at the T-intersection of the tape defining the 
standing position (Fig. 2, left). The start and end of each movement cycle 
were manually determined as the first frame with movement of the box 
and first frame with the box standing still on the floor, respectively. The 
C7 marker and the trochanter marker (serving as approximation of the 
hip joint center) were tagged in the first frame and selected for auto
matic tracking (Fig. 2, middle). The automatically tracked marker po
sitions throughout the movement cycle were checked and manually 
adjusted in case of inaccuracy (at the discretion of each rater). Finally, 
the vertical positions of the two markers at each frame were exported as . 
csv file (Fig. 2, right). The end frame of the lifting-up cycle and the start 
frame of the putting-down cycle were identified based on the vertical 
position of the C7 marker using an event detection function in MATLAB 
(R2022a, MathWorks Inc., Natick, MA, USA) (Schmid, 2022; Suter et al., 
2020). 

2.3.2. Marker-based motion capture approach 
Three-dimensional motion capture data were preprocessed using the 
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Nexus software (version 2.10.3, Vicon, Oxford, UK), and the hip joint 
center was calculated using the Plug-in Gait lower body model (Davis 
et al., 1991). Positions of the C7 marker, the left box marker and the hip 
joint center over the entire movement cycle were extracted. The start 
and end frames of the movement cycle were automatically identified 
using the vertical position of the left box marker (start lifting-up and end 
putting-down cycle) and the C7 marker (end lifting-up and start putting- 
down cycle) by an event detection function in MATLAB (Schmid, 2022; 
Suter et al., 2020). 

2.4. Data reduction and statistics 

Data from both approaches were further processed in MATLAB. All 
repetitions were separately time-normalized to 101 data points for the 
lifting-up and putting-down cycles, respectively. Thereafter, Stoop- 
Squat-Indices were calculated over the entire lifting cycles according 
to equation (1) (Schmid, 2022): 

StSq = 100 −
(
(Vert HJCStanding − Vert HJCBending)*100

Vert C7Standing − Vert C7Bending

)

(1)  

Fig. 1. Left: illustration of the different lifting conditions, including freestyle (top row), squat (middle row) and stoop (bottom row) lifting at the moment with the 
box on the floor (start of lifting-up and end of putting-down cycle). Right: upright standing position with holding the box (end of lifting-up and start of putting-down 
cycle). The attached electromyography-devices and additional markers were not considered in this study. 

C. Bangerter et al.                                                                                                                                                                                                                              



Journal of Biomechanics 164 (2024) 111975

4

The variables used for calculation of the Stoop-Squat-Index (StSq) were 
the vertical positions of the hip joint center (Vert_HJC) and the C7 
spinous process (Vert_C7) during standing and bending (Schmid, 2022). 
Indices were averaged over the five trials per subject and condition. All 
statistical calculations were conducted with continuous data and com
parisons were implemented using one-dimensional Statistical Para
metric Mapping (SPM: spm1d-package, https://www.spm1d.org) in 
MATLAB (Pataky, 2012). 

2.4.1. Methods comparison 
To compare Stoop-Squat-Indices between the video-based and the 

motion capture-based approach (serving as reference standard), 
continuous Bland-Altman analyses (Bland and Altman, 2003; Suter 
et al., 2020) were conducted for each condition including mean differ
ences (video-based minus motion capture-based method) and 95 % 
limits of agreement, both with 95 % confidence intervals (95 %CI) for 
each percentage of the movement cycle (Suter et al., 2020). Normal 
distribution of the differences was confirmed for the majority of the data 
using the SPM function spm1d.stats.normality.ttest (Pataky, 2012). If 
normal distribution was not confirmed for the entire lifting cycle, 
additional non-parametric tests were conducted to ensure that the re
sults did not differ. To test whether the mean differences deviated sta
tistically significantly from zero, one-sample T-tests (SPM function: 
spm1d.stats.ttest) (Pataky, 2012) were conducted (Suter et al., 2020) 
with a significance level of 0.05. 

2.4.2. Reliability 
To investigate interrater and intrarater reliability of the video-based 

approach, a three-layered procedure was conducted (Weir, 2005). First, 

systematic errors were identified by comparing mean differences be
tween the raters (interrater reliability) or between the time points 
(intrarater reliability) to zero using one-sample T-tests in SPM (function: 
spm1d.stats.ttest) (Niggli et al., 2021; Pataky, 2012; Suter et al., 2020). 
Second, intraclass correlation coefficients (ICC) were calculated to 
evaluate relative reliability. Interrater reliability was assessed using a 
two-way random effects, single rater/measurement, consistency model 
(Koo and Li, 2016), whereas intrarater reliability was investigated using 
a two-way mixed-effects, single rater/measurement, agreement model 
(McGraw and Wong, 1996). ICC point estimates were defined as poor: <
0.5, moderate 0.5–0.75, good: 0.75–0.9 and excellent: >0.9 and 95 %CI 
of the ICC estimates were calculated (Koo and Li, 2016). Third, minimal 
detectable changes (MDC) were calculated over the course of the lifting 
cycle as 1.96 times standard deviation of the differences (with 95 %CI) 
to investigate absolute reliability (Niggli et al., 2021; Suter et al., 2020; 
Weir, 2005). 

3. Results 

All 30 participants performed five valid repetitions for each lifting 
style, resulting in a total of 450 video and motion capture recordings 
(150 per condition) that were included in the methods comparison. 
Consequently, 150 freestyle video recordings were used for reliability 
assessment of the video-based approach. 

3.1. Methods comparison 

The agreement between the video-based and the motion capture- 
based assessment of the Stoop-Squat-Index was high (Figs. 3 to 5). The 

Fig. 2. Video-based approach to derive Stoop-Squat-Indices over the entire lifting cycle: determination of the reference distance and setting of the origin (left); 
definition of the start frame, tagging of the markers and selection for automatic tracking (middle); export of the vertical marker positions in a table over the entire 
lifting cycle (right). 
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Fig. 3. Comparison between the video-based approach and the motion capture-based approach to derive Stoop-Squat-Indices during freestyle lifting for each 
percentage [%] of the lifting-up cycle (left column) and the putting-down cycle (right column). Top row: mean (solid lines) and standard deviation (SD, shaded areas) 
of Stoop-Squat-Indices from the video-based approach (blue) and the motion capture-based approach (red). Middle row: continuous Bland-Altman analyses with 
mean differences (Mdiff, purple solid lines) in Stoop-Squat-Indices (StSq) and 95 % limits of agreement (LoA, purple dashed lines) with 95 % confidence intervals 
(purple shaded areas). The gray single curves display the mean differences for each subject and the gray shaded areas indicate the periods with systematic errors 
between the two approaches. Bottom row: SPM-based one-sample T-test comparing the deviations of the mean differences to zero. The purple solid lines show the 
SPM t-curve, and the orange horizontal dashed lines display the threshold for statistical significance at an alpha-level of 0.05. The light gray shaded areas represent 
the supra-threshold clusters, indicating periods with statistically significant deviations of the mean differences from zero. SPM = Statistical Parametric Mapping. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 4. Comparison between the video-based approach and the motion capture-based approach to derive Stoop-Squat-Indices during squat lifting for each percentage 
[%] of the lifting-up cycle (left column) and the putting-down cycle (right column). Top row: mean (solid lines) and standard deviation (SD, shaded areas) of Stoop- 
Squat-Indices from the video-based approach (blue) and the motion capture-based approach (red). Middle row: continuous Bland-Altman analyses with mean dif
ferences (Mdiff, purple solid lines) in Stoop-Squat-Indices (StSq) and 95 % limits of agreement (LoA, purple dashed lines) with 95 % confidence intervals (purple 
shaded areas). The gray single curves display the mean differences for each subject and the gray shaded areas indicate the periods with systematic errors between the 
two approaches. Bottom row: SPM-based one-sample T-test comparing the deviations of the mean differences to zero. The purple solid lines show the SPM t-curve, 
and the orange horizontal dashed lines display the threshold for statistical significance at an alpha-level of 0.05. The light gray shaded areas represent the supra- 
threshold clusters, indicating periods with statistically significant deviations of the mean differences from zero. SPM = Statistical Parametric Mapping. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 5. Comparison between the video-based approach and the motion capture-based approach to derive Stoop-Squat-Indices during stoop lifting for each percentage 
[%] of the lifting-up cycle (left column) and the putting-down cycle (right column). Top row: mean (solid lines) and standard deviation (SD, shaded areas) of Stoop- 
Squat-Indices from the video-based approach (blue) and the motion capture-based approach (red). Middle row: continuous Bland-Altman analyses with mean dif
ferences (Mdiff, purple solid lines) in Stoop-Squat-Indices (StSq) and 95 % limits of agreement (LoA, purple dashed lines) with 95 % confidence intervals (purple 
shaded areas). The gray single curves display the mean differences for each subject and the gray shaded areas indicate the periods with systematic errors between the 
two approaches. Bottom row: SPM-based one-sample T-test comparing the deviations of the mean differences to zero. The purple solid lines show the SPM t-curve, 
and the orange horizontal dashed lines display the threshold for statistical significance at an alpha-level of 0.05. The light gray shaded areas represent the supra- 
threshold clusters, indicating periods with statistically significant deviations of the mean differences from zero. SPM = Statistical Parametric Mapping. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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SPM-based analysis demonstrated statistically significant mean differ
ences from zero for freestyle, squat and stoop lifting. Mean differences 
were comparable between the periods with and without systematic er
rors (Table 1) and of similar magnitude as the within-subject standard 
deviation (Appendix 1). Mean differences in Stoop-Squat-Indices be
tween the two approaches ranged from − 6.9 to 3.2 for freestyle, from 
− 1.8 to 5.3 for squat and from − 2.8 to − 1.1 for stoop lifting. Across all 
conditions, the limits of agreement were lower for the periods where the 
box was close to the floor, and higher towards upright standing, repre
senting more variability and uncertainty within these periods (Figs. 3 to 
5). 

3.2. Reliability 

We found excellent interrater (Fig. 6) and intrarater reliability 
(Fig. 7) for the video-based assessment of the Stoop-Squat-Index for most 
of the lifting cycle. Systematic errors were observed for interrater reli
ability (0–63 % of lifting-up cycle; 26–31 %, 49–52 % of putting-down 
cycle) and intrarater reliability (20–25 % of lifting-up cycle). Mean 
differences in Stoop-Squat-Indices between raters ranged from − 0.6 to 
0.7 and between time points from − 0.5 to 1.8, respectively (Table 1). 
For the first 80 % of the lifting-up and the last 80 % of the putting-down 
cycle, reliability was excellent with slightly lower interrater reliability 
(ICC > 0.995, 95 %CI: 0.991–1.0, MDC < 3.5) than intrarater reliability 
(ICC > 0.997, 95 %CI: 0.994–1.0, MDC < 2.9). Within the late lifting-up 
(80–100 %) and the early putting-down cycle (0–20 %), the variability 
of the mean differences considerably increased, resulting in lower ICC 
and higher MDC within these periods (Figs. 6 and 7). 

4. Discussion 

The aim of this study was to compare continuous Stoop-Squat- 
Indices derived from conventional video recordings to those obtained 
with a three-dimensional marker-based motion capture system and to 
evaluate the interrater and intrarater reliability of Stoop-Squat-Indices 
derived from video recordings. We found high agreement between the 
video-based and the motion capture-based approach among all lifting 
conditions. Moreover, we observed excellent interrater and intrarater 
reliability of the video-based assessment for most of the lifting cycle. 

4.1. Methods comparison 

The increased uncertainty close to upright standing (70–100 % of 

lifting-up and 0–30 % of putting-down cycle) indicates a limited sensi
tivity of the Stoop-Squat-Index for these periods. Minor displacements of 
the C7 and trochanter marker strongly affect the resulting Stoop-Squat- 
Indices, which is why it should be interpreted with caution. Nonetheless, 
considering that lifting strategy is less important in almost upright 
standing positions, this restriction seems acceptable and of less clinical 
relevance. In fact, recent biomechanical literature has demonstrated 
that differences in lumbar loading among various lifting styles mainly 
occurred in the periods with the box close to the floor (first half of the 
lifting-up cycle) (von Arx et al., 2021). Moreover, peak moments during 
lifting were found to emerge shortly after lifting up the box, emphasizing 
the clinical relevance of this interval (Faber et al., 2009). To analyze 
discrete Stoop-Squat-Indices at a predefined moment in time we there
fore suggest choosing an instance in the interval from 0 to 70 % for the 
lifting-up cycle and from 30 to 100 % for the putting-down cycle, 
respectively. Across all conditions, the mean differences in Stoop-Squat- 
Indices were small (mostly below 5) and of similar magnitude as the 
within-subject standard deviation of the respective condition. Therefore, 
these differences can be considered acceptable. 

Furthermore, the video-based approach yielded systematically 
higher Stoop-Squat-Indices during squat and part of freestyle lifting of 
up to 5.3 and 3.2, respectively, indicating a bias of the video-based 
approach towards more stoop lifting behavior. The main explanation 
for this disagreement between the two methods could be the different 
approaches to define the position of the hip joint center. While for the 
motion capture approach, the vertical position of the hip joint center 
was calculated (Davis et al., 1991), its location was estimated using the 
vertical position of the trochanter marker in the video-based approach. 
The finding that differences between both methods increased in posi
tions with pronounced hip flexion might partially be ascribed to soft 
tissue artifacts, which were identified to mainly affect a marker on the 
greater trochanter during active hip movement (Fiorentino et al., 2017). 
Thus, it can be assumed that the skin marker could not accurately 
replicate the backward/downward movement of the greater trochanter 
in positions with large hip flexion, resulting in an underestimation of its 
vertical displacement. 

In upright standing position, trochanter-based methods to identify 
the position of the hip joint center were found to underestimate its 
actual vertical position of about 2 cm (Bennett et al., 2016; Kirkwood 
et al., 1999). Moreover, such approximations require an accurate 
palpation of the greater trochanter and a precise marker placement, 
which poses a notable source of error (Della Croce et al., 1999). How
ever, since the Stoop-Squat-Index describes a proportion of vertical 

Table 1 
Range (minimum to maximum) of mean differences (video minus motion capture) in Stoop-Squat-Indices (StSq) for the periods of the lifting cycle with statistically 
significant mean differences from zero (p ≤ 0.05) and the periods without statistically significant mean differences from zero (p > 0.05).  

Comparison Condition Phase Number of supra-threshold clusters Statistically significant mean 
difference from zero (p ≤ 0.05) 

p-value No statistically significant mean 
difference from zero (p > 0.05) 

Lifting cycle [%] Mean differences 
[StSq] 

Lifting cycle [%] Mean differences 
[StSq] 

from to from to 

Agreement Freestyle up 1 0–15 1.7 3.0 0.024 16–100 –4.7 1.7 
down 2 0–30 –6.9 –2.1 0.004 31–72 –2.0 1.5 

73–100 1.6 3.2 0.006 
Squat up 2 0–64 2.7 4.7 < 0.001 65–97 0.1 3.3 

98 5.1 5.1 0.05 99–100 1.4 5.3 
down 1 37–100 2.3 5.1 < 0.001 0–36 –1.8 2.1 

Stoop up 1 0–91 –2.8 –1.1 < 0.001 92–100 –2.8 –2.2 
down 1 5–100 –2.6 –1.3 < 0.001 0–4 –2.3 –1.8 

Interrater reliability Freestyle up 1 0–63 –0.5 –0.2 < 0.001 64–100 –0.6 0.1 
down 2 26–31 –0.4 –0.4 0.024 0–25 –0.4 0.7 

49–52 –0.3 –0.3 0.035 32–48 –0.4 –0.3 
53–100 –0.3 0.1 

Intrarater reliability Freestyle up 1 20–25 –0.2 –0.2 0.003 0–19 –0.2 0 
26–100 –0.5 0.4 

down – – – – – 0–100 –0.1 1.8  
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Fig. 6. Interrater reliability of the video-based approach to derive Stoop-Squat-Indices during freestyle lifting for each percentage [%] of the lifting-up cycle (left 
column) and the putting-down cycle (right column). Top row: Mean differences (blue solid lines) in Stoop-Squat-Indices (StSq) with 95 % confidence intervals (blue 
shaded areas). The gray shaded areas indicate the periods with systematic errors between the raters. Second row: SPM-based one-sample T-test comparing the 
deviations of the mean differences (Mdiff) to zero. The blue solid lines show the SPM t-curve, and the orange horizontal dashed lines display the threshold for 
statistical significance at an alpha-level of 0.05. The light gray shaded areas represent the supra-threshold clusters, indicating periods with statistically significant 
deviations of the mean differences from zero. Third row: point estimates of the intraclass correlation coefficients (ICC, blue solid lines) and 95 % confidence intervals 
(blue shaded areas). Bottom row: minimal detectable changes (MDC, blue solid lines) in Stoop-Squat-Indices (StSq) and 95 % confidence intervals (blue shaded 
areas). SPM = Statistical Parametric Mapping. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 7. Intrarater reliability of the video-based approach to derive Stoop-Squat-Indices during freestyle lifting for each percentage [%] of the lifting-up cycle (left 
column) and the putting-down cycle (right column). Top row: Mean differences (green solid lines) in Stoop-Squat-Indices (StSq) with 95 % confidence intervals 
(green shaded areas). The gray shaded areas indicate the periods with systematic errors between the time points. Second row: SPM-based one-sample T-test 
comparing the deviations of the mean differences (Mdiff) to zero. The green solid lines show the SPM t-curve, and the orange horizontal dashed lines display the 
threshold for statistical significance at an alpha-level of 0.05. The light gray shaded areas represent the supra-threshold clusters, indicating periods with statistically 
significant deviations of the mean differences from zero. Third row: point estimates of the intraclass correlation coefficients (ICC, green solid lines) and 95 % 
confidence intervals (green shaded areas). Bottom row: minimal detectable changes (MDC, green solid lines) in Stoop-Squat-Indices (StSq) and 95 % confidence 
intervals (green shaded areas). SPM = Statistical Parametric Mapping. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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marker displacements, inaccuracies related to marker placement and hip 
joint center identification in the upright standing position may be 
negligible. 

For stoop lifting, the video-based approach yielded systematically 
lower Stoop-Squat-Indices of up to 2.8 compared to the motion capture- 
based approach. This disagreement can be explained by different dis
tances of the analyzed markers from the camera. During stoop lifting, 
the trochanter marker only adopted small vertical displacement, was 
seen perpendicular, and located closer to the camera than the C7 
marker. The greater distance of the C7 marker from the camera might 
have resulted in an underestimation of the C7 marker displacement in 
the video-based approach during stoop lifting, resulting in lower Stoop- 
Squat-Indices compared to the motion capture approach. 

4.2. Reliability 

Interrater and intrarater reliability were excellent, except for the 20 
% of lifting cycle close to upright standing. The fact that reliability 
decreased within these periods could be evidence of the above- 
mentioned limited sensitivity of the Stoop-Squat-Index in almost up
right standing positions. Although systematic errors between the raters 
and between the time points were observed, mean differences in Stoop- 
Squat-Indices remained below 1.8 for the entire lifting cycle. These 
slight differences within the video-based assessment seem reasonable 
and could be attributed to data processing inaccuracies regarding the 
visual determination of the start or end frame as well as the manual 
marker adjustment (e.g. in case of marker occlusion or inaccurate 
automatic marker tracking). During most of the lifting cycle (first 80 % 
of lifting-up and last 80 % of putting-down), the lower limits of the ICC 
95 %CI were consistently above 0.99, indicating excellent relative reli
ability. Moreover, MDC within these periods were below 3.5 between 
raters and below 2.9 between time points. 

4.3. Strengths and limitations 

The use of SPM is a strength of this study, because this method 
enabled to investigate agreement and reliability over the entire lifting 
cycles without restricting comparisons to specific instances in time (Papi 
et al., 2020). The SPM-based analysis revealed considerable time- 
specific differences among these quality measures, which are valuable 
for interpretating Stoop-Squat-Indices. Another strength is that partici
pants were asked to lift under different conditions, allowing to compare 
Stoop-Squat-Indices from both approaches over its entire range. More
over, the structured protocol that was strictly followed during data 
collection and analysis to ensure a standardized and consistent pro
cedure is a strength of this study. Namely, all measurements were con
ducted by the same experienced physiotherapist, the tripod holding the 
camera was always placed at the same position and skin markers were 
used to standardize the video-based analysis (Damsted et al., 2015; 
Fernández-González et al., 2020). The lack of synchronization between 
the video-based and the motion capture-based approach can be 
considered a limitation of this study. However, the respective temporal 
events could easily be identified based on the box movement allowing an 
independent determination of Stoop-Squat-Indices for each approach 
and should only marginally have influenced the results. The determi
nation of absolute distances from conventional video recordings is prone 
to errors related to the distances between the camera and the markers, 
changes in the view angle and projection errors. To avoid additional 
computational effort, we did not correct for any of these possible error 
sources, which can be considered as limitation. However, since the 
Stoop-Squat-Index provides information on the ratio of the marker dis
placements, these shortcomings should not have had a large impact on 
the results. The order of participants to be analyzed was not randomized, 
so that the data might be biased with a training effect. This study only 
included a sample of healthy pain-free participants. Thus, the results can 
not directly be extrapolated to other populations. All raters were 

physiotherapists but the simplicity of the proposed video-based assess
ment and the fact that all raters without experience in video analysis 
practiced for only 30 min suggest that the results could also apply to 
other rater populations. Since our values for intrarater reliability are 
only based on one repeated measure of one rater, it cannot be excluded 
that factors such as training, experience or boredom could influence this 
measure. 

4.4. Potential applications 

The main advantage of the proposed video-based approach is that it 
enables to efficiently quantify whole-body lifting strategy with low 
expenditure outside a laboratory setting. As the Stoop-Squat-Index does 
not provide any information regarding spinal motion, it has been rec
ommended to use the index along with a wearable system to additionally 
quantify spinal motion to provide comprehensive information about 
lifting behavior in an occupational setting (Schmid, 2022). 

5. Conclusion 

This study demonstrates that a video-based assessment of the Stoop- 
Squat-Index to quantify whole-body lifting strategy represents an ac
curate and reliable method compared to a motion capture approach. 
These findings endorse the use of the proposed video-based approach 
outside a laboratory setting in the context of large-scale field measure
ments or within a clinical setting. 
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Miangolarra-Page, J.C., Molina-Rueda, F., 2020. Reliability of Kinovea® Software 
and Agreement with a Three-Dimensional Motion System for Gait Analysis in 
Healthy Subjects. Sensors (Basel) 20. 

Fiorentino, N.M., Atkins, P.R., Kutschke, M.J., Goebel, J.M., Foreman, K.B., Anderson, A. 
E., 2017. Soft tissue artifact causes significant errors in the calculation of joint angles 
and range of motion at the hip. Gait Posture 55, 184–190. 

Kirkwood, R.N., Culham, E.G., Costigan, P., 1999. Radiographic and non-invasive 
determination of the hip joint center location: effect on hip joint moments. Clin. 
Biomech. 14, 227–235. 

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