m bioengineering

Article

Dynamic Surface Topography for Thoracic and Lumbar Pain
Patients—Applicability and First Results

Johanna Kniepert 1'*, Henriette Ronsch >*(, Ulrich Betz 2*{, Jiirgen Konradi >(7, Janine Huthwelker 2,
Claudia Wolf 202, Ruben Westphal 3 and Philipp Drees !

check for
updates

Academic Editor: Christian Liebsch

Received: 31 January 2025
Revised: 28 February 2025
Accepted: 5 March 2025
Published: 13 March 2025

Citation: Kniepert, J.; Rénsch, H.;
Betz, U.; Konradi, J.; Huthwelker, J.;
Wolf, C.; Westphal, R.; Drees, P.
Dynamic Surface Topography for
Thoracic and Lumbar Pain
Patients—Applicability and First
Results. Bioengineering 2025, 12,289.
https:/ /doi.org/10.3390/
bioengineering12030289

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

Department of Orthopedics and Trauma Surgery, University Medical Center of the Johannes Gutenberg
University Mainz, Langenbeckstrasse 1, 55131 Mainz, Germany;

johanna kniepert@unimedizin-mainz.de (J.K.); philipp.drees@unimedizin-mainz.de (P.D.)

Institute of Physical Therapy, Prevention and Rehabilitation, University Medical Center of the Johannes
Gutenberg University Mainz, Langenbeckstrasse 1, 55131 Mainz, Germany;
henriette.roensch@unimedizin-mainz.de (H.R.); juergen.konradi@unimedizin-mainz.de (J.K.);
janine.huthwelker@unimedizin-mainz.de (J.H.); claudia.wolf@unimedizin-mainz.de (C.W.)

Institute of Medical Biostatistics, Epidemiology and Informatics, University Medical Center of the Johannes
Gutenberg University Mainz, Obere Zahlbacher Strafle 69, 55131 Mainz, Germany

Correspondence: ulrich.betz@unimedizin-mainz.de

These authors contributed equally to this work.

Abstract: Current routine diagnostic procedures for back pain mainly focus on static
spinal analyses. Dynamic Surface Topography (DST) is an easy-to-use, radiation-free
addition, allowing spine analyses under dynamic conditions. Until now, it is unclear if
this method is applicable to back pain patients, and data reports are missing. Within a
prospective observational study, 32 patients suffering from thoracic and lumbar back pain
were examined while walking, randomized at four speeds (2, 3, 4, 5 km/h), using a DST
measuring device (DIERS 4Dmotion® Lab). The measurement results were compared with
those of a healthy reference group. We calculated the intrasegmental rotation for every
subject and summed up the spinal motion in a standardized gait cycle. The Mann-Whitney
U Test was used to compare the painful and healthy reference groups at the four different
speeds. In a subgroup analysis, the painful group was divided into two groups: one with
less pain (<3 points on the Visual Analogue Scale) and one with more pain (>3 points on
the Visual Analogue Scale). The Kruskal-Wallis Test was used to compare these subgroups
with the healthy reference group. Of the 32 included patients, not all could walk at the
intended speeds (5 km/h: 28/32). At speeds of 2-4 km/h, our results point to greater total
segmental rotation of back pain patients compared to the healthy reference group. Ata
speed of 3 km/h, we observed more movement in the patients with more pain. Overall, we
monitored small differences on average between the groups but large standard deviations.
We conclude that the DST measuring approach is eligible for back pain patients when they
feel confident enough to walk on a treadmill. Initial results suggest that DST can be used to
obtain interesting therapeutic information for an individual patient.

Keywords: back pain; spinal motion; rotational movement; dynamic surface topography;
videorasterstereography

1. Introduction

Back pain is still a widespread health problem. Besides affecting the patients” quality of
life and movement behavior, its influence constitutes a significant burden on social security
finance [1]. Back pain is very complex, and various factors contribute to the situation, so
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it cannot be treated according to a standardized protocol. One problem concerning the
determination of the correct therapy for back pain is the fact that its source is various and
often unknown, leaving us with a high percentage of patients suffering from unspecific
pain without any structural correlation [2,3].

Even if a specific diagnosis can be made, it is well known that a wide variety of pain
conditions can be linked with different functional findings [4,5].

Current routine diagnostic methods, like X-ray and MR, are usually static analyses,
able to show structural damages and degenerations but not dysfunctions of joints or tissues
(e.g., a joint blockage). That is why the focus on static structural alterations has limited
explanatory power for unspecific back pain [6].

Hence, an appropriate measuring system should be able to analyze the spinal motion
under dynamic conditions in a standardized way.

For example, Lamoth et al. [7] investigated the movement pattern of unspecific back
pain patients with a marker-based optic measurement system. They could show that back
pain patients walked at lower preferred speeds and had a more in-phase movement pattern
between the thorax and pelvis. Their measuring procedure just allowed global angular
measurements of the upper body and pelvis but not on a vertebral plane [7]. A recent
meta-analysis revealed that subjects with persistent low back pain walked slower and with
shorter stride lengths. Furthermore, they also showed a more in-phase movement pattern
of the thorax and the lumbar spine [8].

However, as most motion capture systems work on a marker-capturing basis [9],
until now, during gait analyses, spinal motion was examined mostly only by observing
the motion of the thoracic or lumbar back as a block. Almost no segmental motion was
mapped, and no relationship to the corresponding gait phases was drawn [7,10].

Dynamic surface topography (DST) might offer a possibility to derive segmental spinal
motion from the surface of the back during gait. DST is an easy-to-use, radiation- and
contact-free measurement opportunity, allowing further spine analyses not only under static
but also under dynamic conditions. A pattern of horizontal, parallel lights is projected onto
the subject’s bare back and distorted by the back’s curvature. That distortion is analyzed
by triangulation and mathematical shape analysis due to a fixed angle between the camera
and the light projector.

Using a mathematical algorithm, conclusions can be drawn from the surface topo-
graphic curvature picture to the underlying spine, providing a virtually constructed 3D
position of each thoracic and lumbar vertebral body (from C7 to L4) and the pelvis during
gait. The spinous process of L5 cannot be reflected adequately onto the skin; therefore,
the section L4 to the pelvis is considered as one moving unit. A spine model, which
was developed by Turner Smith in the 1980s, is used to create this 3D rendering [11-17].
Through comparison with X-ray or computed tomography (CT) images, the reliability [18]
and validity [16,19] of static ST could be shown. A gold standard for detailed segmental
motion analysis (e.g., dynamic X-ray-based measurements) is missing, so there exists no
proven validity of DST. Nevertheless, based on the reliability, reproducibility [11,20], and
accuracy [11,21,22] of DST, inter- and intraindividual comparisons can be made. For more
detailed background information on the operation principle of DST, the reader is referred
to [23,24]. Currently, there is no validation for DST in walking [25].

There are first results available, describing DST-captured spinal motion during gait
in healthy reference cohorts [25]. For patients with back pain, such data are still lacking.
In addition, it is not yet clear whether this method is at all suitable for patients with back
pain, as it requires participants to walk on a treadmill without using the handrails. For
this reason, the aim of this paper is to present our experience from a first study performing
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DST measurements with back pain patients and comparing the results for segmental spinal
movement of the painful area to the healthy reference group.

2. Methods
2.1. Inclusion and Exclusion Criteria of the Study Population

Subjects suffering from acute or chronic back pain (specific or non-specific) with any
pain intensity (at least 1 on Visual Analogue Scale (VAS, 0-10) in rest or motion) in the
thoracic or lumbar spine region were enrolled. We did not differentiate between specific and
non-specific back pain, as the focus was on the applicability of DST rather than the explicit
study of back pain patients. The in- and outpatient recruitment was conducted at the
University Medical Center of Mainz from September 2017 till January 2018. Furthermore,
patients were informed about the study via flyers and word-of-mouth recommendations.
Subjects were excluded if any of the following aspects applied to them: acute fractures;
balance disorders or major gait abnormalities, which prevent freehand walking on the
treadmill; and illnesses, which influence gait or balance (e.g., Mb. Parkinson, Multiple
sclerosis, hemiparesis or -plegia, polyneuropathy).

To ensure patient safety walking on a treadmill with back pain, subjects had to perform
the Two-Minute Walk Test 2MWT) [26] beforehand. The 2MWT was used to discover any
major gait abnormalities (exclusion criterion), to ensure a walking speed of at least 2 km/h,
and to determine the subject’s possible maximum speed on the treadmill.

Subjects were later excluded when they were unable to walk at least 2 km/h or
freehand on the treadmill or due to surface alterations of the back (e.g., tattoos, big scars).
The latter would lead to measuring errors of the DST.

Because of the contradictory results of other studies on the influence of BMI on the
measurement results of DST [19,27], no participant was excluded concerning BMI. As the
focus of the paper was on clinical applicability of DST and only in the second step on the
collection of data from back pain patients in general, no additional imaging to distinguish
the cause of back pain (specific or non-specific) was required to participate.

2.2. Measuring Device

For the examination of spinal motion during gait, the modified DIERS 4Dmotion® Lab
was utilized, consisting of the DIERS Formetric III 4D and the DIERS pedogait, using its
own software DICAM v3.7 (Diers International GmbH, Schlangenbad, Germany).

The device measures more than 100 different parameters of the spine (C7-L4) and the
pelvis motion with a frequency of 60 Hz. Rotation in the transverse plane was selected
from this wide spectrum for the analysis in this study, as the reference values of the
healthy comparison group are also available for this parameter [25,28]. In cooperation
with the manufacturer, a device interface was built, with which all measured data are
exported chronologically and further evaluated. The measured values of the trunk’s
surface rotation at the height of each vertebral body (except for the fifth lumbar (L5)) could
be mapped continuously onto the thoracic and lumbar spine. Timely synchronized data
of an embedded foot pressure measuring plate (100 Hz) allowed the relation of the spinal
model data to the gait cycle phases.

2.3. Measuring Procedure

Before the measurements were taken, the subjects completed a pain questionnaire and
performed the 2MWT. The pain questionnaire included the location of the pain (thoracic
and/or lumbar), the pain intensity (VAS (10 cm, 0-10)), and the BMI.

For the dynamic measurement, it was necessary to apply red light reflecting markers
onto the anatomical landmarks of the vertebra prominens (VP) and the two dimples of



Bioengineering 2025, 12, 289

40f19

Venus. Therefore, we used the static DIERS Formetric 4D average measurement to confirm
or correct the marker’s accurate position. This procedure was also recommended by Betsch
et al. [11] prior to obtaining dynamic measurements. To capture habitual gait, at each
measurement, the participants had to walk on the treadmill for two minutes before the
recording was started without an additional announcement. More information about the
measuring setup and procedure can be found in the dissertation by JK [29].

With the Formetric III 4D, the subject’s bare back was recorded for eight seconds (at
walking speeds of 2 and 3 km/h) and six seconds (at speeds of 4 and 5 km/h) to capture at
least three gait cycles per measurement.

2.4. Healthy Reference Group

A group of 134 healthy subjects (average age: 39.81 years, standard deviation (SD):
12.45 years, body mass index (BMI) < 30.0 kg/m?) was used for comparison [25,26]. The
study on the reference data of the healthy subjects was carried out using the same measure-
ment methodology as this study on back pain patients. Due to the interindividual variations
in motion sequences described in other studies, healthy subjects were not matched in terms
of age and sex in this study [30,31]. To be considered healthy, the subjects had to meet
several prerequisites (no history of surgery or fracture between C7 and pelvis, no medical
or therapeutic treatments between C7 and pelvis within the last 12 months and no due to
musculoskeletal problems, in general, within the last 6 months) and pass several tests to
demonstrate adequate gait stability (timed up-and-go test, 2MWT, back performance scale)
((WHO (INT: DRKS00010834)) [25,26].

2.5. Statistical Analysis

The number of subjects was determined in advance using a power analysis: With
29 patients, a difference of 1 standard deviation with a power of 90% to the 0.83% level
can be demonstrated. In order to test the clinical applicability, the primary endpoint of the
study was defined as how many subjects the measurements could be carried out on and,
secondarily, at which walking speeds.

The raw data of the measurements were exported in relation to the phases of the
gait cycles as separate files with DICAM v3.7 software and merged using SAS software
(Version 9.4). The data of each measurement were set in relation to the duration of its gait
cycles (0-100%). Afterwards, the three gait cycles per measurement were combined as one
gait cycle as a smooth curve using a spline function. A total of 101 values were obtained
using integer percentages (0-100%) found in the graph. This procedure of generating a
standardized gait cycle per measurement allowed all the measurements of different lengths
to be compared [32-36].

Starting at the VP, we calculated the segmental rotational motion for all the segments
down to the pelvis with IBM SPSS Statistics (Version 23). The rotational position of a spinal
segment was computed by subtracting the position value in degrees of one vertebral body
in the transversal plane from the position of the vertebral body below at the same point
in time. By subtracting the segment’s position between two consecutive time periods,
the segment’s rotational motion was obtained. For each measurement and segment, the
absolute values of the rotational motion per standardized gait cycle were summed up (sum
of motion per gait cycle (SoMpGC)). The calculation concept for the SOMpGC is displayed
in Figure 1.
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Example calculation

Intrasegmental motion

between Frame 1 & Frame 2: - e - +1°
11 - L1 -
(L1g2 — L2 ) — (L1gy — L2¢4)]
Intrasegmental 1°—(=3°)—(2° = (-2°)
(40) ) (40)| 7 b
Oo -2° —3°

motion F1/F2

n=100

Intrasegmental

cum ofmotion = D |(VBXr1 ~VBYpusr) — (VBxen — VBYgy)|
n=0

VB = vertebral body; x = specific vertebral body; y = adjacent vertebral body under x
F = Frame; n = frame’s number of the standardized gait cycle (frames from 0 to 100)

Figure 1. Example calculation for calculating intrasegmental rotation and sum of motion per gait
cycle (SoMpGCQC).

Subjects could mostly only name a pain area and not a single painful spinal segment,
which is why a distinction was only made between thoracic and/or lumbar pain. Depend-
ing on the location of the subject’s pain, the SOMpGC of the affected segments (thoracic
and/or lumbar) was used to calculate the average total intrasegmental rotation for each
spinal segment separately.

We collected data on pain characteristics (e.g., duration of pain, drug medication, and
paresthesia) and anthropometric data such as height, weight, and age, which will be used
in future analyses.

Despite the metric character of intrasegmental rotation and the sum of motion per gait
cycle, we used non-parametric tests for group comparison because of the small sample
size and a conservative approach to interpretation. We chose the Mann-Whitney U Test
for comparison of the groups at different speeds. For subgroup analysis, the back pain
group was divided by VAS values (median VAS 3.25) into a low-grade (VAS < 3) and a
high-grade (VAS > 3) pain group. The Kruskal-Wallis Test was used for group comparison.
We used calculation of Cohen’s d with the respective pooled standard deviation for effect
sizes [37,38]. Positive values point toward the painful areas, and negative values points
toward the healthy reference group. All calculations were conducted with IBM SPSS
Statistics (Version 29).

3. Results
3.1. Characteristics of the Study Population

Thirty-four subjects suffering from back pain (specific and non-specific) between C7
and L5 were recruited, of which the measurements of 32 subjects (18 women, 14 men)
between the ages of 19 and 68 were evaluated. The process of enrollment and dropout
is displayed in Figure 2, and the participants’ characteristics are displayed in Table 1.
During the 2MWT, the subjects showed an average walking distance of 190.72 m (SD:
35.60). Compared to the corresponding age cohort (18-54 years) of Bohannon, Wang, and
Gershon [27] for obtaining standard data (women, 183.0 m; men, 200.9 m), the participants
with back pain did not show any difference in maximum possible speed. All of them had
pain in rest and over 70 % reported back pain also while walking. On average, the subjects
showed a pain intensity of 4/10 (see Table 2).
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¢ Included Patients (n = 34) N\
o Via word of mouth and distributed flyers (n = 27)
. Via surgical ward (n = 4)
. Via spine consultation (n=1)
. Internal employees from surgical ward (n=2) J

e Allocated to intervention (n = 34) ?r(;l;futl (o =b11) e
. Received allocated intervention (n = 33) SChinca Prop el anca Mgh eve

Allocation of pain (n=1)

Drop out analyzation (n=1)
——p| One terminated measurement, but no
software analysis possible (n =1}

eParticipants intended for analysis (n = 33)
C i . Analyzed participants (n = 32)
Analysis I )

*Measurements out of the 32 participants intended Drop out measurements (n = 6)

Software for analysis (n =115) No software analysis possible (n = 6)

Analysis II

eParticipants n =32
*Measurements n =109

Final Statistical
Analysis

Figure 2. The process of enrollment, allocation, analysis, and reasons for dropout are displayed for
the collective of subjects suffering from thoracic and/or lumbar back pain.

Table 1. Characteristics of the analyzed participants: 1a. Display of the demographic characteristics;
1b. Display of the number and percentage of subjects and location of pain (thoracic and/or lumbar).

Characteristics Analyzed Participants (n = 32)
1a Age (years): average (SD), range 44.53 (14.84), 19-68
Male sex n (%) 14 (44%)
BMI average (SD), range 26.01 (4.79), 16.76-37.56
2MWT (distance in meters): average (SD), range 190.72 (35.60), 81.28-243.84
2MWT (speed in km/h): average (SD), range 5.72 (1.07),2.4-7.3
1b Location of back pain Number of subjects (percentage)
Thoracic spine 2 (6%)
Lumbar spine 23 (72%)
Thoracic and lumbar spine 7 (22%)

Abbreviations: SD, standard deviation; BMI, body mass index; SD, standard deviation; 2MWT, two-minute
walk test.
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Table 2. Evaluation of the pain questionnaire: percentage of the subjects with rest pain and pain
when walking, and average pain in terms of the average number of the subjects’ pain.

Pain Characteristics Number of Subjects (Percentage)
Rest pain 32/32 (100%)
Pain when walking 23/32 (72%)
average: 3.67/10 (minimum: 1, maximum: 8; SD: 1.83)
Pain level (VAS: 0-10) median: 3.25; range: 1-8
SD: 1.83
Time period of pain
<1 month 5 (15%)
1-6 month 4 (12%)
6-12 months 3 (9%)
12-24 months 6 (18%)
24-60 months 2 (6%)
>60 months 13 (39%)
Pain medication
Yes 6 (18%)
None 27 (82%)
Radiation to the legs
Right 5 (15%)
Left 9 (27%)
None 19 (58%)
Paresthesia/Reduction in strength
Right 2 (6%)
Left 6 (18%)
Both sides 2 (6%)
Cervical spine 1 (3%)
None 22 (67%)

Abbreviations: VAS, Visual Analogue Scale; SD, standard deviation.

3.2. Applicability of Dynamic Surface Topography

The recruitment was made more difficult because not all patients with acute pain felt
confident enough for the pre-examinations and later for walking on a treadmill without
holding. When subjects were enrolled, only 1 of 34 enrolled subjects could not be examined
with the device due to difficulty when walking on a treadmill while suffering from a high
level of pain and a delay caused by technical problems of the device.

Seven single measurements at different speeds (5%) could not be analyzed by the
software due to technical/software problems. For one subject, only one measurement at
2 km/h was possible. Due to technical problems, this measurement and the subject both
dropped out. In total, 115 measurements of 32 subjects at speeds from 2 km/h to 5 km/h
were evaluated.

The faster the treadmill speed, the more difficult it was for subjects with severe back
pain to walk on it. So, 28/32 (85%) of the included subjects could be examined at a treadmill
speed of 5 km/h. The evaluation of the subjects’ number in relation to the treadmill’s
walking speeds is displayed in Table 3.
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Table 3. Evaluation of the subjects’ number in relation to the treadmill’s walking speed.
Walking Speed on the Treadmill Number of Subjects Examined (Percentage)
2km/h 33 (100%)
3km/h 31 (94%)
4km/h 30 (91%)
5km/h 28 (85%)

3.3. Data of Dynamic Spinal Rotation
3.3.1. Analysis of the Entire Group

The subjects” average segmental rotation in the transversal plane of the segments
in the painful area is displayed as the average SOMpGC and is set in comparison to the
average SOMpGC of the healthy reference group. For the patient group, only the data of
the segments in the respective painful regions were included in the analysis (thoracic spine
or lumbar spine/thoracic and lumbar spine).

Figure 3a—d show the SoMpGC of the back pain patients and the healthy reference
group at all four speeds measured. At 2, 3, and 4 km/h, an increased total rotation of
segments in the painful area is seen in relation to the same segments of the healthy reference
group. In the upper thorax, this difference can be up to 2°, and in the remaining spine, the
difference is less than 1°. At 5 km/h, the difference reverses in the lower spine (between T9
to Pelvis), with the total segmental rotation of subjects with back pain minimally less than
the total segmental rotation of the healthy reference group. In the Mann-Whitney U Test,
we found p < 0.05 only for thoracic segments.

Effect sizes for 2 km/h were large in the painful upper thoracic segments (d = 0.9
for T3/T4 and T4/T5), whereas the smallest value was detected for the painful segment
L4/pelvis (d = 0.3). These effect sizes decrease at speeds of 3 and 4 km/h in the upper
thorax. In the segments T6/T7, the value turns negative to indicate a greater movement in
the healthy segments. At a speed of 5 km/h, there are small effect sizes in all segments,
changing from positive to negative values and reverting. For further information, see
Supplementary Table S1.

Because of the very small groups for the painful areas, the location of pain was not
taken into account in the calculation. Hence, due to this explorative approach, we regard
the results with p < 0.05 as a trend.
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(a) Average total intrasegmental rotation rate for a standardized gait cycle at 2 km/h displaying segments
in the painful area: thoracic/lumbar spine
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Figure 3. Cont.
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(b) Average total intrasegmental rotation rate for a standardized gait cycle at 3 km/h displaying segments
in the painful area: thoracic/lumbar spine
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(c) Average total intrasegmental rotation rate for a standardized gait cycle at 4 km/h displaying segments

in the painful area: thoracic/lumbar spine
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(d) Average total intrasegmental rotation rate for a standardized gait cycle at 5 km/h displaying segments
in the painful area: thoracic/lumbar spine

VP/T1
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T1/T2
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T2/T3

T3/T4

T4/T5

T5/T6

T6/T7

|

T7/18
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!
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B VP-T12: 6 subjects
e T8/T9 ¢ s
& T12-Pelvis: 24 subjects
2 ‘. W segments of the healthy reference
T9/T10
group
VP-Pelvis: 134 subjects
0 2 4 6 8 10 12
rotation [°]

Figure 3. (a—d): Displayed are the mean and standard deviation of the SoMpGC in degrees (x-axis),
displaying spinal segments (y-axis) located in the painful area thoracic or lumbar region (green) in
comparison to the segments of a healthy reference group (blue): (a) at 2 km/h, (b) at 3 km/h, (c) at
4 km/h, (d) at 5 km/h; number of subjects in the painful area exceeds the maximum cohort number
because subjects could have thoracic and lumbar pain. * p < 0.05 (because of the small subgroups, we
consider the results as a trend).

3.3.2. Analysis According to Pain Intensity

The subjects with lumbar back pain were also examined based on their pain intensity.
At the speed of 3 km/h, 27 subjects (of 30 subjects with lumbar pain, 3 measurements
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could not be analyzed) with a median pain of 3.25 (derived from VAS) were evaluated (see

Figure 4).

Average total intrasegmental rotation for a standardized gait cycle at 3 km/h depending on their pain on the
Visual Analogue Scale (pain VAS 0-10; yellow < 3; light red > 3) in comparison to the healthy reference group
(blue)

l‘

Eee———— 0000 W
e *
—— ¥
E— mVAS >3

*

segments in the painful area
VP-T12: 6 subjects
L1-Pelvis: 13 subjects
VAS<3

segments in the painful area
VP-T12: 2 subjects
L1-Pelvis: 14 subjects

W segments of the healthy reference
group
VP-Pelvis: 134 subjects

l

6 8 10 12

o
m
B

rotation [*]

Figure 4. Displayed are the mean and standard deviation of the SOMpGC at 3 km/h in degrees
(x-axis), displaying lumbar segments (y-axis) located in the painful area of low back pain depending
on their pain on the VAS (Visual Analogue Scale) (pain VAS 0-10; yellow < 3; red > 3) in comparison
to the healthy reference group (blue); number of subjects in the painful area exceeds the maximum
cohort number because subjects could have thoracic and lumbar pain. * p < 0.05, comparison between
the respective pain group and healthy reference group (because of the small subgroups, we consider
the results as a trend).

The low-grade pain group revealed an inhomogeneous pattern of the SoMpGC. While
in the upper thoracic spine, their SoMpGC values were constantly higher than those of the
healthy controls, starting at the T6/T7 segment, a strict movement pattern can no longer be
recognized. Rather, the extent of movement fluctuates between more and less movement
compared to the healthy comparison group.

The high-grade pain group has higher SOMpGC values compared to the healthy
reference group, except the segment T6/7. The Kruskal-Wallis Test found differences
between the high-grade pain and the healthy cohort in the segments VP/T1 to T5/T6
(p < 0.05). Because of the small subgroups, we consider the results as a trend.

In the comparison of both pain groups, the SoMpGC values of the segments T5/6 and
T6/7 are nearly the same. In all other segments, the movement values of the high-grade
pain group are higher than those of the low-grade pain group.
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4. Discussion

The study could show that Dynamic Surface Topography can be used to examine back
pain patients when they feel confident enough to walk freehand on a treadmill. However,
this only affects a part of the overall group. Patients with severe pain, in particular, were
often reluctant to undergo the examination. Unfortunately, it is not known how large
this group is and what its exact composition is. It could be interesting to see why these
patients refused to participate and if they can be convinced under better conditions. In
this case, further investigations have to ensure the patients’ safety, e.g., very slow walking
on the treadmill while holding on, followed by a very cautious increase in demand. It is
conceivable that, thereby, unconfident and anxious patients could be examined as well.

A possibility to further increase the number of suitable patients could be the use of
additional safety devices such as safety straps. However, this option is limited due to the
necessary view of the back during the DST measurement. If these approaches fail, the
DST measurement does not appear to be a suitable method for objective and standardized
functional testing. For this group, a different measurement method, for example in standing,
must be found. But, if patients feel confident enough to walk on a treadmill despite having
back pain, a DST measurement can be carried out.

4.1. Spinal Motion of Thoracic and Lumbar Pain Patients

Most of the literature describes an average total rotation of only 1-2° [39,40], with some
studies reporting 4° to a maximum of 6° [41] in the lumbar spine. Unlike passive examina-
tions, active examinations, such as walking, do not exhaust the maximum rotational range
of spinal motion [42,43]. Feipel et al. reported more rotational movement with increasing
walking speed, but this did not exceed 40% of the maximum range of motion [42]. Segment
height and degeneration level also seem to be relevant for segmental motion [39,44]. Since
DST measuring offers continuous observation of the rotational behavior, we decided to
present the movement as SOMpGC. The limitation to the maximum range of motion would
significantly reduce the value of the measurement for the functional evaluation. However,
this means that our results cannot be directly compared with the results above [39,40,42].
In a study using the VICON system for investigating back pain patients during level
walking at individual speeds, significant differences in the amplitude of rotation were
found. Patients with low back pain used 25 to 50% less rotational ROM in the lumbar
spine, depending on the corresponding reference values [45]. On the other hand, Crosbie
et al. [46] reported little or no effect of back pain on the segmental motion of the lumbar
spine during overground walking. In contrast, our results indicate, at least at speeds up
to 4 km/h, a trend for more movement in the back pain patients compared to the healthy
reference group. At 5 km/h, this effect is no longer detectable [46]. An important factor
could be the walking speed. Subjects with low back pain prefer a slower walking speed,
lower step length, and cadence [8], but the surprising effect was particularly noticeable at
slow walking speeds. It is possible that our study shows hypermobile syndromes triggered
by degeneration, for example. However, we observed intensified rotation, particularly
in the more painful patients. In these patients, higher muscle tone can be expected as a
result of the pain to guard the spine during walking [8,47,48]. This effect is more evident,
especially at speeds higher than 4.6 km/h [7]. The study by Lamoth et al. reports even
synchronous, in-phase movements between the pelvis and thorax in subjects with back
pain, which may lead to less movement in the spine [7].

We observed an increased difference in rotational movement compared to the healthy
reference group at lower walking speeds. Walking at lower speeds is uneconomic and
more unstable than faster walking or preferred walking speed, which needs more neuro-
muscular activation [49,50]. In back patients, the activation of local and global muscles is
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altered [51], which leads to modified movement patterns [51,52]. This could be an explana-
tion for our detected greater difference in rotational movement between the back pain and
healthy participants.

4.2. Limitations of the Measuring System and the Study Design

Since the DST measurement does not directly measure segmental mobility but de-
rives the movement from the back surface, it is conceivable that the movement does not
actually change, but only the back surface, e.g., an increased muscle tone on the surface is
incorrectly interpreted as the movement of the spine. Examinations of back pain patients
with electromyography during gait detected higher muscle activity in the swing phase
and additionally positively correlated with higher pain intensity [53]. In principle, this
effect of the influence of the muscle tone is also conceivable with the other measurement
methods for movement analysis. However, the DST measurement could react particularly
sensitively to changes in muscle tone, as the entire width of the back contour is used for
the analysis, not just the line of dorsal processes. This argument is even more validate,
that as mentioned above, back pain patients activate more global than local stabilizing
muscles [51]. Possibly, the movement of subcutaneous fat could also be misinterpreted
by the software as segmental movement, especially in patients with a BMI >29 [54]. The
combination of systematic and random mistakes makes it difficult to integrate the exact
relationship between soft tissue and bony motion in data calculations [55]. The accuracy of
DST measurements with respect to rotation has been determined with a mean deviation
of up to 3° [16,18] compared to X-ray images and a deviation of 1-1.5% compared to the
Vicon system [11]. Regarding these results and the small amount of rotational motion of the
individual vertebral bodies in relation to the error indicated in the literature, the difficulty
of determining the exact individual vertebral body rotation by means of DST must be
considered. To our knowledge, there is no validation of the DST in walking. Measuring a
cohort of pain patients with different measurement systems with comparable data process-
ing would be very interesting in this context. In addition, the repeated measurement of
patients in different stages of pain would be very informative in order to better understand
the impact of back pain on the individual spine motion, in the case of this study, on the
segmental rotation or SoMpGC.

4.3. Implications of the Findings for Clinical Practice

Overall, in our analysis, the mean difference in SOMpGC between the back pain
patients and the healthy subjects is small, especially in relation to the standard deviation
in both groups. This is to be expected for the group as a whole, as the variability is
already high in the healthy group, and the group of back pain patients in our study was
small and not uniform. Hence, we regard our results as an indication of maybe altered
movement patterns on the vertebral plane. Nonetheless, based on the proven reliability,
reproducibility [11,20], and accuracy [11,21,22] of DST measurements, useful information
can be obtained from the surface of the back for individual cases as to whether the patient
is currently using their spine more or less intensively. This can be a valuable hint for
the therapeutic process of Clinical Reasoning. It objectively represents the movement
information that is currently usually collected subjectively in the visual examination, also of
the back surface. The information can become much more valuable if numerous parameters
are included in the analysis at the same time in the future, resulting in a movement pattern.
However, this is a challenge for the classically established analytical methods. Artificial
intelligence offers an opportunity here, which has already been used in initial work in
connection with DST measurement [20,21,34].
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5. Conclusions

In our study, we were able to successfully apply DST measurement to back pain
patients. The study population was limited by acute pain, fear, and the necessity of walking
on a treadmill for the examination. Because of this, the application is limited to a subgroup
of the overall back pain collective.

Until now, the influence of muscle activity and soft tissue displacement on the mea-
surement results is unclear. On average, the differences in the measurement results between
back pain patients and healthy individuals are small, but the standard deviation is large.
Nonetheless, information can be obtained on the movement behavior of individual patients,
therefore, could be useful in follow-up visits.

This study showed there is still a significant need for research in segmental motion
analysis of the spine; yet, given the tremendous importance of back pain in society, it should
be pursued further. For future investigations, precautions are conceivable to increase the
subgroup (e.g., slowly increasing walking speeds, the decision of the patient when the
speed increases, and to which speed limits). The integration of more parameters into the
analysis, could greatly increase the value of the analysis.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/bioengineering12030289/s1, Caption Supplementary Table S1:
Displayed are the effect sizes for all segments of the sum of motion per gait cycle (SoMpGC) for all
speeds. Positive values points towards the painful area, negative values points towards the healthy
reference group.

Author Contributions: Conceptualization, J.K. (Johanna Kniepert), CW., U.B., ].K. (Jiirgen Konradi)
and J.H.; methodology, ] K. (Johanna Kniepert), U.B., ] K. (Jiirgen Konradi) and ]J.H.; software, RW.;
validation, R.W.; formal analysis, ].K. (Johanna Kniepert); investigation, J.K. (Johanna Kniepert);
resources, J.K. (Johanna Kniepert), PD. and U.B.; data curation, J.K. (Johanna Kniepert), J.K.
(Jurgen Konradi) and R.W.; writing—original draft preparation, ].K. (Johanna Kniepert) and H.R.;
writing—review and editing, U.B., ] K. (Jiirgen Konradi), H.R., CW,, ].H. and P.D.; visualization,
J.K. (Johanna Kniepert), J.H. and H.R.; supervision, P.D. and U.B.; project administration, J.K.
(Jurgen Konradi). All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was approved by the Ethics Committee of the
medical chamber Rhineland-Palatinate Germany (837.321.17 (11155)). The collected data were
pseudonymized. The trial is registered with the World Health Organization (INT: DRKS00013145).
The study was conducted in accordance with the Declaration of Helsinki.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: The data can be made available upon request.

Conflicts of Interest: The authors declared no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

2MWT Two-minute Walk Test

BMI Body Mass Index

DST Dynamic Surface Topography
SoMpGC  Sum of motion per gait cycle
VAS Visual Analogue Scale

vp Vertebra prominens


https://www.mdpi.com/article/10.3390/bioengineering12030289/s1
https://www.mdpi.com/article/10.3390/bioengineering12030289/s1

Bioengineering 2025, 12, 289 17 of 19

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

GBD 2021 Low Back Pain Collaborators. Global, regional, and national burden of low back pain, 1990-2020, its attributable risk
factors, and projections to 2050: A systematic analysis of the Global Burden of Disease Study 2021. Lancet Rheumatol. 2023, 5,
€316-e329. [CrossRef] [PubMed]

Mabher, C.; Underwood, M.; Buchbinder, R. Non-specific low back pain. Lancet 2017, 389, 736-747. [CrossRef] [PubMed]

Ract, I.; Meadeb, ] M.; Mercy, G.; Cueff, F.; Husson, J.L.; Guillin, R. A review of the value of MRI signs in low back pain. Diagn.
Interv. Imaging 2015, 96, 239-249. [CrossRef]

Bayer, T.L.; Baer, P.E.; Early, C. Situational and psychophysiological factors in psychologically induced pain. Pain 1991, 44, 45-50.
[CrossRef]

Jensen, M.C.; Brant-Zawadzki, M.N.; Obuchowski, N.; Modic, M.T.; Malkasian, D.; Ross, ].5. Magnetic resonance imaging of the
lumbar spine in people without back pain. N. Engl. |. Med. 1994, 331, 69-73. [CrossRef]

O’Sullivan, P. Diagnosis and classification of chronic low back pain disorders: Maladaptive movement and motor control
impairments as underlying mechanism. Man. Ther. 2005, 10, 242-255. [CrossRef]

Lamoth, C.J.C.; Meijer, O.G.; Daffertshofer, A.; Wuisman, P.L].M.; Beek, PJ. Effects of chronic low back pain on trunk coordination
and back muscle activity during walking: Changes in motor control. Eur. Spine J. 2006, 15, 23—40. [CrossRef] [PubMed]

Smith, J.A.; Stabbert, H.; Bagwell, ].J.; Teng, H.-L.; Wade, V.; Lee, S.-P. Do people with low back pain walk differently? A systematic
review and meta-analysis. |. Sport Health Sci. 2022, 11, 450-465. [CrossRef]

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]

Fernandes, R.S.; Armada-da-Silva, P.; Pool-Goudzwaard, A.L.; Moniz-Pereira, V.; Veloso, A.N.P. Corrigendum to “Test-retest
reliability and minimal detectable change of three-dimensional gait analysis in chronic low back pain patients” [Gait Posture 42
(2015) 491-497]. Gait Posture 2016, 48, 268, Erratum in Gait Posture 2015, 42, 491-497. [CrossRef]

Betsch, M.; Wild, M.; Johnstone, B.; Jungbluth, P.; Hakimi, M.; Kuhlmann, B.; Rapp, W. Evaluation of a novel spine and surface
topography system for dynamic spinal curvature analysis during gait. PLoS ONE 2013, 8, e70581. [CrossRef]

Betsch, M.; Wild, M.; Rath, B.; Tingart, M.; Schulze, A.; Quack, V. Radiation-free diagnosis of scoliosis: An overview of the surface
and spine topography. Orthopade 2015, 44, 845-851. [CrossRef] [PubMed]

Drerup, B.; Ellger, B.; Meyer zu Bentrup, EM.; Hierholzer, E. Functional rasterstereographic images. A new method for
biomechanical analysis of skeletal geometry. Orthopade 2001, 30, 242-250. [CrossRef] [PubMed]

Drerup, B.; Hierholzer, E. Evaluation of frontal radiographs of scoliotic spines—Part II. Relations between lateral deviation, lateral
tilt and axial rotation of vertebrae. J. Biomech. 1992, 25, 1443-1450. [CrossRef]

Drerup, B.; Hierholzer, E. Evaluation of frontal radiographs of scoliotic spines—Part I. Measurement of position and orientation
of vertebrae and assessment of clinical shape parameters. J. Biomech. 1992, 25, 1357-1362. [CrossRef] [PubMed]

Drerup, B.; Hierholzer, E. Back shape measurement using video rasterstereography and three-dimensional reconstruction of
spinal shape. Clin. Biomech. 1994, 9, 28-36. [CrossRef]

Turner-Smith, A.R. A television/computer three-dimensional surface shape measurement system. J. Biomech. 1988, 21, 515-529.
[CrossRef]

Drerup, B.; Hierholzer, E. Assessment of scoliotic deformity from back shape asymmetry using an improved mathematical model.
Clin. Biomech. 1996, 11, 376-383. [CrossRef]

Mohokum, M.; Mendoza, S.; Udo, W.; Sitter, H.; Paletta, J.R.; Skwara, A. Reproducibility of rasterstereography for kyphotic and
lordotic angles, trunk length, and trunk inclination: A reliability study. Spine 2010, 35, 1353-1358. [CrossRef]

Gipsman, A.; Rauschert, L.; Daneshvar, M.; Knott, P. Evaluating the Reproducibility of Motion Analysis Scanning of the Spine
during Walking. Adv. Med. 2014, 2014, 721829. [CrossRef]

Dindorf, C.; Konradi, J.; Wolf, C.; Taetz, B.; Bleser, G.; Huthwelker, J.; Drees, P.; Frohlich, M.; Betz, U. General method for
automated feature extraction and selection and its application for gender classification and biomechanical knowledge discovery
of sex differences in spinal posture during stance and gait. Comput. Methods Biomech. Biomed. Eng. 2020, 24, 299-307. [CrossRef]
Dindorf, C.; Konradi, J.; Wolf, C.; Taetz, B.; Bleser, G.; Huthwelker, J.; Werthmann, F.; Bartaguiz, E.; Kniepert, J.; Drees, P.; et al.
Classification and Automated Interpretation of Spinal Posture Data Using a Pathology-Independent Classifier and Explainable
Artificial Intelligence (XAI). Sensors 2021, 21, 6323. [CrossRef]

Frobin, W.; Hierholzer, E. Automatic measurement of body surfaces using rasterstereography. Part I: Image scan and control
point measurement. Photogramm. Eng. Rem. S 1983, 49, 377-384.

Frobin, W.; Hierholzer, E. Automatic measurement of body surfaces using rasterstereography. Part II: Analysis of the rasterstereo-
graphic line pattern and three-dimensional surface reconstruction. Photogramm. Eng. Rem. S 1983, 49, 1443-1452.


https://doi.org/10.1016/S2665-9913(23)00098-X
https://www.ncbi.nlm.nih.gov/pubmed/37273833
https://doi.org/10.1016/S0140-6736(16)30970-9
https://www.ncbi.nlm.nih.gov/pubmed/27745712
https://doi.org/10.1016/j.diii.2014.02.019
https://doi.org/10.1016/0304-3959(91)90145-N
https://doi.org/10.1056/NEJM199407143310201
https://doi.org/10.1016/j.math.2005.07.001
https://doi.org/10.1007/s00586-004-0825-y
https://www.ncbi.nlm.nih.gov/pubmed/15864670
https://doi.org/10.1016/j.jshs.2022.02.001
https://doi.org/10.1007/s11517-006-0132-3
https://doi.org/10.1016/j.gaitpost.2016.05.009
https://doi.org/10.1371/journal.pone.0070581
https://doi.org/10.1007/s00132-015-3175-z
https://www.ncbi.nlm.nih.gov/pubmed/26415606
https://doi.org/10.1007/s001320050603
https://www.ncbi.nlm.nih.gov/pubmed/11357446
https://doi.org/10.1016/0021-9290(92)90057-8
https://doi.org/10.1016/0021-9290(92)90291-8
https://www.ncbi.nlm.nih.gov/pubmed/1400537
https://doi.org/10.1016/0268-0033(94)90055-8
https://doi.org/10.1016/0021-9290(88)90244-8
https://doi.org/10.1016/0268-0033(96)00025-3
https://doi.org/10.1097/BRS.0b013e3181cbc157
https://doi.org/10.1155/2014/721829
https://doi.org/10.1080/10255842.2020.1828375
https://doi.org/10.3390/s21186323

Bioengineering 2025, 12, 289 18 of 19

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Huthwelker, J.; Konradi, J.; Wolf, C.; Westphal, R.; Schmidtmann, I.; Schubert, P.; Drees, P.; Betz, U. Reference values and
functional descriptions of transverse plane spinal dynamics during gait based on surface topography. Hum. Mov. Sci. 2023, 88,
103054. [CrossRef]

Bohannon, RW.; Wang, Y.C.; Gershon, R.C. Two-minute walk test performance by adults 18 to 85 years: Normative values,
reliability, and responsiveness. Arch. Phys. Med. Rehabil. 2015, 96, 472-477. [CrossRef] [PubMed]

Asamoah, V.; Mellerowicz, H.; Venus, J.; Klockner, C. Oberflachenvermessung des Riickens. Der Orthopiide 2000, 29, 480-489.
[CrossRef]

Huthwelker, J.; Konradi, J.; Wolf, C.; Westphal, R.; Schmidtmann, I.; Drees, P.; Betz, U. Reference Values for 3D Spinal Posture
Based on Videorasterstereographic Analyses of Healthy Adults. Bioengineering 2022, 9, 809. [CrossRef]

Kniepert, J. 4D-Bewegungsanalyse der Wirbelsdule im Gang nach mono-und Multisegmentaler Versteifung der Wirbelsédule
Sowie bei Patienten mit Riickenschmerzen. Ph.D. Thesis, Johannes Gutenberg-Universitdt Mainz, Mainz, Germany, 2019.
Haimerl, M.; Nebel, I; Linkerhagner, A.; Konradj, J.; Wolf, C.; Drees, P; Betz, U. Comprehensive visualization of spinal motion in
gait sequences based on surface topography. Hum. Mov. Sci. 2022, 81, 102919. [CrossRef]

Dindorf, C.; Konradi, J.; Wolf, C.; Taetz, B.; Bleser, G.; Huthwelker, J.; Werthmann, F.; Drees, P.; Frohlich, M.; Betz, U. Machine
learning techniques demonstrating individual movement patterns of the vertebral column: The fingerprint of spinal motion.
Comput. Methods Biomech. Biomed. Eng. 2021, 25, 821-831. [CrossRef]

Konradi, J. SPSS syntax script to create graphs of spinal motion relative to phases of gait. Mendeley Data 2022, V1. [CrossRef]
Konradi, J. SPSS syntax script to create graphs of spinal motion for a Standardized Gait Cycle. Mendeley Data 2022, V1. [CrossRef]
Konradi, J.; Betz, U. Validation of automatic detection of gait phases. Mendeley Data 2022, V1. [CrossRef]

Schmidtmann, I.; Konradi, J. SAS syntax script for merging export files. Mendeley Data 2022, V1. [CrossRef]

Westphal, R.; Konradji, J. SAS syntax script for creation of a Standardized Gait Cycle. Mendeley Data 2022, V1. [CrossRef]
Cohen, J. Statistical Power Analysis for the Behavioural Sciences, 2nd ed.; Lawrence Erlbaum: Hillsdale, MI, USA, 1988.

Hedges, L.V.; Olkin, 1. Statistical Methods for Meta-Analysis, 1st ed.; Academic Press: New York, NY, USA, 1985; p. 369.

Dickey, J.P,; Pierrynowski, M.R.; Bednar, D.A.; Yang, S.X. Relationship between pain and vertebral motion in chronic low-back
pain subjects. Clin. Biomech. 2002, 17, 345-352. [CrossRef]

Blankenbaker, D.G.; Haughton, V.M.; Rogers, B.P.; Meyerand, M.E.; Fine, ].P. Axial rotation of the lumbar spinal motion segments
correlated with concordant pain on discography: A preliminary study. AJR Am. ]. Roentgenol. 2006, 186, 795-799. [CrossRef]
Passias, P.G.; Wang, S.; Kozanek, M.; Xia, Q.; Li, W.; Grottkau, B.; Wood, K.B.; Li, G. Segmental lumbar rotation in patients with
discogenic low back pain during functional weight-bearing activities. J. Bone Jt. Surg. 2011, 93, 29-37. [CrossRef]

Feipel, V.; De Mesmaeker, T.; Klein, P.; Rooze, M. Three-dimensional kinematics of the lumbar spine during treadmill walking at
different speeds. Eur. Spine J. 2001, 10, 16-22. [CrossRef]

Dvorak, ].; Vajda, E.G.; Grob, D.; Panjabi, M.M. Normal motion of the lumbar spine as related to age and gender. Eur. Spine J.
1995, 4, 18-23. [CrossRef]

Ochia, R.S.; Inoue, N.; Takatori, R.; Andersson, G.B.; An, H.S. In vivo measurements of lumbar segmental motion during axial
rotation in asymptomatic and chronic low back pain male subjects. Spine 2007, 32, 1394-1399. [CrossRef]

Gombeatto, S.P.; Brock, T.; DeLork, A.; Jones, G.; Madden, E.; Rinere, C. Lumbar spine kinematics during walking in people with
and people without low back pain. Gait Posture 2015, 42, 539-544. [CrossRef]

Crosbie, ].; de Faria Negrao Filho, R.; Nascimento, D.P.; Ferreira, P. Coordination of spinal motion in the transverse and frontal
planes during walking in people with and without recurrent low back pain. Spine 2013, 38, E286-E292. [CrossRef] [PubMed]
Schmolz, W.; Bostelmann, R. 2.1 Biomechanik der Wirbelséule. In Wirbelsiule Interdisziplinir: Operative und Konservative Therapie;
Borm, W., Meyer, E, Bullmann, V., Knop, C., Eds.; Schatthauer: Stuttgart, Germany, 2017; pp. 21-28.

van der Hulst, M.; Vollenbroek-Hutten, M.M.; Rietman, ].S.; Schaake, L.; Groothuis-Oudshoorn, K.G.; Hermens, H.]. Back muscle
activation patterns in chronic low back pain during walking: A “guarding” hypothesis. Clin. ]. Pain 2010, 26, 30-37. [CrossRef]
Beauchet, O.; Annweiler, C.; Lecordroch, Y.; Allali, G.; Dubost, V.; Herrmann, ER.; Kressig, R.W. Walking speed-related changes
in stride time variability: Effects of decreased speed. ]. Neuroeng. Rehabil. 2009, 6, 32. [CrossRef] [PubMed]

AKkl, A.R.; Gongalves, P; Fonseca, P.; Hassan, A.; Vilas-Boas, J.P.; Conceigao, F. Muscle Co-Activation around the Knee during
Different Walking Speeds in Healthy Females. Sensors 2021, 21, 677. [CrossRef]

Hodges, PW.; Moseley, G.L.; Gabrielsson, A.; Gandevia, S.C. Experimental muscle pain changes feedforward postural responses
of the trunk muscles. Exp. Brain Res. 2003, 151, 262-271. [CrossRef]

Vlaeyen, ] W.S,; Linton, S.J. Fear-avoidance model of chronic musculoskeletal pain: 12 years on. Pain 2012, 153, 1144-1147.
[CrossRef] [PubMed]

Arendt-Nielsen, L.; Graven-Nielsen, T.; Svarrer, H.; Svensson, P. The influence of low back pain on muscle activity and
coordination during gait: A clinical and experimental study. Pain 1996, 64, 231-240. [CrossRef]


https://doi.org/10.1016/j.humov.2022.103054
https://doi.org/10.1016/j.apmr.2014.10.006
https://www.ncbi.nlm.nih.gov/pubmed/25450135
https://doi.org/10.1007/s001320050486
https://doi.org/10.3390/bioengineering9120809
https://doi.org/10.1016/j.humov.2021.102919
https://doi.org/10.1080/10255842.2021.1981884
https://doi.org/10.17632/5766pxrwh2.1
https://doi.org/10.17632/hbc5fz2xdw.1
https://doi.org/10.17632/s84y34mzcs.1
https://doi.org/10.17632/mtd5x49mkc.1
https://doi.org/10.17632/k29mpr863y.1
https://doi.org/10.1016/S0268-0033(02)00032-3
https://doi.org/10.2214/AJR.04.1629
https://doi.org/10.2106/JBJS.I.01348
https://doi.org/10.1007/s005860000199
https://doi.org/10.1007/BF00298413
https://doi.org/10.1097/BRS.0b013e318060122b
https://doi.org/10.1016/j.gaitpost.2015.08.010
https://doi.org/10.1097/BRS.0b013e318281de28
https://www.ncbi.nlm.nih.gov/pubmed/23238492
https://doi.org/10.1097/AJP.0b013e3181b40eca
https://doi.org/10.1186/1743-0003-6-32
https://www.ncbi.nlm.nih.gov/pubmed/19656364
https://doi.org/10.3390/s21030677
https://doi.org/10.1007/s00221-003-1457-x
https://doi.org/10.1016/j.pain.2011.12.009
https://www.ncbi.nlm.nih.gov/pubmed/22321917
https://doi.org/10.1016/0304-3959(95)00115-8

Bioengineering 2025, 12, 289 19 of 19

54. Morl, F; Blickhan, R. Three-dimensional relation of skin markers to lumbar vertebrae of healthy subjects in different postures
measured by open MRI. Eur. Spine J. 2006, 15, 742-751. [CrossRef]

55.  Colyer, S.L.; Evans, M.; Cosker, D.P; Salo, A.LT. A Review of the Evolution of Vision-Based Motion Analysis and the Integration
of Advanced Computer Vision Methods Towards Developing a Markerless System. Sports Med. Open 2018, 4, 24. [CrossRef]
[PubMed]

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.


https://doi.org/10.1007/s00586-005-0960-0
https://doi.org/10.1186/s40798-018-0139-y
https://www.ncbi.nlm.nih.gov/pubmed/29869300

	Introduction 
	Methods 
	Inclusion and Exclusion Criteria of the Study Population 
	Measuring Device 
	Measuring Procedure 
	Healthy Reference Group 
	Statistical Analysis 

	Results 
	Characteristics of the Study Population 
	Applicability of Dynamic Surface Topography 
	Data of Dynamic Spinal Rotation 
	Analysis of the Entire Group 
	Analysis According to Pain Intensity 


	Discussion 
	Spinal Motion of Thoracic and Lumbar Pain Patients 
	Limitations of the Measuring System and the Study Design 
	Implications of the Findings for Clinical Practice 

	Conclusions 
	References

