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ARTICLE INFO ABSTRACT

Keywords: Background: Spinometry is a radiation-free method to three-dimensional spine imaging that
Spinometry provides additional information about the functional gait patterns related to the pelvis and lower
Posture

extremities. This radiation-free technology uses the surface topography of the trunk to analyze
surface asymmetry and identify bony landmarks, thereby aiding the assessment of spinal defor-
Back pain mity and supporting long-term treatment regimes. Especially reliable dynamic spinometric data
Motion analysis for spine and pelvis are necessary to evaluate the management of non-specific back pain.
Functional movement Research aim: This study aims to generate reliable dynamic spinometric data for spine and pelvis
parameters that can serve as reference data for future studies and clinical practice.

Methods: This study assessed 366 subjects (185 females) under static and 360 subjects (181 fe-
males) under dynamic (walking on a treadmill at 3 km/h and 5 km/h) conditions. The DIERS
Formetric 4Dmotion® system uses stripes of light to detect the surface topography of the spine
and pelvis and identifies specific landmarks to analyze the spine during standing and walking.
Results: Relevant gender effects were calculated for lordotic angle (ng = 0.22) and pelvic incli-
nation ('112: = 0.26). Under static conditions, female subjects showed larger values for both pa-
rameters (lordotic angle: 41.6 + 8.60°; pelvic inclination: 25.5 + 7.49°). Regarding speed effects,
three relevant changes were observed (sagittal imbalance: ng = 0.74, kyphotic angle: r]g =0.13,
apical deviation: r]g = 0.11). The most considerable changes were observed between static con-
dition and 3 km/h, especially for sagittal imbalance and lordotic angle. For these parameters,
relevant effect sizes (d > 0.8) were calculated between static and 3 km/h for males and females.
Concerning clinical vertebral parameters, only lordotic angle and pelvic inclination were corre-
lated with each other (r = 0.722).

Conclusion: This study generated a gender-specific reference database of asymptomatic in-
dividuals for static and dynamic spinometry. It demonstrated that the DIERS Formetric 4Dmo-
tion® system could capture natural changes in static and dynamic situations and catalogue
functional adaptations of spino-pelvic statics at different speeds. The lordotic angle is an indirect
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marker of pelvic inclination, allowing spinometry to identify individuals at risk even under dy-
namic conditions.

1. Introduction

The pelvis is the central axis of human movement and is critical for upright posture, directly influencing the positioning of the upper
and lower body [ [1-3]]. Dysfunction of the spinal-pelvic complex is particularly relevant in lumbar pain syndromes [ [4,5]]. In fact,
non-specific back pain implies no known pathoanatomical cause and is the most common reason for chronic low back pain -
approximately 90% of cases [ [6]]. Unconscious movement patterns (such as lifting household items [ [7]]) typically cause this pain,
which can result in hypertonic, painful muscles and reduced joint mobility [ [8,9]]. Conventional imaging methods such as X-ray or
higher resolution imaging using Computed Tomography (CT) and Magnetic Resonance Imaging (MRI) [ [10]] primarily cannot detect
these conditions. However, surveys have shown that, despite medical guidelines, the diagnostic imaging of the lumbar spine remains
subject to the personal preferences of the healthcare provider [ [11]]. Static X-rays are still commonly performed in emergency de-
partments [ [12]].

For this reason, researchers and clinicians have developed clinical tests to detect functional deficits of the spino-pelvic complex [
[131]1. These functional tests are often highly dependent on the clinical experience of the examiner and have low interrater reliability [
[14,15]].

There is an urgent need to find a solution that can provide objective standards for the clinical examination of the spino-pelvic
complex and minimize inter-rater variation to achieve better outcomes. We propose that spinometry can provide a much-needed
adjunct tool for examining, monitoring, and prescribing therapy for patients with functional lumbar problems by functionally map-
ping the entire spinal-pelvic complex without harmful radiation. The primary objective of this study was to generate dynamic spin-
ometry reference data for the spine in healthy subjects.

2. Materials and methods
2.1. Study population

Spinometric data from a total of 366 volunteers (185 female, 181 male) were analyzed in a static position. Of these, three hundred
and sixty subjects (181 female, 179 male; age range: 20-40 years) were further examined in dynamic positions. The dynamic data of
some subjects could not be used due to technical problems with the evaluation. This explains the difference (n = 6) between static and
dynamic measurements.

Each subject was asked to complete a health questionnaire and then underwent a clinical examination to select suitable volunteers
for this project. Subjects with one of the following criteria were excluded from the study: had reported episodes of back pain within the
previous six months (> two days), had pre-existing spinal deformities, had musculoskeletal or neurological disorders, had a leg length
difference of more than 0.5 cm, or were pregnant. Prior to participation, each individual involved in this study provided informed

Fig. 1. Schematic presentation of the Diers Formetric 4Dmotion® Lab: Patient is standing on a treadmill. Clothes have been taken of except un-
derwear. Markers have been placed on distinct and defined anatomical landmarks of the back (vertebra prominens, both posterior superior iliac
spines) and legs. Lateral cameras enable measurement of the leg axis from the side (with kind approval of Diers International, Wiesbaden, Germany).
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consent. The local ethics committee approved this study (reference number: PV4960, local ethics committee of the Medical Chamber
Hamburg).

2.2. Spinometry

All subjects were examined statically and dynamically with spinometry-based devices (DIERS international, Schlangenbad, Ger-
many). The device projects parallel light stripes onto the back of a standing patient. The distortion of the raster lines provides the basis
for calculating the surface topography of the trunk to analyze surface asymmetry and identify bony landmarks [ [16]]. The system can
correlate surface topography with the position of the spine [ [17]].

The DIERS Formetric 4Dmotion® system captures images of the back of the patient as they walk on a treadmill for 5 s at a rate of 50
frames per second. These images are converted into a three-dimensional (dynamic) reconstruction of the spine [ [16]]. The fourth
dimension, as implied by the name of the laboratory setup, refers to the measurement over 5 s. Therefore, this diagnostic examination
method can be described as a four-dimensional diagnostic tool (4Dmotion® Lab; Fig. 1).

While performing static spinometry without markers, reflective markers must be attached to three pre-defined anatomical fixed
points (the vertebra prominens and both posterior superior iliac spines), as soft tissue moves under dynamic conditions, making it
difficult to detect these points automatically. These reflective markers are essential for calculating objective 4D values of the spine and
pelvis. However, it is necessary to note that pelvic torsion and pelvic inclination can only be measured statically due to the experi-
mental setup. The parameters analyzed in this study are defined and listed in Table 1.

Note that spinometry nomenclature of the DIERS Formetric 4Dmotion® system has changed. For better understanding, the pa-
rameters have been renamed according to widespread scientific nomenclature by the manufacturer. Trunk inclination, trunk imbal-
ance and lateral deviation are now called sagittal imbalance, coronal imbalance and apical deviation. The terminology of the
parameters is an integral part of the DIERS Formetric 4Dmotion® system. For a better understanding, Fig. 2a-i illustrates the spino-
pelvic parameters used in this study, also pointing out their formerly used.

2.3. Measurement setup and protocol

Measurements were taken with the subject standing. The subjects were barefoot and wearing only underwear. They had their arms
hanging down and looked forward. Long hair was tied back, and jewellery was removed. Reflective adhesive markers were placed on
three anatomical landmarks: the vertebra prominens (the spinous process of the seventh cervical vertebra) and on both posterior
superior iliac spines. The manufacturer uses these points as reference points for dynamic spinometry because they are considered
classic topographical landmarks of the spino-pelvic complex. Their anatomical characteristics make them particularly easy to palpate
and identify manually. The examination method was explained to the participants in an easy-to-understand manner in just a few
minutes and was easy to perform. The static assessment was first performed standing on the treadmill. Before starting the dynamic
measurement, the participants were allowed to familiarize themselves with the movement on the treadmill and the experimental setup
according to their subjective needs, which usually took only a few minutes. Once the subjects felt confident and established homo-
geneous movements, the dynamic spinometry measurement was performed. For the dynamic assessment, the participants walked on
the treadmill at 3 km/h and 5 km/h for 60-90 s at each speed level.

Table 1
Explanation of the spino-pelvic parameters.

Parameters

Interpretation

Kyphotic Angle (°)

Lordotic Angle (°)

Sagittal Imbalance (°) [formerly: Trunk
Inclination]

Coronal Imbalance (°) [formerly: Trunk
Imbalance]

Surface Rotation rms (°)

Pelvic Obliquity (mm)

Pelvic Torsion (°)

Pelvic Inclination (°) [formerly: Pelvic
Tilt]

Apical Deviation (rms) [formerly:
Lateral Deviation]

The angle between the surface tangents on the two inflection points ICT and ITL.

The angle between the surface tangents on inflection points ITL and ILS.

The angle between the connecting line VPDM and an external line of gravity n.i.

Positive value signifies a forward inclination, negative value a rearward inclination of upper body.

The angle between the direct connection VPDM and a line of gravity through the VP. Positive value signifies a shift of
the VP to the right, negative value a shift to the left.

The root mean square of the horizontal components of the surface normals on the symmetry line. In this calculation
values get rectified before being averaged. (e.g.,: 3.0° R and —3.0° L build an average of 3.0°).

The different height of the two lumbar dimples to each other in mm positive value = the right dimple is higher than
the left

The torsion of the surface normals on the two lumbar dimples.

Notation: a positive pelvic torsion signifies that the right hip bone is oriented further forward (anterior) than the left
one

The mean vertical torsion of the two surface normals on the dimples. n.i.

Notation: a positive pelvic inclination signifies a mean vertical component upwards

The mean square deviation of the midline of the spine from the direct connection VPDM in the frontal plane. In this
calculation values get rectified before being averaged (e.g.,: 3.0 mm R and —3.0 mm L build an average of 3.0 mm).

VP: Vertebra Prominens DM: Dimple Middle ICT: Inflection point cervical thoracic ITL: Inflection point thoracic lumbar ILS: Inflection point

lumbar sacral.
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Fig. 2. a-i: Illustrations of the spino-pelvic parameters analyzed (with kind approval of Diers International, Wiesbaden, Germany): a) kyphotic angle:
formed by the surface tangents of the upper Thoracic-Lumbar-Inflection Point (ICT) in the vicinity of the seventh cervical vertebra (veterbra
prominens; VP) and the Cervico-Thoracic-Inflection Point (ITL), b) lordotic angle: formed by the surface tangents of the ITL and DM (midpoint of the
two dimples), ¢) pelvic inclination: calculated mean torsion angle of the left dimple (DL) and right dimple (DR) surface, d) sagittal imbalance: angle
formed by the perpendicular (vertical) line and the line connecting the seventh cervical vertebra (vertebra prominens, VP) and DM. >2.8° is referred
to as “inclination”, <2.8° “reclination”, e) apical deviation + max: the maximum deviation distance of the spinal midline from the line connecting the
vertebra prominens to the midpoint of the two dimples (VPDM) to the right, f) pelvic torsion: calculated angle from the reciprocal torsion of the
surface normal on the two lumbar dimples (vertical components), g) coronal imbalance: angle formed by the perpendicular midline originating from
VP and the connection line VPDM (positive value means VP is shifted to the right, negative value indicates a shift to the left), h) pelvic obliquity:
difference in height of the lumbar dimples based on a horizontal plane, i) surface rotation (with kind approval of Diers International, Wiesba-
den, Germany).

Apical deviation +max

'

3. Statistics

Descriptive statistics were reported for all variables, including means, standard deviations (SDs) and 95% confidence intervals
(95% CIs). Normality was tested using the Shapiro-Wilk test prior to data analysis. Sagittal Imbalance (p = 0.125), Coronal Imbalance
(p = 0.150) and Lordotic Angle (p = 0.613) showed a normal distribution for static measurement.

A two-factor (gender and speed: static or dynamic at 3 or 5 km/h) univariate general linear model was used to examine the mean
differences [ [18]]. Differences between the means were considered significant if p < 0.05 and ng > 0.10 [20]. Due to the large sample
size (n = 366 or n = 360), the partial eta squared is more important than the alpha error level (p < 0.05) to avoid an overestimation of
the mean differences within the analysis of variance.

The effect size d (the mean difference between scores divided by the pooled SD) was also calculated between adjacent speed levels
depending on gender for all parameters [ [19]]. The interpretation is based on the recommendations of Cohen: small: d < 0.5,
moderate: d > 0.5, large: d > 0.8 [21].

Relationships between variables were analyzed using Pearson’s product-moment correlation (r) and interpreted as negligible
(<0.1), weak (0.1-0.4), moderate (0.4-0.7), strong (0.7-0.9), and very strong (>0.9) [21]. A correlation of ? > 0.5 (explained
variance >50%) was considered relevant and only reported.

Statistical analyses were performed using SPSS version 28.0 for Windows (IBM, Armonk, NY, USA).

4. Results
The anthropometric data is summarized in Table 2.

The study was completed by 360 participants (age: 26.2 + 5.06 years, weight: 70.7 kg + 13.5 kg). Female participants (61.5 +
9.15 kg; 1.68 + 0.06 m) were significantly (weight: qg = 0.46; height: ng = 0.54) lower in height and weight than males (79.8 + 10.7

Table 2
Demographic and anthropometric data of the investigated sample for the static measurement.
Female (n = 163-180) Male (n = 166-180) Variance analysis (p/ng)
Age (years) 26.3 £ 4.99 26.1 +£5.14 0.640/0.01
Weight (kg) 61.5 £9.15 79.8 £10.7 <0.001/0.46
Height (m) 1.68 + 0.06 1.83 £ 0.07 <0.001/0.54
BMI (kg/mz) 21.7 £ 2.86 23.8 +£2.48 <0.001/0.14
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kg; 1.83 £+ 0.07 m). Table 3 gives a detailed overview of all spinometry data measured during standing and moving, broken down by
gender and speed.

Two relevant gender effects (Lordotic angle: r]f, = 0.22; pelvic inclination: nf, = 0.26) and three relevant speed effects (Sagittal
imbalance: ng = 0.74; Kyphotic angle: ng = 0.13; Apical deviation: ng = 0.11) were calculated. No interaction effects (gender x speed)
were observed for examined the parameters. As shown in Table 3, females (41.6 + 8.60°) had a significantly larger lordotic angle (p <
0.001, nlz, = 0.22) than males (34.2 + 8.23°) in static measurements. In addition, the sagittal imbalance angle (3.21 + 2.19°) and pelvic
torsion angle (0.13 + 2.30°) were significantly smaller in females. Pelvic inclination was significantly larger in females (25.5 + 7.49°).

4.1. Comparison depending on velocity

Independent of gender, we found three main speed effects (Table 3). A relevant difference was detected for the apical deviation
between 3 and 5 km/h (ng = 0.27) and for the lordotic angle between static measurement and 3 km/h (ng = 0.63). Only for sagittal
imbalance were two relevant differences between adjacent velocities (static vs. 3 km/h: nf, = 0.75; 3 vs. 5 km/h: nlz, = 0.24).

Relevant effect sizes (d > 0.8) between any two adjacent velocity levels were calculated solely for lordotic angle and sagittal
imbalance (Fig. 3a-g).

All four relevant effect sizes (each for males and females; d range: 0.86-1.66) were detected between static and 3 km/h (Fig. 3).

4.2. Relationships between multiple parameters and dimensions

A relevant correlation (r = 0.722) was computed exclusively between pelvic inclination and lordotic angle (Fig. 4).

This means that the pelvic inclination explains 52% of the variance in the lordotic angle (r? = 0.52). The second largest correlation
was found between the kyphotic angle and the lordotic angle (r = 0.407). Consequently, the explained variance is only 17% (r*> =
0.17), much less than the unexplained variance (83%).

4.3. Comparison of own results with comparable results of the literature
Previous studies on defining reference values for static and dynamic spinometry have been published, as shown in Table 4.
5. Discussion

Static upright radiographs are frequently used for diagnosing spinal deformities in back pain despite frequent lack of indication [
[20]]. Possible harmful consequences of excessive radiation exposure (especially to the primary sex glands) have been discussed
extensively in the past [ [21,22]].

Spinometry has been developed as a possible radiation-free assessment based on video-rastersterography [ [23]]. Initially validated
in scoliosis patients, it can reconstruct three-dimensional spino-pelvic posture with an accuracy comparable to anterior-posterior
radiographs [ [16]]. However, unlike radiography, which relies on the accurate positioning of the patient to avoid systematic mea-
surement errors, spinometry provides consistent and reproducible results regardless of position, facilitating re-examination by
different operators [ [24]]. Spinometry has demonstrated good reliability, validity and reproducibility of clinically relevant postural

Table 3
Descriptive comparison depending on gender and velocity for rasterstereography and analysis of variance (relevance criteria: p < 0.05 and ng >0.10).
Relevant differences and maxima marked in bold. M = male (n = 168); f = female (n = 167); standard deviation = SD.

parameter gender velocity (km/h) variance analysis (p/qg); effects
Mean + SD
0 3 5 gender velocity gender x velocity

Sagittal Imbalance (°) m 3.92 + 2.16 7.72 + 2.41 8.29 + 2.60 <0.001/0.04 <0.001/0.74 0.612/0.01
f 3.21 + 2.19 6.82 + 2.46 7.44 + 2.63

Coronal Imbalance (°) m —0.58 + 0.94 —0.48 + 1.02 —0.49 £ 0.95 0.006/0.02 0.003/0.02 <0.001/0.05
f —0.53 + 1.05 —0.88 + 1.03 —0.96 + 1.14

Pelvic Obliquity (mm) m 0.18 + 3.93 —0.98 + 3.52 —1.03 + 3.44 0.310/0.00 <0.001/0.06 0.632/0.00
f 0.38 + 3.80 —0.55 + 4.06 —0.60 + 4.08

Kyphotic Angle (°) m 49.0 + 9.19 46.9 + 7.89 46.2 + 8.26 <0.001/0.04 <0.001/0.13 0.720/0.00
f 45.6 + 8.71 43.9 +8.27 43.1 + 8.59

Lordotic Angle (°) m 34.2 +8.23 26.4 +7.12 25.9 +£7.28 <0.001/0.22 <0.001/0.06 0.016/0.01
f 41.6 + 8.60 34.4 £8.13 34.4 £+ 8.66

Surface Rotation rms (°) m 3.27 £ 1.22 3.16 = 0.99 3.16 + 0.99 0.945/0.00 <0.001/0.03 0.076/0.01
f 3.45 + 1.28 3.08 + 0.92 3.08 + 0.95

Apical Deviation rms (mm) m 4.23 + 2.01 478 £ 1.78 5.09 £+ 1.69 0.733/0.00 <0.001/0.11 0.205/0.01
f 4.38 £+ 2.06 4.63 + 1.46 5.25 + 1.40

Pelvic Torsion (°) m 0.75 + 2.41 - - 0.017/0.02 - -
f 0.13 + 2.30 - -

Pelvic Inclination (°) m 16.7 + 6.77 - - <0.001/0.26 - —
f 25.5 + 7.49 - -
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Fig. 3. a-g Results of rasterstereography under static and dynamic (3 and 5 km/h) conditions: a) Sagittal Imbalance [°], b) Coronal Imbalance [°],
¢) Pelvic Obliquity [mm], d) Kyphotic Angle [°], e) Lordotic Angle [°], f) Surface Rotation [°], g) Apical Deviation [mm]. Partial effect sizes (d)
between adjacent velocity levels depending on gender are reported. Relevant effect sizes (d > 0.5) marked in bold.
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Fig. 4. Relationship between lordotic angle and pelvic inclination. Please note that one dot can represent several subjects.

parameters under dynamic conditions, making it a helpful examination tool for long-term follow-up [ [25]]. Its high accuracy and
reproducibility compared to radiographs were later demonstrated in patients with and without spinal deformities [ [26-28]]. Spin-
ometry offers advantages in terms of speed and cost-effectiveness compared to MRI imaging, although both methods share the
advantage of not emitting ionizing radiation.

Initially, spinometry served as a static imaging tool. Following further development of the methodology, it is now able to analyze
the movement of the subject during walking and performing clinical tests, providing deeper insights into the functional behaviour of
spinal segments in musculoskeletal disorders [ [29]]. Previous research has demonstrated that dynamic spinometry can detect
reflective markers with an accuracy of +1 mm, considered as equally accurate as the “gold standard” of dynamic imaging VICON [
[30]]. Thus, clinicians can measure compensatory movements due to disability, pain, or functional deficits in a realistic context for the
first time.

Under static conditions, the data generated show significant gender differences in lordotic angle and pelvic inclination, which are
greater in females than males. Females typically have a higher lordotic angle than males [ [31]]. Researchers have discussed that the
higher lordotic angle in women may be due to greater lordotic wedging of the lumbar vertebrae, upper body mass distribution



Table 4

Comparative table — comparison of own results with comparable results of the literature. g = gender, m = male, f = female.

parameter g velocity (km/h) [mean =+ SD]
0 3 5
Sagittal m 3.92 + - 1.89 +1.88 33+22 7.72 £ - - - 8.29 + - 6.76 + 2.24 -
Imbalance 2.16 2.41 2.60
©) f 3.21 £ - 212+ 24 28 +21 6.82 £ - - - 7.44 + - 6.72 £ 2.62 -
2.19 2.46 2.63
Coronal m —0.58 - —0.08 + -0.2+0.7 —0.48 - - - —-0.49 - -0.17 + -
Imbalance + 0.94 0.96 + 1.02 +0.95 0.86
©) f —0.53 - -0.07 + —0.03 £ 0.8 —-0.88 - - - —0.96 - -0.27 + -
+1.05 0.91 +1.03 +1.14 1.00
Pelvic m 018+ 3.1+25 -0.32 + - —0.98 - - - —1.03 - -0.51 £ -
Obliquity 3.93 3.34 +3.52 + 3.44 2.61
(mm) f 0.38 + 3.8+27 -0.42 + - —0.55 - - - —0.60 - -0.29 + -
3.80 2.79 + 4.06 + 4.08 2.04
Kyphotic Angle m  49.0 + 49.2 +£9.3 446 +7.84 465+7.1 46.9 + - - - 46.2 + - 399+7.72 -
©) 9.19 7.89 8.26
f 45.6 + 47.1 £ 8.6 44.0 + 8.64 46.9 + 6.9 439 + - - - 43.1 £ - 39.3 £8.51 -
8.71 8.27 8.59
Lordotic Angle m 342+ 35.8 £ 6.6 29.0 +7.67 345+6.5 26.4 + - - - 259 + - 219+7.67 -
(@) 8.23 7.12 7.28
f 41.6 + 42.7 + 8.2 37.44+9.79 43.0 £87 34.4 + - - - 34.4 + - 30.3+8.82 -
8.60 8.13 8.66
Surface m 3.27 £ 31+1.5 3.54 £1.56 22+08 3.16 + - - - 3.16 + - 3.45 £ 0.93 -
Rotation 1.22 0.99 0.99
rms (°) f 3.45 + 3.6+1.8 3.64 £1.62 24+09 3.08 + - - - 3.08 + - 4.23 +£1.03 -
1.28 0.92 0.95
Apical m 423+ 58 +£25 5.07 + 2.13 36+1.6 4.78 + - - - 5.09 + - 4.60 +£1.30 -
Deviation 2.01 1.78 1.69
rms (mm) f 4.38 + 5.5+ 2.3 559 +2.32 345+ 1.6 4.63 + - - - 5.25 + - 552+1.72 -
2.06 1.46 1.40
Pelvic Torsion m 075+ 25+2.0 - - - - - - - - - -
©) 2.41
f 0.13 + 1.8+14 - - - - - - - - - -
2.30
Pelvic m 16.7 + 17.6 £ 4.4 - - - - - - - - - -
Inclination 6.77
(@) f 25.5 + 21.9 £ 4.8 - - - - - - - - - -
7.49
references our data  Schroder Michalik Huthwelker our data  Schroder Michalik Huthwelker our data  Schroder Michalik Huthwelker
et al. (2011) et al. (2020) et al. (2022) et al. (2011) et al. (2020) et al. (2022) et al. (2011) et al. (2020) et al. (2022)
comments only static young only static young only static young
measured participants measured participants measured participants
(18-30 yr) (18-30 yr) (18-30 yr)

D 32 apog I
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differences, and gender-related variations in lumbar intervertebral statics [ [32]].

Our data show no significant difference in pelvic inclination between males and females in standing positions, in contrast to
previous studies that found a higher pelvic inclination in males [ [33]]. Nevertheless, our results consistently show no difference in
pelvic inclination in cohorts without back pain. Age is a confounding factor affecting pelvic inclination [ [34]] rather than gender
[[351].

The transition from static to dynamic imaging revealed the most significant change in postural parameters while increasing speed
did not show comparable significance. Our data show that the lordotic and kyphotic angles decrease under dynamic conditions for both
genders. This is concordant with previously published scientific data recorded using spinometry and the VICON system [[36,37]]. It
has been discussed that humans straighten their backs to look forward to improve vision and avoid falling [[38,39]]. At the same time,
for energy conservation during walking as a physiological process, the centre of mass is shifted forward [[40]], resulting in increased
sagittal imbalance as walking speed increases, matching previous research using video analysis alone [[41,42]].

All subjects showed an apical deviation and surface rotation to the right, which increased with increasing walking speed, which is in
agreement with two previous publications for reasons that are still unknown [[29,43]]. Possible explanations have been discussed,
with most people being right-handed or, alternatively, the left anterolateral pulsatile force of the thoracic aorta causing an asymmetric
effect with surface rotation to the right [[44]].

Most importantly, we demonstrated a relevant correlation between pelvic inclination and lordotic angle in static spinometry.
Previous research has suggested a significant correlation between pelvic inclination, lumbar lordosis, thoracic kyphosis and sagittal
imbalance [ [45,46]]. Pelvic inclination and lumbar lordosis are of particular clinical interest as both have been reported to correlate [
[45]] and increase with the incidence of back pain [[47-49]]. As dynamic spinometry is unable to analyze pelvic tilt under dynamic
conditions, this correlation could lead to the hypothesis that lumbar lordosis is a valid indirect marker of pelvic posture for identifying
patients at higher risk of future back problems even under dynamic conditions.

Schroeder et al. [ [27]], however, only used static spinometry measuring people aged 25.4 + 5.5 years with similar anthropo-
metrics, but the number of subjects was limited to 20 (9 females, 11 males). Probably the most comprehensive spinometric data
collected and published by the working group surrounding Huthwelker et al. [[43]] and Wolf et al. [ [50]] have not yet published
dynamic data. Only Michalik et al. [ [29]] dynamically measured 121 subjects (56 females, 65 males; age 24.1 + 2.16 years) to
investigate gender differences in spinal posture between static and dynamic spinometry. However, they did not include pelvic pa-
rameters in their interpretation. Regarding static conditions, it should be noted that the proportion of the SD around the mean (co-
efficient of variability, CV) for the parameter pelvic obliquity is exceptionally high in all reported studies (Table 4). Comparable with
other investigations [ [28,30]], the CV in our study ranged from 71% to 2083%. The same is true for the parameter pelvic torsion.
According to our data and Schroeder et al. [ [27]], the CV ranged from 78% to 1669%. Hence, one should discuss these parameters
with great caution. From a statistical point of view, the measurement of pelvic parameters should be improved to allow a valid
interpretation of these data. Further development of this examination method enabling detection of dynamic pelvic parameters would
be helpful its clinical relevance even more.

Consequently, the validity of the measurement for both parameters (pelvic obliquity and pelvic torsion) should be (im)proved. In
contrast, the pelvic inclination is the only pelvic parameter with a reasonable relationship between mean and SD. The CV from our
study (60 and 29%) and Schroeder et al. [ [27]] (25 and 22%) was at a similar and much lower level compared to pelvic obliquity and
pelvic torsion. Therefore, pelvic inclination and lordotic angle (Fig. 4) should be used as spino-pelvic parameters that are measured at a
much higher level of accuracy. It has been shown in previous studies that dynamic testing is more informative about the risk of back
pain than static testing methods [ [48]], making dynamic spinometry particularly interesting for clinicians. As already discussed, the
lordotic angle could be used as a possible indirect dynamic (pelvic) marker for patients at risk of lumbar syndromes. However, this
hypothesis needs further investigation in future studies comparing asymptomatic with symptomatic subjects.

Overall, this work can be seen as a logical continuation of previous research to establish a conclusive link between pelvic and spinal
parameters. This research provides a rationale for static and dynamic spine measurement as spino-pelvic parameters demonstrate
gender and kinematic differences during movement. The data collected in this study can be used as reference data for dynamic
spinometry performed on healthy males and females at speeds of 3 and 5 km/h.

As mentioned above, pelvic inclination has been found to vary with age, and our age group does not appear to have a wide enough
age range to show significant differences in pelvic inclination. In addition, the technical limitations of spinometry do not allow dy-
namic measurement of pelvic inclination and torsion. In order to measure pelvic inclination dynamically, it would be necessary to
detect both the posterior superior iliac spine and the anterior superior iliac spine. This is not possible with the DIERS Formetric
4Dmotion® system.

It should be added that there is scientific evidence of differences in spino-pelvic parameters not only due to gender but also due to
racial differences [ [51]]. Therefore, it is essential to point out that this study was only carried out on Caucasian subjects. Further
research is needed to establish similar reference data for different ethnic backgrounds.

Increasing walking speed changes our gait pattern and upper body movement. A limitation of the methodological approach of our
study is that walking on a treadmill is different from physiological movement patterns. The subjects’ limited experience with treadmill
walking may have altered physiological movement patterns inversely. Previous research analysis has shown in cadence and stride
length differences between treadmill and free running [ [52]]. Skin markers and lack of palpation skills may be another source of error
[ [53]1]. In addition, patients with back pain may have difficulty walking and may be afraid of treadmills [ [54]].

However, the simplicity of the examination tool and the importance of the functional aspects outweigh the disadvantages. One
possible solution to reduce such anxiety would be to teach patients how to walk correctly on treadmills, leading to a higher degree of
familiarization [ [55-57]]. We believe dynamic functional examination methods such as spinometry will hopefully help to effectively
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plan treatment of patients with spino-pelvic problems.
6. Conclusion

This study provides gender-specific reference data of asymptomatic individuals for dynamic spinometry. The DIERS Formetric
4Dmotion® system was shown to be able to capture natural changes in both static and dynamic situations, as well as functional
adaptations of spino-pelvic statics to different speeds. The lordotic angle may be an indirect marker of pelvic inclination. It seems, that
the spinometry could therefore be able to identify individuals at risk even under dynamic conditions. Thus, spinometry might be a
promising technology for analysing spino-pelvic pathologies.

Establishing reliable and accurate reference data will assist in the effective measurement and detection of functional pathologies of
the spine thus enabling individual therapeutic intervention and closely monitor long-term therapy.
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