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Abstract: Back pain is regularly associated with biomechanical changes in the spine. The traditional
methods to assess spine biomechanics use ionising radiation. Vertebral Metrics (VM) is a non-invasive
instrument developed by the authors in previous research that assesses the spinous processes’ position.
However, the spine model used by VM is not accurate. To overcome it, the present paper proposes a
pioneering and simple articulated model of the spine built through the data collected by VM. The
model is based on the spring–mass system and uses the Levenberg–Marquardt algorithm to find the
arrangement of vertebral bodies. It represents the spine as rigid geometric transformations from one
vertebra to the other when the extremity vertebrae are stationary. The validation process used the
Bland–Altman method to compare the Cobb and the intervertebral angles computed by the model
with the radiographic exams of eight patients diagnosed with Ankylosing Spondylitis. The results
suggest that the model is valid; however, previous clinical information would improve outcomes by
customising the lower and upper vertebrae positions, since the study revealed that the C6 rotation
slightly influences the computed angles. Applying VM with the new model could make a difference
in preventing, monitoring, and early diagnosing spinal disorders.

Keywords: spine biomechanics; mathematical model; Cobb angles; intervertebral angles; Vertebral Metrics

1. Introduction

Poor posture is often associated with a lack of postural control. It provides an unsta-
ble connection between the body’s segments and unexpected strains on the supporting
structures [1–3]. As such, it may represent a risk of back pain and disorders [4].

The World Health Organization outlines back pain as one of the most common health
problems worldwide [5]. It is a leading cause of absenteeism at work [6] and significantly
impacts personal, social, and government levels [7–9].

The spine is mobile in all three axes of the cartesian coordinate system as a translation
or a rotation [10–12]. However, there is variability in mobility between spinal regions since
movement between adjacent vertebrae is limited. Nevertheless, even small movements in
one direction can provide an extensive range of motion to the global spine [11].

The cervical, thoracic and lumbar vertebrae are interconnected by fibrocartilaginous
intervertebral discs [13]. Except for the atlas and axes, vertebrae share a typical structure,
which includes the vertebral body and the arch. The vertebral body is the cylindrical part
of the vertebra. The latter is the lateral and posterior aspects of the vertebra, consisting of
paired pedicles and laminae, which join posteriorly, forming the spinous process [11,12].
The apex of each vertebra is a cutaneous prominence visible along the back midline [14].
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Pathological conditions or disorders may change the spine’s biomechanics [12,15],
compromising the spinal alignment [16].

The quantitative evaluation of spine biomechanics is crucial to managing medical pro-
cedures. Radiological techniques are the most widely used for these purposes despite their
association with ionising radiation [17–19]. Other conventional 3D imaging techniques, such
as magnetic resonance imaging (MRI), require the patient to lie down, and many spinal defor-
mations are lost [20]. On the other hand, non-invasive tools are not standard in clinics [21].
Some do not allow 3D analysis [22,23], while others only assess partial segments [24,25] or
require contact points during evaluation [26]. Despite its ability to perform a biomechanical
assessment of the spine, technologically advanced instruments, such as optical systems, have
limitations, such as the background or lighting conditions [3,27].

Our research team developed the Vertebral Metrics (VM) tool in previous research. It is
a patented device (patents PT/103990, PCT/IB2009/005018, and US20110004125) that was
designed to identify the spinous processes’ apex position without ionising radiation [28].
As such, it combines a stereo vision system with software that recognises fluorescent
marks in the skin [29,30]. The device was developed, and the measurement resolution was
determined [30]. Nevertheless, to assess the spine biomechanics, a model of the spine based
on the apex position must be used. The previous model only provided the spine overview in
the sagittal plane, so the information was insufficient and needed to be more comprehensive.
Moreover, it only used one spring to simulate each intervertebral disk, which allows more
degrees of freedom than the anatomical possibilities [29]. Therefore, the authors improved
the concept and proposed a new mathematical model in the present paper.

Modelling the spine is complex [31]. It may explain why the literature only describes
a few studies, with most focusing only on the lumbar spine [32,33].

The mathematical models can be continuous or discrete parameters. The first type is rec-
ommended as a first approximation because it does not consider mobility constraints [10,32,34].
The discrete type considers every single element. Generally, they represent the vertebrae by
rigid bodies, whereas the ligamentous structures, muscles, or articulating facets are massless
springs [34]. However, most discrete models use approximations of image techniques such as
X-ray, magnetic resonance, or computer tomography [33,35,36].

This paper describes the new and innovative discrete model that uses the apex of the
spinous processes measured by VM to estimate the vertebrae’s position between S1 and C6
and assess the spine biomechanics in the three planes.

2. Methods

This study uses the data collected by the VM as a reference to find the arrangement of
the vertebral bodies, the Cobb angles, and the intervertebral angles between S1 and C6.

The model was developed in MATLAB® (R2016b version). As in discrete model types,
the spine is compared to a system of interconnected masses and springs. Each mass is a
vertebral body, while each intervertebral disc is represented by three springs (A, B, and C,
as shown in Figure 1). Their connection points differ 120 degrees from the geometric centre
of the masses’ surface.

By modelling each intervertebral disk using three springs, the degrees of freedom
are reduced compared with the previous model used by VM. Also, any torsional or shift
movement of 2 consecutive vertebrae will change the springs’ length and, consequently,
their energy.

Between S1 and C6, the spine presents 20 vertebrae and 19 intervertebral discs. Ac-
cording to the authors’ convention, the first mass is S1, while the last is C6. Similarly, the
first group of three springs is the intervertebral disc between L5 and S1.

The following subsections provide a detailed description of each step underlying the
developed model.
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Figure 1. (a) Sketch of the system of masses and springs; (b) the springs’ position in the end plate. A,
B and C are the connection points of the three springs.

2.1. Establishing Input Conditions

In the first step, input conditions were established. These included pre-defined anatom-
ical and physical characteristics. Respect for the anatomical differences between vertebrae
and intervertebral discs is relevant to the relationship between rigid and elastic elements.

Regarding the anatomical properties, the statistical dimensions and orientation of the
vertebrae were obtained from the literature and are presented in Table 1 [37–39]. For a better
understanding, Figure 2 provides the vertebrae components and measures considered in
different perspectives.

Table 1. Vertebrae’s characteristics [37–39].

S1 L5 L4 L3 L2 L1 T12 T11 T10 T9 T8 T7 T6 T5 T4 T3 T2 T1 C7 C6

EPW (mm) 48 48 48 46 44 42 42 39 35 33 30 29 28 27 26 26 27 28 23 20

EPD (mm) 34 34 35 35 35 35 33 32 32 31 29 28 27 26 24 23 22 20 18 17

EPA (mm2) - 1218 1273 1290 1197 1117 1024 945 834 754 664 603 552 495 444 412 400 376 280 290

VBH (mm) 23 23 24 24 24 24 23 21 20 19 19 18 17 16 16 16 16 14 13 11

SCW (mm) - 27 25 24 24 24 22 19 18 18 18 17 17 17 17 18 19 22 25 26

SCD (mm) - 20 19 17 18 19 18 16 15 16 16 16 16 16 16 16 15 16 15 15

PDW (mm) - 16 14 10 8 9 9 10 9 8 7 6 6 6 6 7 8 8 7 6

PDH (mm) - 16 15 14 15 16 17 16 15 14 12 12 12 11 12 12 11 10 7 7

PDIt (◦) - 5 4 3 3 3 5 9 7 8 12 11 8 8 8 9 8 8 11 6

SPW (mm) 5 5 6 7 6 7 5 5 5 5 5 4 4 5 4 5 5 7 6 7

SPD (mm) 27 31 32 33 30 27 27 25 27 30 34 35 35 35 33 32 30 30 30 25

SPH (mm) 10 14 15 14 14 15 15 10 11 9 9 9 8 8 9 9 8 10 8 7

SPIt (◦) 10 19 11 13 11 10 2 10 25 29 45 54 57 61 53 38 30 20 20 20

EPW—end-plate width; EPD—end-plate depth; EPA—end-plate area (inferior); VBH—vertebral body height;
SCW—spinal canal width; SCD—spinal canal depth; PDW—pedicle width; PDH—pedicle height; PDIt—pedicle
inclination (transverse plane); SPW—spinous process width; SPD—spinous process depth; SPH—spinous process
height; SPIt—spinous process inclination (transverse plane).
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Figure 2. Anatomy of a lumbar vertebra [39].

The characteristics considered for the intervertebral disks are presented in Table 2.

Table 2. Intervertebral disks’ characteristics [37–39].

S1–
L5

L5–
L4

L4–
L3

L3–
L2

L2–
L1

L1–
T12

T12–
T11

T11–
T10

T10–
T9

T9–
T8

T8–
T7

T7–
T6

T6–
T5

T5–
T4

T4–
T3

T3–
T2

T2–
T1

T1–
C7

C7–
C6

IDH 9 9 9 9 9 5 5 5 5 5 5 5 5 5 5 5 5 3 3

k (N/mm) 683 714 724 672 627 1034 954 842 762 671 609 558 500 448 416 404 380 471 488

IDH—intervertebral disk height; k—constant factor (stiffness) estimated for the intervertebral disk.

The previous information is for an average height of 167.8 cm [37].
Another consideration taken in the present model is that the alignment of the vertebrae

along the spine would provide the minimum potential energy to the whole system. The
Levenberg–Marquardt (LM) algorithm solves this optimisation problem [40].

The energy of each intervertebral disc is the sum of the potential elastic energy of the
three springs. To find the total potential energy (TPE) of the system, the potential elastic
energy of all intervertebral discs is added, as shown below.

TPE =
23

∑
i=1

1/2ki

[
(∆lA)

2
i + (∆lB)

2
i + (∆lC)

2
i

]
As mentioned in Table 2, ki is the stiffness of the intervertebral disc, which is the

same for springs Ai, Bi, and Ci. ∆l is the change in the spring size. The height of the
correspondent disc gives the initial size and is equal to springs Ai, Bi, and Ci.

In the coordinated system adopted, X is the transversal axis, Y represents the antero-
posterior axis, and Z is the vertical axis [30].

Constraints were also included regarding the maximum rotation of the vertebrae in
the sagittal plane (±75◦) and in the transversal plane (±45◦). Those values are extreme
enough; however, they include all the rotation possibilities.



Algorithms 2024, 17, 134 5 of 15

2.2. Estimating the Spine Biomechanics

The main steps to build the model were as follows:

1. Definition of an initial spring–mass system;
2. Match the initial system and the VM data;
3. Modulation in the sagittal plane;
4. Modulation in the coronal plane;
5. Find the Cobb and the intervertebral angles;
6. Three-dimensional representation.

The following subsections describe these steps.

2.2.1. Defining an Initial Spring–Mass System

Despite its unreal anatomical characteristics, the initial system represents the arrange-
ment of the masses when the springs are at their initial size and the upper and lower surfaces
of all masses are parallel. As such, springs A, B, and C have the same size. Figure 3a shows
the initial system. The cobblestones represent the masses, while the + marks its apex.
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2.2.2. Matching the Initial System and VM Data

In this stage, the algorithm adjusts the initial system to the VM data. It performs
translations of the rigid elements so that each apex matches the positions provided by the
VM. Figure 3b presents an example. The + symbol is the apex of the spinous processes of
the initial system, while * is the apex identified by the VM.

The previous movement unbalances the system since the springs are compressed
or stretched compared to their initial position. The masses may even overlap, which is
anatomically impossible. This problem is solved in the next phase by modelling in the
sagittal and transversal planes.

2.2.3. Modelling in the Sagittal Plane

The differences regarding the initial position are the most evident in the sagittal plane.
As a result, the modelling process starts in this plane.
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First, S1 and C6 assume the rotation provided by the literature: −42.46◦ and −16.20◦,
respectively [37,39]. It cannot change in future steps to guarantee the spine pattern. Then,
the model uses the LM algorithm to adjust the other masses simultaneously, but it limits the
rotation angles according to the constraints previously described. Once the best adjustment
is found, the rotation matrix calculates the 3D position of each mass.

As a result of the modelling, the masses align. Notably, they do not overlap in the
sagittal plane. Figure 4a presents an example of the alignment after modelling in the
sagittal plane.
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2.2.4. Modeling in the Transversal Plane

This step aims to find the rotation angle of each mass in the transversal plane that
minimises the total potential elastic energy.

The same approach described in the previous step was adopted here, except that the
model does not force S1 and C6 to a fixed rotation (their initial rotation is 0◦). It happens
because rotations in the transversal plane are not so evident as in the sagittal plane. The
variables optimised by the LM algorithm represent the axial rotation angles of each mass.

Figure 4b shows the system after this step. Although the vertebrae seem to overlap, it
is an illusion caused by the sagittal rotation angle.

2.2.5. Cobb Angles and Intervertebral Angles

The following vertebrae contribute to finding the Cobb angles:

• L1 and S1 to the lumbar lordosis;
• D1 and D12 to the dorsal kyphosis;
• C2 and C7 to the cervical lordosis.

For the lumbar lordosis, for example, the lower limit vertebra (LLV) is S1, while the
upper limit vertebra (ULV) is L1.
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The process finds a vector parallel to the bottom surface of the LLV and another vector
parallel to the upper surface of the ULV. The angle between the two vectors is the Cobb
angle (grey colour in Figure 5a).
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The process to calculate the intervertebral angles is the same but uses consecutive vertebrae.

2.2.6. 3D Representation

The 3D representation of the spine is shown in the user interface of the VM system.
Solid Constructive Geometry and Description of Surfaces were the combined MATLAB®

methods used to implement this tool.
A cylinder represents the vertebral body, while each spinous process is a cylinder with

a spherical tip. All vertebrae are positioned so that the relative position between their apex
matches the data acquired by the VM, and their vertebral bodies have the alignment found
by the mathematical model.

Figure 5b shows a graphical example. The user can rotate, zoom, or drag the image in
the user interface.

2.3. Testing and Validation

Testing the integrated system’s performance was a preliminary task of an extensive
research project developed in a partnership between this research team, the NOVA Medical
School research center, and the Rheumatology Service of a referral hospital in Lisbon, Portugal.

This preliminary study included eight patients diagnosed with AS. The inclusion crite-
ria were precise, which limited the sample size, and included the following requirements:

• Age over 18 years old;
• Diagnosis of Ankylosing Spondylitis according to the Modified New York criteria [41–43];
• Body mass index below 35 kg/m2;
• No pregnancy or breastfeeding;
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• No infections requiring hospitalisation or antibiotics;
• No uncontrolled medical illness;
• No total ankylosis of the spine;
• X-rays of the spine in the sagittal and coronal planes;
• Radiographs taken within less than two years since the biomechanical changes in the

spine are insignificant during a shorter period [44,45].

The institutional Medical Ethics Review Board granted ethical approval. All subjects
read written information about the aims and plans of the study. A brief questionnaire,
including biographic and biometric details, was completed, and all patients signed a
consent form before data collection.

Some requirements were established to reduce the effect of external variables and
guarantee the comparability of the measures:

• The same physician identified the cutaneous projection of the apex through palpa-
tory anatomy;

• The same researcher carried out data collection;
• The sampling method was random.

Nine consecutive measurements with VM were carried for each patient. As the
inclusion criteria, the number of measures respected the requirements of the global study,
which included the analysis of postural adjustments using the VM as the assessment tool.
The nine measurements were performed with a single fluorescent marking procedure.

The model fixed the rotation angles of C6 and S1 according to the values found in
the literature.

New devices for application in clinics must be validated through comparison with the
gold standard techniques. For this reason, after data collection, the results were carefully
compared with the patient’s radiographs.

Regarding the analysis of the radiographs, Adobe Photoshop CC 2015® was used to
measure the proper angles. The same evaluator performed the multiple steps involved. In
each radiograph and for each vertebra, the following parameters were identified:

• The upper limits of the surfaces of the vertebral body;
• The lower limits of the surfaces of the vertebral body;
• The upper and lower limits of the apex.

The previous parameters were used in the Cobb method [46] to find the amplitude of
the dorsal kyphosis, the lumbar lordosis, and the intervertebral angles.

Together with the data provided by the mathematical model, this information was
processed using SPSS® (version 20.0).

The Bland–Altman method was applied to compare the data [47,48]. It is based on a
plot analysis and it is adequate “to evaluate a bias between the mean differences, and to
estimate an agreement interval, within which 95% of the differences of the second method,
compared to the first one, fall” [49]. The choice for the validation method is also supported
by the following facts: (i) it is one of the most used methods to investigate the agreement
between different approaches that provide the same measure and it is especially common
for studies within the clinical context [50–55]; (ii) the measuring principles underlying the
VM device were validated using the same method [46].

3. Results

The age of the eight patients included in the study ranged from 22 to 55 years old.
Figures 6a and 7a show the results of the Bland–Altman analysis for the dorsal kypho-

sis and lumbar lordosis, respectively. Very few observations are outside the 95% confidence
interval (three in kyphosis and two in lordosis).
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Although the values outside the confidence interval are possible outliers, they can
also be related to the rotation angle of C6. In addition to C6 in a high mobility region, the
literature value is used regarding a population without spinal pathologies.

Thus, the model was applied, considering that the C6 rotation angle is given by the
following information:

1. The average of the rotation angles measured on the eight radiographs;
2. The angle measured on the radiograph of each patient.

Figures 6b and 7b show the Bland–Altman analysis for case 1. Some observations are
still outside the 95% confidence interval; however, they are closer to it.

Figures 6c and 7c show the Bland–Altman analysis for case 2. For both dorsal kyphosis
and lumbar lordosis, the results improved significantly. In the first curvature, the outside
observations are closer to the 95% confidence interval, whereas only one value is at the
limit of the 95% confidence interval for the second curvature.

The three approaches to the C6 rotation regarding the intervertebral angles were
also analysed.

Most of the observations are within the 95% confidence interval. In addition, a pattern
that points to the spine regions with more (or less) relevant differences was not found.

4. Discussion

The following characteristics must be considered to model the biomechanics of the
spine: its linear geometry, the joints at each intervertebral level, and its multiaxial move-
ments [32]. Therefore, the mathematical model developed within this study uses an
articulated model.

As previously mentioned, articulated models represent the spine as rigid geometric
transformations from one vertebra to the other. Typically, in these types of models, the first
vertebra is stationary, while the previous ones guide each successive vertebra [20].

However, the methodology to find the minimum energy for the spring–mass system
required that the position of the two extremity vertebrae was pre-determined and fixed.

As a result, the mathematical model uses an articulated spine model that can include
20 masses (from S1 to C6) and requires a reference point by each vertebra: the apex of its
spinous process previously identified by the VM.

A preliminary study evaluated the capability to quantify the Cobb and intervertebral
angles. The Cobb angles are the gold standard parameter to evaluate spinal biomechanics.
On the other hand, the intervertebral angles are not a standard, but they can be used to
evaluate the model’s performance compared to the radiographs.

Height patients of a Portuguese hospital with ages ranging from 22 to 55 years old
participated in the study. Although the biomechanical changes in the spine are more prone
to happen with age, they are a consequence of modifications in the vertebrae alignment.
The biomechanical spinal changes affect the vertebrae positioning and, consequently, the
spinous processes’ positioning. By identifying the 3D position of their apex, we were able
to model the vertebrae configuration independently of their age.

The integrated system (VM and the new mathematical model) identified and modelled
the 20 vertebrae.

The results suggest that the position of C6 in the sagittal plane slightly influences the
model performance. The 95% confidence interval limits decreased by customising the C6
rotation angle for each patient according to the radiographic data. This is because the litera-
ture did not include the effects of Ankylosing Spondylitis or the inter-individual variability.

Note that the errors associated with the measuring of the 3D position of the fluorescent
marks were already quantified in previous studies performed by the authors Gabriel et al.
in 2015; Gabriel et al. in 2018. The mentioned studies focused on the development and
validation of the measuring performance of the VM device. It was statistically proven to
provide accurate results (errors in the order of 1 mm). The resolution in the order of 1 mm
is satisfactory since this value is much smaller than the diameter of the fluorescent marks
(around 3 mm), as well as smaller than the anatomical dimension of the spinous processes.
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A previous study measured the height of the spinous processes (vertical distance between
their upper and lower edges) of L1, third lumbar vertebra (L3) and L5 in 15 patients. The
average height found for each of the spinous processes was 20.5 mm, 20.2 mm and 14.1 mm,
respectively [19]. Although this parameter is conditioned by several factors (such as the
type of vertebra, genetics and associated pathologies), it always exceeds 1 mm, meaning
that the VM measurement error does not compromise the measure of the 3D position of the
spinous processes.

Regarding the mathematical model presented in the current paper, we focused on
the analysis of the differences between the angles provided by the model and the angles
measured in the radiographs. The Bland–Altman plot analysis “only defines the intervals
of agreements, it does not say whether those limits are acceptable or not. Acceptable
limits must be defined a priori, based on clinical necessity, biological considerations or
other goals” [49]. This project was carried out in collaboration with the rheumatologic
department of a Portuguese hospital, which provided insightful feedback of the results.
From a clinical point of view, the number of points outside the 95% confidence interval are
not meaningful especially because they can be influenced by the error introduced by the
fluorescent marking process. It is noteworthy that the person that performs the fluorescent
marking process must be an expert to reduce the possibility of error.

Overall, the results of the Bland–Altman methodology show that the model can be a
reliable and valid method compared to radiography. It encourages future steps, including
adjusting the coronal plane and validating the integrated system.

Compared to the previous mathematical model developed for VM, the new model
seems to be closer to reality, being the only model that actually presents results in more
than one plane [29]. In addition, it is the first model that provides information about the
amplitude of intervertebral angles.

Nevertheless, some limitations exist. Finding a large sample without pathology is a
substantial concern since radiographs must have a clinical reason in Portugal. Another
problem is the lack of distinct patterns of spine biomechanics both for healthy populations
and those with disorders/pathologies. In addition, it is important to note that the main
objective of our study was to analyse certain aspects of the dynamic behavior of the spine,
rather than replicate all the biomechanical complexities found in the human body.

To summarise, the first evaluation of the spinal model developed in this work was a
success and demonstrated its potential to study populations with and without pathology.
We genuinely believe that it is an asset to VM.

5. Conclusions

Biomechanical changes in the spine are a common symptom in today’s society and
a leading cause of back pain. Although any individual may experience back pain, age,
posture, and lifestyle have been identified as risk factors.

The literature reflects the lack of studies about the biomechanical changes in the spine.
The difficulty of carrying out quantitative measures may justify this lack of studies since
most techniques, including radiography (gold standard), are invasive.

The lack of non-invasive techniques to quantify the biomechanical changes in the spine
led to this research team’s development of the VM. The device was designed to evaluate
the spine based on the spinous processes’ 3D apex position.

The spinal model developed within the scope of this project revealed encouraging
results. Furthermore, these results can be improved when anatomical patterns of the spine
become available because the anatomical characteristics used here reflect the population
30 decades ago. Understanding anatomical variability and its relationship with individual
factors such as sex, height, ethnicity, and even pathologies would be remarkable for this area.
A faster solution may include applying a complementary technique, such as ultrasound, to
estimate the angle of rotation of the extremity vertebrae in the sagittal plane. Alternatively,
it can be measured from previous radiographs.
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As far as the literature is concerned, this is the first mathematical model that features
the spine using the apex as the reference point. Also, it is the first model that has been
directly implemented in the VM software, which significantly improves the device.

A promising perspective of this pioneering system is the longitudinal analysis of
patients. Periodical evaluations could be helpful to prevent, monitor, or even understand
the progression patterns instead of diagnosing already changed modes. It could be a
significant breakthrough in the health area since patients with severe progression disorders
could be followed more closely. Moreover, patients with lower progression risks could
receive less aggressive treatments.
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