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1 Introduction

1.1 Introduction to frozen shoulder

Frozen shoulder is characterized by four stages. In the pre-adhesive stage patients experience mild end-range
pain. Patients in the freezing stage generally have a high level of discomfort as well as a high level of pain near
the end-range of motion. In the frozen stage patients experience less pain but limited range of motion due to
stiffness of the glenohumeral joint. The final phase is the thawing phase, characterized by stiffness without pain
and regaining mobility of the arm [1]. Symptom duration can span over three years, with one study finding an
average duration of 30 months [2,3]. In over half the cases the range of motion remained restricted after the
greatest recovery, though this rarely limited patients in their daily lives [3].

Frozen shoulder is a common injury with a prevalence of 2 to 5 % [4-9]. In patients with type IT diabetes the
prevalence is higher, ranging from 6 to 29% [4-8,10]. Type II diabetes accounts for around 90% of the diabetes
cases [11]. The upward trend in obesity is associated with a global increase in type II diabetes [11]. The current
estimate of 536.6 million people between the age of 20 and 79 living with diabetes in 2021 is expected to increase
by 46% to 783.2 million by 2045 [12]. This would cause the overall prevalence of frozen shoulder to increase as
well.

In terms of healthcare costs, frozen shoulders costs the National Health Surface of the United Kingdom a
minimum of £44.1 million or £110.3 million depending on the assumption of 2% or 5% prevalence [13]. One
study found 84% of the patients to be between 40 and 59 years old [14]. Considering that these people are part
of the working class and the duration of symptoms, frozen shoulder forms a substantial socioeconomic burden.

The etiology of frozen shoulder is poorly understood, where primary or idiopathic frozen shoulder has no
known cause. Secondary frozen shoulder is generally attributed to trauma [1,6,15]. There are some conditions
that increase the prevalence in these populations, like diabetes and thyroid disorders [16].

The directionality of the force exerted by the ligaments is determined by their points of attachment to the
bones. This raises the question as to how the variation in attachment sites influences the range of motion of the
glenohumeral joint. Research suggests that those with hypermobility in the shoulder joint may be less likely to
develop frozen shoulder [17,18]. Studying the range of motion determined by different attachment sites could
provide insight into which configurations are at less risk, and perhaps even which configurations are at a higher
risk of developing frozen shoulder.

1.2 Ligament attachment site variation

The glenohumeral ligaments play a prominent role in stabilizing the glenohumeral joint. Information about the
attachment sites of the glenohumeral ligaments can be used by surgeons to recreate the anatomy prior to injury,
which could restore the original kinematics [19,20].
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Figure 1: Visual representation of the range in attachment sites of the glenohumeral ligaments on the glenoid.
SGHL: Superior Glenohumeral Ligament; MGHL: Medial Glenohumeral Ligament; AIGHL: Anterior Inferior
Glenohumeral Ligament; PIGHL: Posterior Inferior Glenohumeral Ligament



A systematic review published in 2019
found 15 articles to either qualitatively or
quantitatively report attachment sites of
the glenohumeral ligaments. Quantitative
data on glenoid attachment sites was pro-
vided by eight of those articles. No ar-
ticles reported quantitative measurements
on the humeral attachment sites [20]. An
additional five articles have been identified
and their results are summarized in table
1. For ease of comparison the results re-
garding the glenoid attachment sites have
been visualized in fig. 1.

Most of the data on attachment sites
comes from cadaver studies, only the study
by Simao et al. used MRI data [32]. They
found identical results to those reported by
Alashkham and Eberly who investigated
the same ligament on cadavers [26,27].

For results to be more easily compara-
ble and quantifiable, a clock face is pro-
jected on the glenoid or the humerus and
ligament attachment sites are described by
time ranges. As an example, O’Brian et al.
found the AIGHL and PIGHL to attach to
the glenoid between 2 and 4 o’clock and
between 7 and 9 o’clock respectively. The
projection of the clock face of the glenoid
is described in three of the included arti-
cles [29,32,33]. The long axis of the glenoid
serves as the 12 to 6 line, where the su-
perior point is defined as 12 o’clock and
the inferior point as the 6 o’clock position.
The 3 o’clock position is on the anterior
side of the glenoid at the midpoint of the
long axis. The rest of the clock face can
be determined from there. Dekker et al.
adopted a slightly different method of find-
ing the 12 o’clock position, using center of
the origin of the biceps long head tendon.
This tendon attaches at the supraglenoid
tubercle which forms the highest point of
the long axis of the glenoid [34]. There-
fore the different methods of projecting the
clock face should yield similar results.

The method of determining the clock
face on the humeral head was described by
Saito et al. [35]. This method was adopted
by Dekker et al., which was the only article
that was found to quantitatively define the
attachment sites on the humerus [21].

1.3 Anatomical changes asso-
ciated with frozen shoulder

Research has shown that there are changes
in the joint capsule and ligaments that are

Table 1: Overview of attachment sites

Author,
Publication Date

Number of
Shoulders
Analyzed

Glenoid
Attachment Site

Humerus
Attachment Site

Superior Glenohumeral Ligam:

ent

Dekker et al., 10 12:30-12:45 12:55-1:40
2020 [21] (range 12:15-1:10) | (range 12:20-2:20)
Kask et al.,
2010 [22] 27 11-3 )
Steinbeck et al.,
1998 [23] 104 ! )
Medial Glenohumeral Ligament
Dekker et al., 10 1:50-2:35 2:10-3:35
2020 [21] (range 12:50-3:10) | (range 1:20-4:40)
Pouliart et al.,
2007 [24] 100 12-2 -
Steinbeck et al.,
1998 [23] 104 13 )
Warner et al.,
1993 [25] 12 12 )
Anterior Inferior Glenohumeral Ligament
Alashkham et al., .
2018 [26] 140 35 i
Dekker et al., 10 3:30-4:05 4:05-5:10
2020 [21] (range 2:35-5:00) (range 3:10-5:45)
Eberly et al.,
2002 [27] 10 35 )
2 (14.5%)
Ide et al., 34 3 (64.5%) *
2004 [28] 4 (14.5%) )
5 (6.5%)
13 (2%)
2-3 (60%) *
Itoigawa et al., 60 2-4 (18%)
2012 [29] 3-4 (13%) )
3-5 (5%)
4-5 (2%)
Merila et al.,
2008 [30] 22 4 )
O’Brian et al.,
1990 [31] 1 24 )
Pouliart et al., o=
2007 [24] 100 3-5:30 -
) 3 (16%)
gg;lg‘fg} al, 93 (MRI) | 4 (62.4%) * -
5 (22.6%)
Steinbeck et al., .
1998 [23] 104 29 )
Warner et al.,
1993 [25] 12 13 )

Posterior Inferior Glenohumeral Ligament

Alashkham et al.

2018 [26] 140 - )

Dekker et al., 10 7:35-8:50 7:20-8:50

2020 [21] (range 6:45-9:45) (range 6:45-10:15)
7-8 (30%)

Koga et al., 50 7:30-8:30 (22%)

2020 [33] ° 8-9 (44%) * i
9-10 (4%)

O’Brian et al.,

1990 [31] 1 - )

Pouliart et al.,

2007 [24] 100 6-8:30 -

Steinbeck et al., .

1998 [23] 104 29 )

Warner et al.,

1993 [25] 12 9 )

Coracohumeral Ligament

Dekker et al.,
2020 [21]

10

11:55-12:40
(range 11:25-1:05)

*: For articles that reported on a range of attachment sites (Ide, Itiogawa, Koga and
Simoa) a * is used to indicate the most prevalent attachment site.

**: Steinbeck et al. did not differentiate between the different bands of the inferior
glenohumeral ligament, so the range indicated here resembles the combination of the
anterior and posterior inferior glenohumeral ligament

associated with frozen shoulder. Histological findings include an increase of fibroblasts and contractile myofi-
broblast [36—39]. The anterior part of the capsule also shows fibrosis and increased presence of cytokines [36,40].

Studies also show that there is shortening of the ligaments [41,42], increased thickness [43-51] and increased
stiffness [43-46,52-54]. A systematic review on frozen shoulder suggests chronic inflammation, fibrosis and



glenohumeral joint capsule contracture to be responsible for the pain and limited range of motion [55]. As a
result, most treatment options aim to lengthen the glenohumeral joint structures in an attempt to regain range
of motion [56].

The results of eleven studies that looked into changes in stiffness and thickness of tissues surrounding the
glenohumeral joint have been visualized in fig. 2 [43-51,53, 54]

Relative change in structural parameters of ligaments between
unimpaired and frozen shoulder
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Figure 2: Percentual changes of different tissues surrounding the glenohumeral joint as seen in frozen shoulder.
CHL: coracohumeral ligament; IGHL: inferior glenohumeral ligament

1.4 Problem definition

In order to better understand frozen shoulder, this study will focus on the impact of changes to ligament paths
and their mechanical properties on the glenohumeral joint range of motion.

In their book on physical diagnostics, De Jongh et al. state that a passive limitation of the glenohumeral
joint of over 50% during at least 3 months is indicative of frozen shoulder [57]. Similar criteria are used by
Erber et al., where they require a loss of 50% of the internal rotation, 50% of the external rotation and 50% of
the shoulder flexion or abduction [58,59].

This study aims to answer the following research question: can the length or stiffness changes described in
literature account for the 50% change in range of motion as seen in frozen shoulder?

Finding the answer to this question will help determine the relative importance of stretching and mobility
exercises in frozen shoulder. Using the model, the strain of the ligaments can be determined for each pose
across the full range of motion. This data can be converted to strain maps, which show the strain for all the
combinations of two of the degrees of freedom. This makes it relatively easy to identify which poses result in high
strain and should therefore be avoided, and which poses are safe. These strain maps of the different ligaments
may indicate which ligaments are the cause of frozen shoulder and could then be used to determine which poses
are effective at stretching the ligaments that limit the range of motion in frozen shoulder. Analyzing the effect
the ligament stiffness has on the joint moment could be helpful for physiotherapist to determine which ligament
or combination of ligaments is affected and the effect of attachment site variation.

2 Method

To investigate the effect of changes to the ligament paths, stiffness and length on the range of motion, OpenSim
will be used [60]. The Thoracoscapular Shoulder Model [61] will be adapted to include ligaments spanning the
glenohumeral joint.



2.1 Model adaptation

The glenohumeral joint is covered by muscles and tendons that allow the arm to move with respect to the
scapula. The joint is encapsulated in the joint capsule. This capsule is reinforced by glenohumeral ligaments
(GHLs) [62]. The four main components of the glenohumeral ligament complex are the superior glenohumeral
ligament (SGHL), the medial GHL (MGHL) and the anterior inferior and posterior inferior GHLs (AIGHL and
PIGHL respectively) [63]. The coracohumeral ligament (CHL) plays an important role in limiting the range of
motion in frozen shoulder patients and was therefore also added to the model [64].

2.1.1 Determining the attachment sites based on literature

For the model to represent the biological situation it is important that the attachment sites of the ligaments
are the same in the model as they are in the body.

From the articles that were used to quantify the attachment sites of the glenohumeral ligaments, it became
clear that these attachment sites vary substantially from person to person. For instance, Ide et al. found the
MGHL to have the same origin on the glenoid as the SGHL in 43.4% of the 84 cases they studied [28].

Since the article by Dekker et al. was the only article that quantified humeral attachments, and the attach-
ments they found for the glenoid are in line with the results from the other papers, their results were used for
generating the model.

In OpenSim, the attachment site of a ligament is given as a point. As the results gave a range over which
the ligament attaches, the center of this range is used as the attachment site. For instance, the SGHL attaches
between 12:30 and 12:45 on the glenoid and the attachment point for the model would be taken at 12:37.5. The
mean attachments and the full range are summarized in table 2 for each ligament. The CHL attaches to the
coracoid process instead of the glenoid. The attachment sites for the coracoid attachment varied by 1.4 mm
around the mean attachment site along the long axis of the coracoid process.

Table 2: Overview of attachment site variation as found by Dekker et al. [21]

Ligament ‘ Mean Attachment ‘ Attachment Range
Glenoid
Superior GlenoHumeral Ligament 12:30 - 12:45 12:15 - 1:10
Medial GlenoHumeral Ligament 1:50 - 2:35 12:50 - 3:10
Anterior Inferior GlenoHumeral Ligament | 3:30 - 4:05 2:35 - 5:00
Posterior Inferior GlenoHumeral Ligament | 7:35 - 8:50 6:45 - 9:45
Humerus
CoracoHumeral Ligament 11:55 - 12:40 11:25 - 1:05
Superior GlenoHumeral Ligament 12:55 - 1:40 12:20 - 2:20
Medial GlenoHumeral Ligament 2:10 - 3:35 1:20 - 4:40
Anterior Inferior GlenoHumeral Ligament | 4:05 - 5:10 3:10 - 5:45
Posterior Inferior GlenoHumeral Ligament | 7:40 - 8:50 6:45 - 10:15

For each ligament the mean attachment sites were used, as well as the two endpoints of the attachment
range. The size of the range of the mean attachments were used to determine the length over which the liga-
ment attaches. The model requires point coordinates for the attachment site, so the center of these time ranges
were used for these coordinates. To find the coordinates at the endpoints of the range, half of the attachment
length was subtracted from or added to the endpoint. The timestamps of the different attachment points are
shown in table 3. The attachments for the glenoid and humerus are also visualized in fig. 3 part A and B
respectively.

Table 3: Overview of attachment site timestamps

Lower Upper
Ligament Bound i/[ti?(‘:lhmen " Bound
Attachment Attachment
Glenoid
Superior GlenoHumeral Ligament 12:225 12:375 1:025
Medial GlenoHumeral Ligament 1:125 2:125 2:475
Anterior Inferior GlenoHumeral Ligament | 2:525 3:475 4:425
Posterior Inferior GlenoHumeral Ligament | 7:225 8:125 9:075
Humerus
CoracoHumeral Ligament 11:475 12:175 12:425
Superior GlenoHumeral Ligament 12:425 1:175 1:575
Medial GlenoHumeral Ligament 2:025 2:525 3:575
Anterior Inferior GlenoHumeral Ligament | 3:425 4:375 5:125
Posterior Inferior GlenoHumeral Ligament | 7:20 8:15 9:40
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Figure 3: Image A shows the lower bound, mean and upper bound attachment sites for the SGHL, MGHL,
AIGHL and PIGHL on the glenoid ring. The CHL attachment is not shown as this attaches to the coracoid
process. Image B shows the lower bound, mean and upper bound attachment sites for all ligaments on the
humeral head.

To get a better understanding of the impact of the attachment sites to the range of motion an additional
4 models were created: one where the ligaments attach to the lower bound on the scapula and the mean
attachment on the humerus (called the -o configuration); one where the ligaments attach to the mean scapula
attachment and lower bound on the humerus attachment (o- configuration), one where the ligament attaches
from the mean attachment on the scapula to the upper bound of the humerus (o+ configuration) and finally a
model where the ligaments attach to the upper bound on the scapula and the mean attachment on the humerus
(4o configuration).The naming convention for the configurations uses -, o and + signs to indicate lower bound,
mean and upper bound attachments in that order. The first sign indicates the scapular attachment and the
second sign is used for the humeral attachment.

2.1.2 Finding the corresponding attachment sites of the glenoid

The method to match the attachment site locations from literature to the model is described below.

The first step was to obtain the mesh points from the ‘scapula.vtp’ and ‘humerus.vtp’ files in the ‘Geometry’
folder. These files are used to generate the scapula and humerus of the model.

The glenoid, the distal concave-shaped end of the scapula, forms the glenohumeral joint together with the
humeral head. The mesh points of the glenoid were manually selected and depicted in red in fig. 4. There are
a total of 31 points that make up the glenoid in this file. If these points are equally spaced around the glenoid
that would give a resolution of 11.6°.

Acromion - .,
. .
.

Coracoid process

Figure 4: Scatter plot of the mesh points that make up the scapula. The points that represent the glenoid are
shown in red. For clarification, the mesh points that comprise the coracoid process and acromion are circled.



The insertion points as found from literature were all located at time stamps that are multiples of 2.5 minutes
(e.g. 1 hour and 17.5 minutes). Therefore the resolution needed to be brought down to 1.25° (12*24/360).
Piecewise Cubic Hermite Interpolating Polynomial (pchip) was used to increase the number of mesh points by
a factor of 1000. This method was preferred due to its ability to closely follow the original shape made by the
31 points.

The long axis of the glenoid determines the 12 o’clock location [29,32,33]. To find the long axis, the two
points furthest apart were located. Of these two points, the one with the largest y-value was set as the 12
o’clock point. The angle from the center of the glenoid to this point to the horizontal was calculated. From
this angle, 1.25° steps around the center of the glenoid were taken and used as reference. Similarly, the angle
to the horizontal of the interpolated mesh points was calculated. These values were compared to the reference,
where the closest value for each of the reference angles was stored.

The average absolute difference between the reference angles and the angles of the mesh points was found
to be 0.0037° with the largest difference being 0.013°. The length of the long axis was found to be 0.035. Using
this length and the largest error, the theoretical maximum error of the coordinate was found to be 8.1 x 1076
m. Given that the X, Y and Z attachments in the GeometryPath property in the OpenSim GUI offer 3 decimal
places, this was deemed accurate enough.

2.1.3 Finding the corresponding attachment sites of the humeral head

Whereas the ligaments on the glenoid attach to the glenoid rim, the attachment on the humerus is less easily
determined. An article by Momma et al. analyzed the thickness variation of the shoulder joint capsule [65].
They included a figure of the area at which the joint capsule attaches to the humerus, see fig. 5.

Similarly to finding the attachment sites on the scapula, the mesh points were loaded into Matlab. Using a
combination of the existing mesh points and points between the existing mesh points, a ring was created around
the humeral head. The goal was for this ring to closely follow the white dashed line in fig. 5 closest to the joint
surface. Again, pchip was used to interpolate the points by a factor 1000. This ring is visualized in fig. 6. For
the lateral view, the S shape as seen in fig. 5 C was tried to replicate.

The point with the smallest y value was taken as the 6 o’clock position and in a similar fashion as for the
glenoid, 1.25° steps around the center of the ring were taken and used as reference. Similarly, the angle to the
horizontal of the interpolated mesh points was calculated. These values were compared to the reference, where
the closest value for each of the reference angles was stored.

edge of the su ilaris insertion (H1), the inferior edge of the
the inferior edge o ndinous insertion of ter =
posteriar edge of the pinatus insertion [HE). Measurement data are listed in Table 2 HH, humeral head; ISP, insertion of infraspinatus; 55C,
nsertion of subscapularis; 55P, insertion of supraspinatus; Thi, insertion of teres minor; Any, antericr; Lat, lateral; Med, medial; Post, posterior;

Sup, superiar

J

Figure 5: Image taken from the paper by Momma et al. showing the attachment area of the shoulder joint
capsule [65]
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Figure 6: Ring around the humeral head on which the ligaments attach. Figure A: lateral view. Figure B:
frontal view

Ligaments of the Blankevoort1991Ligament class were added to the model. The coordinates found through
the method described above were used for the attachment coordinates to the humerus and scapula. The
configuration of these ligaments implemented in the model can be found in fig. 7.
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Figure 7: Image of the OpenSim model showing the added ligaments. A: posterior view; B: anterior view; C:
Posterior view, zoomed in; D: anterior view, zoomed in, without thorax

2.1.4 Finding the rest lengths of the ligaments

The ligaments around the glenohumeral joint prevent the joint from reaching extreme angles [66]. In order to
set the rest lengths so the ligaments engage at the extremes of the range of motion, the healthy range of motion
needs to be known. Unfortunately, there is limited quantitative data on the healthy range of motion for the
glenohumeral joint.

When lifting the arm upwards, for instance until the arm is horizontal, the humerus is at an angle of 90°
with respect to the thorax. This angle is known as the humerothoracic angle. Data on the humerothoracic
range of motion is more extensive but this does not directly relate to the glenohumeral angle, which is the angle
between the humerus and the scapula. During movement of the arm, the humerus moves with respect to the
scapula, which in turn moves with respect to the thorax. These movements are separated in the scapulohumeral
rhythm. This is a ratio that determines how much of the humerothoracic angle is due to glenohumeral angle
and the scapulothoracic angle [67].

The scapulohumeral rhythm is dependent on the plane of elevation. Different studies have looked into this



and found the scapulohumeral rhythm for the abduction plane to be 2.1 (2.0-2.3), for the scaption plane to be
1.9 (1.6-2.1) and for forward flexion to be 1.7 (1.1-2.0) [67-70].

Studies that analyzed the glenohumeral range of motion reported values for maximum shoulder elevation as
86° and 90° [71,72].

Apart from the glenohumeral shoulder elevation, there are two more degrees of freedom in the glenohumeral
joint. The plane of elevation determines the direction in which the arm points when it is lifted. For instance,
when the plane of elevation is 0°, the arm points towards the side, parallel to the thorax. When the plane of
elevation is 90°, the arm points straight ahead, perpendicular to the thorax. The last degree of freedom is the
axial rotation, which is divided in internal and external rotation. When the humerus is elevated so that it is
horizontal and the elbow is flexed 90°, moving the hand downward means internally rotating the glenohumeral
joint. Moving the hand upwards corresponds to externally rotating the glenohumeral joint. These degrees of
freedom of further clarified in fig. 8.

plane of
elevation

axial
rotation

v/ elevation

Figure 8: This figures shows the 3 degrees of freedom of the glenohumeral joint: shoulder elevation, plane of
elevation and axial rotation. This image was taken from the work of Prendergast et al. [73]

Similarly to the shoulder elevation, there is limited data on the achievable plane of elevation and axial
rotation for the glenohumeral joint specifically.

Several studies were found to report the maximum internal and external rotation for different combinations
of shoulder elevation and plane of elevation [67,71,72,74,75]. To find the rest lengths of the ligaments, manual
optimization was performed to match the results to this data and empirical tests carried out by the author.
The viable range of motion for the glenohumeral joint was found to be -30° to 130° of planer elevation, -44° to
120° of shoulder elevation and -90° to 90° of axial rotation.

The rest lengths of the ligaments were found to be 0.05511 m for the coracohumeral ligament, 0.05376 for
the superior glenohumeral ligament, 0.04294 for the medial glenohumeral ligament, 0.041258 for the anterior
inferior glenohumeral ligament and 0.06315 for the posterior inferior glenohumeral ligament.

The rest len%th of the ligaments needed to be changed for the different configuration. To achieve this they
were scaled by %@Z:’ where Lj,eqn is the mean length of the ligament over the whole range of motion for the
ligament with the mean attachment sites (00). Leon fig is the mean length of the ligament over the whole range
of motion for that specific configuration of the ligament.

A probability distribution of the lengths for the different ligaments are shown in fig. 9. The different
configurations use the following naming convention: the first symbol (-, o, +) indicates the attachment on the
scapula and the second symbol indicates the attachment the humerus. The - sign indicates the ligament is
attached to the lower bound, the o that it is attached to the mean attachment site and the + that it is attached
to the upper bound. As an example, -o represents the ligament that is attached to the lower bound on the
scapula and the mean attachment site on the humerus. The oo configurations, shown in black, is considered
to be the base model, with both the scapula and humerus attachments on the mean attachment site. L,,cqn 1S
based on this model.

Each graph shows the distributions of the five different configurations for that ligament. Vertical lines of the
same color indicate the rest length for that configuration. The values of these rest lengths are shown in fig. 9 F.
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Figure 9: Probability distributions of the ligament lengths. Each of the graphs shows the distribution for one
of the ligaments. Different colors indicate the distributions for different configurations. Vertical lines indicate
the rest length for that configuration. A: distribution for the SGHL lengths; B: distribution for the MGHL
lengths; C: distribution for the AIGHL lengths; D: distribution for the PIGHL lengths; E: distribution of the
CHL lenghts; F: table showing the ligament rest lengths for each of the ligaments and configurations.

2.2 Changes associated with frozen shoulder

Several studies investigated changes in stiffness and thickness of tissues surrounding the glenohumeral joint.
The result of these studies are visualized in fig. 2 [43-51,53,54].

There is a substantial spread in findings, with thickness changes of the coracohumeral ligament varying from
0% to 200% [49,50]. Most studies reported on the thickness changes of structures around the joint and four
studies reported both thickness and stiffness changes, or a derivation thereof [43-46]. From these studies there
is roughly a 1 to 1 correlation between thickness change and stiffness change (1:0.92). On average there is a 66%
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increase in thickness of these surrounding tissues and a 41% increase in stiffness. Only one study was found on
the inferior glenohumeral ligament thickness change, which they reported to be 208%, the highest value among
the included studies [48].

Given the large spread in reported values, as well as the fact that not all ligaments were reported on, a 50%
stiffness increase will be assumed for all ligaments for analyzing the effects of frozen shoulder.

Despite the contracture of the joint capsule being mentioned in several studies, as well as the lengthening
of these structures being the aim of most treatment options, no articles were found to quantitatively report on
these length changes. To obtain information about length changes, the following formula was used:

k:E*%

where k is the stiffness, F is the Young’s Modulus, A is the cross sectional area of the ligament and [ is the
length. Using the assumption that the volume of the ligament remains constant, i.e. Ay xly = As * lo, and
assuming that the Young’s Modulus does not change, the following formula can be obtained:

I, — kl*l%
2 = k’g

where [; and [o the ligament lengths and k; and ko are the ligament stiffness in the healthy and frozen
shoulder ligaments respectively.

Applying this to the earlier established 50% stiffness increase, a shortening of 18% is found. Using the data
from McKean at el. the ligament length in frozen shoulder would be 20% less than in the healthy shoulder [43].
For the results, this will be used as the lower bound for all ligaments.

2.3 Effect of parameter changes on ligament force

Changing the attachments sites changes the wrapping of the ligament. Since the distance between the attach-
ment sites is not constant this will also influence the ligament length over the range of motion.

Shortening of the ligaments, as is associated with frozen shoulder, is implemented in the model by lowering
the ligament rest length. This is the length at which the ligament transitions from being slack to being under
strain. The effect this has on the force exerted by the ligament is visualized in fig. 10. This figure shows three
force-length curves. The blue line shows the baseline ligament, with a rest length of 1 cm. The yellow line
shows the force-length curve for the same ligament, with the same stiffness but a rest length of 0.9 cm.

Due to the shorter rest length the ligament will be engaged at lengths were it used to slack. Additionally, the
force exerted by the shorter ligament will exceed that of the baseline ligament at equal lengths. For example,
when the ligament is stretched to a length of 1.1 c¢m, the baseline ligament will be under 10% strain, whereas
the shorter ligament will be under 22.2% strain. This relative difference in strain increases if the rest length is
decreased.

Effect of Length and Stiffness Changes on Force

e Baseline
50 % Stiffer
250 F 10% Shorter Rest Length

Force (N)
@
o

50 r

0.9 0.85 1 1.06 1.1 1.15 1.2
Ligament Length (cm)

Figure 10: Force-length curve for a normal ligament with a rest length of 1 cm, a model with 50% stiffer ligament
and a model with 10% shorter rest length.

Another change in structure that is associated with frozen shoulder is an increase in ligament stiffness. The
orange line in fig. 10 shows the force-length curve of a ligament with 50% more stiffness than the baseline
ligament. This translate to a 50% higher force for both the toe region and linear region.
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2.4 Obtaining model data

In order to analyze the impact of length and stiffness changes on the ligament strain and joint moments three
types of output were required from the model: ligament length, moment arms and force.

To obtain the ligament length, three for-loops were used to cover the determined range of the three degrees
of freedom. This was done at a 2° resolution for each of the degrees of freedom, resulting in a 81x83x91 array for
each of the ligaments. For all of the 611 793 poses the getLength functionality of the Blankevoort1991Ligament
class was used to find the ligament length for that specific pose. This process took roughly one hour to
complete on my machine and had to be repeated for the other models as the different configurations would
result in different lengths.

Obtaining the moment arms for the three degrees of freedom was done in a similar method using the
computeMomentArm functionality at comparable computational cost.

To obtain the force data, the OutputReporter was used. Unfortunately, due to the complexity of the model,
this process was computationally much more expensive. Getting the ligament forces at 10° resolution took
around one hour. To obtain these results at the same resolution as the length data, an estimated 125 hours
would have been required (53, five times higher resolution for three degrees of freedom). To combat this, a
simple model was created in OpenSim Creator [76]. It consisted of a single slider joint spanned by a ligament.
Using increments of 0.01% strain the force exerted by this ligament was collected using the OutputReporter.
This data was used to create a normalized force-length curve using a second order polynomial for the toe-region
(between 0 and 3% strain) and a first order polynomial for the linear region (above 3% strain). This normalized
force-length curve could than be scaled to match the desired ligament stiffness as taken from the model. Using
the ligament lengths that were already obtained ligament force could be calculated for the full range of motion.

The results of this method were compared to results obtained directly from the OutputReporter at 10°
resolution. On average a difference of 1.7 x 107%% was found. Using the largest difference of 5.87 x 107°
Newton and given that the largest moment arm does not exceed 0.025 m, the maximum difference between
these methods could be 1.5 x 1078 Nm which was found to be acceptable.

Using this method it was possible to analyze the effect of combinations of length, stiffness and configuration
changes. Generating the results for 42 combinations (7 different amounts of shortening and 6 different amounts
of stiffness increase) for all five of the configurations would have taken close to three years. Using the described
method it can be done in around three minutes.

2.5 Determining impact of length changes

To determine the impact of length changes, custom code was written in Matlab to determine the ligament
lengths across the full range of motion. This was determined at a 2° resolution for each of the degrees of
freedom, resulting in a 81x83x91 array for each of the ligaments. This data, combined with the rest lengths,
could be used to determine the strain maps for each ligament. The impact of length changes was determined
by multiplying the rest length by a factor smaller than 1, i.e. 0.8 in case of a 20% reduction in length. With
this new rest length, the change in strain maps could be analyzed.

To further analyze the impact of these length changes, additional code was written to determine the minimum
and maximum shoulder elevation and axial rotation at 5% strain. This border of 5% strain was based on the
work of Ticker et al., who found the inferior glenohumeral ligament could fail at strains of around 9% in the
middle of the ligament [77]. Continuing on this work Pollock et al. found that cyclic loading of as low as 4.6%
strain could cause lasting elongation of the ligament in cadaver studies [78]. Although the source of pain is
often poorly understood, straining the ligament results in muscle activation around that joint to protect and
stabilize it [79]. Based on this information, the author assumes 5% strain to be around the limit of comfort.

This information was used to determine the percentage of shoulder elevation or axial rotation that was lost
for each plane of elevation.

Lastly, the areas of the strain maps for the different planes of elevation within the 5% strain margin were
compared to provide insight in the overall loss of range of motion associated with these length changes.

2.6 Determining impact of stiffness changes

Custom code was written in Matlab for the analysis of stiffness changes. The model was placed in different
poses, covering the whole range of motion at 2° resolution. The forces in the ligaments and their moment arms
were computed with normal stiffness and a 50% increase in stiffness to simulate the stiffness in frozen shoulder.

Once the forces and moment arms were calculated, they were multiplied and added together to find the
contribution of the ligament forces on the joint torque. These values can be compared to the joint torque for
the frozen shoulder case. This simulates the situation at the physiotherapist where the arm of the patient is
passively moved around.
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To quantify the effect of stiffness change on the range of motion, the ROM within a certain bound is
taken. This boundary is determined by the joint moment. The force-strain curves of the different ligaments
is visualized in fig. 11. The ligaments wrap over customized wrapping surfaces. This prevents the ligaments
from going through the humeral head and ensures they follow a natural path across the range of motion. These
wrapping surfaces have radii around 0.02 m, which gives an indication of the magnitude of the moment arm
when the ligament is under strain. To get a better understanding of the effect of ligament stiffness changes on
the joint moment, the moment that serves as a boundary needs to be carefully selected.

If the boundary is too small, for instance 0.1 Nm, it can be reached while the ligament is in the toe-region of
the force-strain curve. Given the quadratic nature of this region, it is less sensitive to an increase in stiffness. If
the boundary is set too high, for instance at 5 Nm, this will only be reached when the ligament produces 250 N
of tensile force, assuming the moment arm to be 0.02 m. Depending on the ligament, this would occur between
around 14% and 31% strain. When the strain values are that high it is likely the ligaments are damaged, making
for an unsuitable boundary.

A boundary of 1 Nm seems to be able to provide insight on the effect of stiffness changes on the range of
motion. Assuming the moment arm to be 0.02 m this would occur when the ligament exerts 50 Newtons of
force. Depending on the ligament this occurs between 4.0 and 6.9% strain. Increasing the stiffness by 50%
would result in the same force between 3.2 and 5.1% strain.

Force-Strain Curves of Ligaments

150

100

Force (N)

50

Strain (%)

Figure 11: Force-strain curves of the coracohumeral and glenohumeral ligaments. The force-strain curves shown
are based on the normal model, without increased stiffness.

3 Results

We present the effect of attachment site variation, length changes and stiffness changes on model passive range
of motion and moments.

3.1 Impact of attachment site variation on range of motion

The impact of the variation in attachment sites of the SGHL, MGHL, AIGHL, PIGHL and CHL on the range
of motion is visualized in fig. 12, fig. 13, fig. 14, fig. 15 and fig. 16 respectively.

These figures consist of five parts. Part A shows the shaded strain map, where the colored lines indicate the
5% strain borders for the different configurations. The part of the ROM that is within this border is shown in
white. The area outside the border is shaded. The darkness of the shaded region is determined by the amount
of configurations for which that area is outside of the border. If an area of the graph is shaded black, this means
it is outside of the border for all of the configurations. Parts B, C and D show similar graphs that indicate what
part of the ROM is within and outside of the border of 1 Nm for the different configurations. These graphs show
the impact on the Axial Rotation moment, the Plane of Elevation moment and the Shoulder Elevation moment
respectively. The horizontal axes of these graphs show the axial rotation, ranging from -90° to 90°. Negative
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axial rotation indicates external rotation and positive axial rotation means internal rotation. The vertical axes
represent shoulder elevation. The plane of elevation is set at 40°, which was determined to be the scaption
plane. Lastly, part E is a row of images showing the orientation of the ligament in the model. The color of the
border around these images is consistent with the colors used in the graphs.

The red line, -o therefore resembles the border of the ligament that attaches to the lower bound on the
scapula and the mean attachment on the humerus. The yellow line, o- shows the ligament attached at the mean
position on the scapula and the lower bound on the humerus. The black line, oo, shows the strain border for
the ligament that attaches to the mean scapula and humerus position. The cyan line, o+, resembles the border
of the ligament that is attached to the mean attachment on the scapula and the upper bound on the humerus.
Finally, the blue line, 4o, indicates the border of the ligament attached to the upper bound on the scapula and
the mean attachment on the humerus.
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Figure 12: Impact of SGHL attachment site variation on the range of motion. A shows the strain map, using
5% strain as the border. B, C and D show moment maps for axial rotation, plane of elevation and shoulder
elevation respectively, using 1 Nm as border. E shows the different configurations in the model
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Looking at fig. 12 the SGHL limits extension and external rotation. It appears the attachment site on the
scapula does not influence the strain map much. On the other hand, the attachment on the humerus seems
to either increase or decrease the external rotation. This also translates to the graphs that show the moment
(henceforth called moment maps). The red and blue lines stay close to the black line whereas the yellow and
cyan lines deviate from it more.
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Figure 13: Impact of MGHL attachment site variation on the range of motion. A shows the strain map, using
5% strain as the border. B, C and D show moment maps for axial rotation, plane of elevation and shoulder
elevation respectively, using 1 Nm as border. E shows the different configurations in the model

The MGHL, as shown in fig. 13, limits external rotation as well as internal rotation at high angles of shoulder
elevation. Attaching to the upper bound on the humerus (o+) takes away the limit on external rotation. In
return this configuration appear to limit the internal rotation more. Attaching to the lower bound on the
humerus further limits the external rotation. Similar to the SGHL attachment site variation on the scapula
has smaller impacts on the range of motion than changing the humeral attachment site. Due to the position
of ligament, its moment arm for shoulder elevation is small for most configurations. This explains why there is
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limited shaded area in fig. 13 D. In the bottom left corner of fig. 13 D the shaded areas are divided in two. This
is due to the transition from a negative moment to a positive moment. In between these regions the moment
arm drops to zero, causing the moment to remain below the threshold of 1 Nm.

AIGHL Attachment Site Impact on Strain AIGHL Attachment Site Impact on Axial Rotation Moment
2120 120 siss —‘
100 100 b o
80 80
o =)
7] @
= Z
c 060 = 60
il 0
© ©
E 40 E 40
u w
S 2 £ 2
3 =2
o s}
o 7z
0 o i 0
o- i
oo [
o [
+0 [ff
-40 Hf TR -40 TR
90 -70 -50 -30 -10 10 30 50 70 90 %0 -70 50 -30 -10 10 30 50 70 90
Axial Rotation (deg) Axial Rotation (deg)

A|1G2|E]|L Attachment Site Impact on Plane of Elevation Moment Al?zl'g)L Attachment Site Impact on Shoulder Elevation Moment

D

100 100
80 80
=) =)
© @
h=h z
= 60 = 60
L2 L2
g g
@ 40 @ 40 :
i i =
£ 20 T 20
= =2
Q Q
% &
0 - 0 0
o o
00 -20 00
o+ o+
i +o [ I +o [
-40 | i nanist -40 | TR
%0 -70 -50 -30 -10 10 30 50 70 90 %0 -70 -50 -30 -10 10 30 50 70 90
Axial Rotation (deg) Axial Rotation (deg)

.'\ = "

Figure 14: Impact of AIGHL attachment site variation on the range of motion. A shows the strain map, using
5% strain as the border. B, C and D show moment maps for axial rotation, plane of elevation and shoulder
elevation respectively, using 1 Nm as border. E shows the different configurations in the model

For the mean attachment combination (0oo) the AIGHL appears to limit glenohumeral elevation above 90°,
while also limiting the external and internal rotation when the arm is elevated, as shown in fig. 14 A. Comparing
the boundaries it seems that the attachment site on the scapula mainly determines the axial rotation, where the
lower bound attachment (-0) allows for more external rotation with less internal rotation and the upper bound
(40) allows for more internal rotation while limiting the external rotation. The attachment on the humerus
appears to have the opposite effect, where attachment to the lower bound (o-) limits the external rotation while
allowing for more internal rotation. Additionally, the lower bound humeral attachment limits external rotation
over a larger part of the shoulder elevation, while allowing for more shoulder elevation in general. This finding
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holds when looking at fig. 14 D where the shoulder elevation moment of o- hardly exceeds the threshold. At
small angles of axial rotation the AIGHL crosses between the humeral head and the scapula. These poses
produce low strain, if any, while having a small moment arm. As a result, the axial rotation moment only
exceeds the threshold at higher angles of axial rotation or shoulder elevation, where the ligament has to wrap
around the humeral head more.

EIEHL Attachment Site Impact on Axial Rotation Moment
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Figure 15: Impact of PIGHL attachment site variation on the range of motion. A shows the strain map, using
5% strain as the border. B, C and D show moment maps for axial rotation, plane of elevation and shoulder
elevation respectively, using 1 Nm as border. E shows the different configurations in the model

In fig. 15 it shows the PIGHL limits the internal rotation when the arm is extended. Attaching to the lower
bound on the humerus (o-) eliminates these limitations while attaching to the upper bound (o+) further limits
the internal rotation, mainly while the arm is in extension.
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Figure 16: Impact of CHL attachment site variation on the range of motion. A shows the strain map, using
5% strain as the border. B, C and D show moment maps for axial rotation, plane of elevation and shoulder
elevation respectively, using 1 Nm as border. E shows the different configurations in the model
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The ROM limitations imposed by the CHL are comparable to those of the SGHL, mainly limiting shoulder
extension and external rotation, as seen in fig. 16. Attachment to the lower bound on the humerus (o-) increases
the limit on external rotation. However, the range of shoulder elevation for which external rotation is limited
decreases. Attachment to the upper bound on the humerus (0+) decreases the limitation on external rotation.
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Figure 17: Impact of attachment site variation on the combined range of motion. A shows the strain map, using
5% strain as the border. B, C and D show moment maps for axial rotation, plane of elevation and shoulder
elevation respectively, using 1 Nm as border.

Combining the strain maps and moment maps from the previous plots the overall effect on ROM is visualized
in fig. 17. This shows attaching to the lower bound on the scapula (-0) results in more external rotation when
shoulder elevation is positive and allowing for more shoulder elevation when the arm is externally rotated. On
the other hand there is less internal rotation.

Attaching to the lower bound on the humerus (o-)removes the limitation on internal rotation and allows for
more shoulder elevation, but limits the external rotation more.

Attaching to the upper bound on the humerus (o+) has the opposite effect, further limiting the internal
rotation and shoulder elevation. Because the MGHL does not limit external rotation in this configuration it is
not limited between 20° and 70° of shoulder elevation.

Lastly, attaching to the upper bound on the scapula (+0) results in more limitations on external rotation
but allows for more internal rotation, with a similar limit on shoulder elevation.
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Figure 18: Relative changes in ROM area for different values of plane of elevation compared to the mean model
(00) for the SGHL(A), MGHL(B), AIGHL(C), PIGHL(D), CHL(E) and combined situation(F)

To analyze the impact of configuration changes on the ROM area for other values of the plane of elevation,
fig. 18 shows graph of the area below the 5% strain border are shown as a percentage of the area produces
by the mean configuration (0o). Looking at fig. 18 A, which shows the area below 5% strain for the different
configurations as a percentage of the area of the mean configuration (00), a similar pattern emerges for the
other plane of elevation values, where the attachment of the scapula only has limited influence on the range of
motion. On the other hand, changing the attachment on the humerus results in larger differences in the ROM.
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Changing the humerus attachment from mean to the lower bound (o-) increases the range of motion for small
and negative values of plane of elevation while losing some ROM for higher values. Changing the attachment
to the upper bound (o+) has the opposite effect.

In fig. 18 B it appears that for both configurations with different humeral attachments (o- and o+), around
20 to 25% of ROM is gained near the lower limit of the plane of elevation.

As shown in fig. 18 C the mobility of the shoulder increases substantially for plane of elevation values below
30° if the attachment of the AIGHL on the humerus changes to the upper bound (o+). After this point, around
10% of the mobility is lost. The opposite is true for changing the attachment to the lower bound on the humerus
(0-). Changing the attachment site on the scapula has less pronounced effects.

Looking at fig. 18 D it appears shoulder mobility is gained for plane of elevation values over 20° for most
of the configurations. Notably, towards to upper limit of the plane of elevation, mobility is gained for all
configurations. Having the ligament attach to the upper bound on the humerus (o+) limits the mobility across
most of the planes of elevation.

The effect of attachment site variation on shoulder mobility is relatively low for the CHL as seen in fig. 18 E.
Similar to the SGHL, attaching to the lower bound on the humerus (o-) gains some mobility for low and negative
values of the plane of elevation but loses some for higher values. The opposite effect is seen for attaching to the
upper bound on the humerus (o+).

The change in area for the combined effect of all ligaments for different configurations is shown in fig. 18 F.
This shows that the o- and +o configuration gain ROM for most of the planes, whereas the o+ configuration loses
ROM for most of the planes of elevation. Taking the average across all planes, the area for the -o configuration
is 98.9% of the area of the oo configuration. For the o- configuration, this is 112.2%, for the o+ configuration
95.7% and for the +o configuration 106.2%.

3.2 Impact of length changes on range of motion

Impact of Ligament Shortening on Range of Motion
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Figure 19: Strain map of the scaption plane for all ligaments. The poses of the model under A show the maximal
external rotation in the scaption plane. The poses under B show the maximum shoulder elevation, which is at
0° axial rotation for all lengths.

Changing the rest length of the ligament alters the strain maps. In fig. 19 the shaded strain map in the scaption
plane is shown for the healthy ligament, with a green line showing the 5% strain border. The other lines show
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the 5% strain border for different levels of shortening, where the green dotted line depicts the border at 5%
shortening, the yellow line at 10% shortening, the yellow dotted line at 15% shortening, the red line at 20%
shortening, the black line at 25% shortening and the black dotted line at 30% shortening. Next to this shaded
strain map, the model is depicted in different poses, where column A shows the maximum external rotation and
column B shows the maximum shoulder elevation given the different rest lengths.

Shortening the ligaments by 5% increments appears to result in losing the outer border of the available
space, where the thickness of the border remains fairly constant over the shortening steps. The thickness of the
border does vary depending on the location, where the distance between the lines is smaller for negative axial
rotation values, and larger for the positive numbers.

Impact of Ligament Shortening on Their Own Range of Motion
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Figure 20: Impact of length changes on the availbe ROM determined by the ligaments.

The impact of shortening on the ROM as determined by individual ligaments is shown in fig. 20. The AIGHL
is affected most by the shortening, having lost 50.2% of its ROM when 30% shortened. The PIGHL and MGHL
show comparable results, loosing 41.5% and 38.4% of their available ROMs respectively. The CHL loses 33.1%
of it ROM when shortened by 30% and the SGHL is least affected by shortening, only losing 19.5% of its ROM.
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Figure 21: Figure shows the area of the range of motion as determined by the axial rotation and shoulder
elevation as a percentage of the area in case of no shortening (healthy length) across the full range of motion
for the plane of elevation.
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Lastly, the area enclosed by the 5% strain border was calculated for each of the planes of elevation. This shows
how shortening the ligaments does substantially influence the available range of motion. For 20% shortening
there is at most 49% of the poses available compared to the healthy case, but when the plane of elevation
exceeds 90° this is only around 12%. The average range of motion over all the planes of elevation is 81.2% for
5% shortening, 61.7% for 10% shortening, 43.8% for 15% shortening, 27.4% for 20% shortening, 14.0% for 25%
shortening and 5.4% for 30% shortening.
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Figure 22: Figure shows the area of the range of motion as a percentage of the area in case of no shortening
(healthy length) across the full range of motion for the axial rotation (A) and shoulder elevation (B).

The area of the ROM enclosed by the 5% strain margin is also plotted against the axial rotation and shoulder
elevation angles in fig. 22 A and B respectively. This shows a steep drop towards the end range of external
rotation, where only 50% of the area is left after 5% shortening. On the other end of the range, at large angles
of internal rotation, there is also a drop in the available area. For values between 50° external and 50° internal
rotation there seems to be a plateau, with a similar relative loss of area across that range. At larger amounts
of shortening, this plateau shifts to the right, which appears to indicate that external rotation is affected more
by shortening.

Looking at the area loss over shoulder elevation, it is the large angles of shoulder elevation where the largest
relative changes occur. This is likely due to the limited initial size of the area. At 30% shortening, the model
can no longer lower the shoulder below 0° or raise it above 80°.

Frozen shoulder is diagnosed by comparing the internal and external rotation and shoulder elevation to the
unimpaired shoulder. A loss of 50% of these motions is set as the threshold for diagnosis. The effect of ligament
shortening is on external rotation, shoulder elevation and internal rotation are shown in fig. 23 A, B and C
respectively. The average percentages of the healthy motion that could be achieved for the different amounts
of ligament shortening are shown in fig. 23 D. This shows that for 20% shortening the external and internal
rotation have lost close to 50% of their range. For shoulder elevation this condition is only met when the rest
length is shortened by 30%, mainly because the shoulder can no longer reach plane of elevation values over 70%.
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Figure 23: A: Percentage of healthy external rotation that can be reached after rest length shortening. B:
Percentage of healthy shoulder elevation that can be reached after rest length shortening. C: Percentage of
healhty internal rotation that can be reached after rest length shortening. D: the average percentage of healthy
motion that can be reached over all planes of elevation

3.3 Impact of stiffness changes on range of motion

The impact of stiffness change on the available range of motion is shown in fig. 24. The change for the axial
rotation moment, plane of elevation moment and shoulder elevation moment are shown in fig. 24 A, C and E
respectively. These graphs show the 1 Nm border for the normal situation as well as for the situation where the
ligaments are 50% more stiff. In fig. 24 B, D and F the relative change in area is shown for the axial rotation
moment, plane of elevation moment and shoulder elevation moment in that order. The solid green line shows
the change for the normal case, the green dotted line for 10% stiffer ligaments, the yellow line for 20% stiffer
ligaments, the yellow dotted line for 30% stiffer ligaments, the red line for 40% stiffer ligaments and the red
dotted line for 50% stiffer ligaments.

Similarly to the changes due to shortening the largest relative differences can be found towards the extreme
angles of that degree of freedom.

The impact of stiffness changes on the ROM of each of the individual ligaments is shown in fig. 25, as well as
the combined impact the available ROM. The changes in the axial rotation moment, plane of elevation moment
and shoulder elevation moment are shown in fig. 25 A, B and C respectively. The combined impact is similar
for all three cases, but the contribution of the ligaments varies. The contribution for the SGHL is similar in all
three cases. The PIGHL and CHL contribute more to the axial rotation and plane of elevation moment than
to the shoulder elevation moment. The MGHL contributes more than the previously mentioned ligaments in
all three cases. Its largest contribution is to the shoulder elevation moment. The AIGHL is impacted most by
stiffness changes, mostly for the axial rotation and plane of elevation moments.
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Figure 24: Shaded moment maps for the axial rotation moment, plane of elevation moment and shoulder
elevation moment are shown for the scaption plane in figures A, C and E respectively. The green lines indicate
the 1 Nm border as obtained with normal stiffness values. The red lines indicate the 1 Nm border as obtained by
ligaments that are 50% more stiff. Figures B, D and F show the relative change in available ROM area caused by
the increased stiffness for the axial rotation moment, plane of elevation moment and shoulder elevation moment
respectively.
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Figure 25: Impact of stiffness change on the available ROM determined by the ligaments. Figure A shows
the impact on axial rotation moment, figure B on the plane of elevation moment and figure C on the shoulder
elevation moment.

3.4 Impact of length, stiffness and attachment site changes on range of motion

After analyzing the impact of changing one parameter at a time, this section will present the effect of combining
parameter changes on the available ROM.

In fig. 26 A the impact of length changes is shown for different configurations. Despite the differences in ROM
area between these configurations, as seen in fig. 18 F, the results for the configurations with the same humeral
attachments (-0, oo and +o) are very similar. The results for the models with different humeral attachments (o-
and o+) differ more from the normal model. Having the ligaments attach to the upper bound on the humerus
(04) makes the model more susceptible to length changes. Attaching the ligaments to the lower bound on the
humerus (o-) results in the smallest relative area loss.

The other three images in fig. 26, image B, C and D, show the effect of stiffness change on the ROM
determined by the different moments for the different configurations. Similar to the length changes, the upper
bound humerus attachments (o+) show the largest relative ROM loss, whereas the lower bound humerus
attachments (o-) show the lowest relative ROM loss. The results of the lower bound scapula attachment
configuration (-0) are very similar to the results of the mean model (00). With the exception of the plane of
elevation ROM, the -o configuration has a higher relative loss of area than the oo configuration.

The +o configuration has a lower relative loss than the oo configuration in all four of the cases. The difference
is more pronounced for the stiffness changes than for the length changes.
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A Impact of Ligament Shortening and Configuration Changeson Impact of Stiffness and Configuration Changes on Available Axial Rotation
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Figure 26: Image A shows the impact of length changes for different configurations. Images B, C and D show the
impact of stiffness changes on the axial rotation moment ROM, plane of elevation moment ROM and shoulder
elevation moment ROM for different configurations in that order.
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Figure 27: The impact of length and stiffness changes on the available ROM for the plane of elevation moment
ROM

The effect of combining length and stiffness changes for the mean configuration (0o) is shown in fig. 27.
This image shows that length changes result in the largest relative difference in range of motion. Shortening
the rest length by 5% results in an ROM loss of 14.7%, whereas an increase in stiffness by 50% only results in
a ROM loss of 5.5%. The slopes of these lines are -0.0108, -0.0132, -0.0137, -0.0135, -0.0122, -0.0099, -0.0075 in
the order from 0% to 30% shortening. This shows the impact of stiffness changes is largest for the case of 10%
shortening.

The effect of combining length and stiffness changes for different configurations is shown in fig. 28. Interesting
to note is that the order that was seen in the other results, where the lowest relative change was attributed to
the o- configuration and the largest relative change to the o+ configuration no longer holds when the ligaments
are shortened by 25% or 30%. For these cases all other configurations have less relative ROM loss than the
mean model (00) except for the -o configuration. A similar pattern also appears for the ROM determined by the
axial rotation moment as seen in fig. 29. In this case the o+ configuration does stay below the oo configuration,
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meaning it has a larger relative ROM loss. For the ROM loss determined by the shoulder elevation moment, as
seen in fig. 30, the o+ configuration has the largest relative ROM loss for all levels of shortening. The difference
here is so large that 15% shortening of the o+ configuration results in a similar relative ROM loss as 20%
shortening for the o- configuration.

Impact of Length, Stiffness and Configuration Changes on
Available Plane of Elevation Moment ROM
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Figure 28: Graph showing the effect of length and stiffness changes on the relative ROM loss for different
configurations. The ROM loss was analyzed for the plane of elevation moment with a boundary at 1 Nm.
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Impact of Length, Stiffness and Configuration Changes on Available Axial Rotation
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Figure 29: Graph showing the effect of length and stiffness changes on the relative ROM loss for different
configurations. The ROM loss was analyzed for the axial rotation moment with a boundary at 1 Nm.
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Figure 30: Graph showing the effect of length and stiffness changes on the relative ROM loss for different
configurations. The ROM loss was analyzed for the shoulder elevation moment with a boundary at 1 Nm.
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Average percentage of achievable movement compared to normal case
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10% shortening 62,9% 96,5% 94,9%
15% shortening 50,1% 94 0% 90,5%
20% shortening 39,9% 90,4% 82,4%)
25% shortening 31,0% 60,8% 57.,6%)
30% shortening 22 5% 45 2% 47 8%
0o External Rotation Shoulder Elevation Internal Rotation|
5% shortening 83,1% 96,5% 895,1%
10% shortening 70,8% 91,9% 89,0%
15% shortening 80,5% B6,7% 75,3%|
20% shortening 50,7% 68,2% 54 0%
25% shortening 41,4% 50,9% 39 3%
30% shortening 11 2% 34 9% 29 7%
o+ External rotation Shoulder elevation Internal rotation
5% shortening a93,0% 95,8% 92,6%
10% shortening 34.7% 90,9% 85,2%
15% shortening 73,0% 85,1% 65,6%)|
20% shortening 55,5% 76,7% 48 4%
25% shortening 31,3% 49,8% 30,4%
30% shortening 19 1% 37,6% 20,3%|
+0 External rotation Shoulder elevation Internal rotation
5% shortening 83,2% 965,8% 99 2%
10% shartening 70,3% 92,7% 97,9%
15% shortening 59,5% 87,1% 95,6%
20% shortening 50,0% F7.7% 86,7%|
25% shortening 40,6% 54,5% 657,0%)
30% shortening 13 8% 40,8% 54 1%

Figure 31: Average percentage of healthy motion that can be reached over all planes of elevation for the different
configurations

Lastly, the effect of rest length shortening on external and internal rotation and shoulder elevation, as seen
in fig. 23, was analyzed for the different configurations. The average percentages are shown in fig. 31. It appears
that configurations with the mean humeral attachment (-0, oo and +o0) are most affected in external rotation.
The o- and +o configurations are well protected against loss of internal rotation, where 30% shortening will
result in only 52.2% and 45.9% loss of internal rotation, compared to 71.3% to 79.7% for the other configura-
tions. Shoulder elevation remains relatively well preserved regardless of the configuration, where only the o+
configurations lowers it below 50% at 25% shortening.

4 Discussion

The aim of this study was to find the changes in ligament rest length and stiffness that were needed to induce
the loss of range of motion as seen in frozen shoulder. Looking at the individual movements, shortening the
rest lengths by 20% is enough for some of the configurations to cause a loss of 50% of external and internal
rotation, which can be seen in fig. 31. Losing 50% of the shoulder elevation requires more shortening, with
only one of the five configurations (o+) achieving this at 25% shortening. Three other configurations are close
to 50% shoulder elevation loss at 256% (-0, oo and +o0). Looking at fig. 27 a combination of 25% shortening
and a stiffness increase of up to 50% could be enough to bring the shoulder elevation loss below 50% for these
configurations as well.

A more robust approach that is less sensitive to modeling decisions is looking at the ROM area that is lost
across the planes of elevation. If both axial rotation and shoulder elevation lose 50% of the range on both sides,
this would leave an area of 25% of the original area. Looking at fig. 21, 20% shortening results in a loss of area
of 72.6%. An increase in stiffness could bring this area loss to over 75%. If only shoulder flexion is assumed to
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be affected and shoulder extension is not, an area loss of 68.75% would suffice. This condition can be met by
only the 20% shortening of the rest length.

4.1 Discussion of the results

Given that the spread in attachment sites for all ligaments are larger on the humerus than on the scapula,
combined with the greater size of the attachment ring compared to the glenoid, the distance between the
attachment sites is larger on the humerus. This could explain why the scapular attachment appears to be of
less influence on the range of motion compared to the variations in humerus attachment sites.

The spread in attachment sites for the AIGHL is relatively large on both the humerus and scapula, which
could explain why the borders are further apart in fig. 14.

The effect of stiffness changes on the available range of motion was less pronounced than for the length
changes. These results can be expected looking back at fig. 10 and fig. 11. The point at which the ligament
starts to strain does not change, so the change in area is determined by the strain at which the ligaments reach
the threshold of 1 Nm. As stated in the method this happens between 4.0% and 6.9% strain for the normal
strain values and between 3.2% and 5.1% strain when the stiffness is increased by 50%.

The rest length of the ligaments was determined in such a way that the available ROM matches the data
that was found in literature. As a result, the percentage of lengths that exceed the rest length, i.e. the area
under the curve to the right of the vertical line in fig. 9 differs greatly between the ligaments. This area is
directly correlated to the initial available range of motion. If the number of poses for which the ligament length
exceeds the rest length is low, i.e. a small area under the curve to the right of the rest length, the available ROM
will be large. If the physical changes due to shortening of the rest length are similar, for instance removing 5°
from the border of the ROM, this will result in a larger relative impact for ligaments that started with smaller
available ROMs. This could explain why the AIGHL was most susceptible to length changes as seen in fig. 20.
This could also explain why the o- configuration showed lower relative ROM loss than the other models. This
configuration has a larger initial ROM area, as seen in fig. 18 F, which would make the relative change lower.
On the other hand, the o+ configuration has the smallest initial ROM and showed the most relative ROM loss,
for instance when looking at fig. 26 A. The percentage of poses for which the rest length is exceeded for the
different ligaments at different configurations is shown in fig. 32 B.

A Impact of Rest Length Shortening on Percentage of Poses where
Rest Length is Exceeded

70,0%
60,0%

50,0%

20,0% Percentage of poses for which the length exceeds the rest length
SGHL MGHL AIGHL PIGHL CHL
30,0%

-0 68%  20,6%  302% 74%  11,4%
200% o- 63%  17,0%  274% 44%  123%
o0 00 67%  178%  29,8% 88%  11,6%

o+ 62%  196%  30,8%  10,8%  10,2%
o
00% 0% 5% 10% 15% 20% 25% 30% +0 6,6% 16,7%  28,5% 7,1% 11,5%
shortening shortening shortening shortening shortening shortening shortening
s SGHL 6,7% 8,6% 10,8% 13,6% 17,2% 22,0% 27,9%
MGHL 17,8% 22,3% 27,2% 32,7% 38,6% 45,0% 51,7%
AIGHL  29,8% 35,5% 41,4% 47,5% 53,5% 59,6% 65,8%
PIGHL 8,8% 14,5% 20,7% 27,4% 34,5% 41,8% 49,2%
em——CHL 11,6% 15,4% 19,8% 24,7% 30,4% 36,8% 43,4%
e SGHL MGHL AIGHL PIGHL === CHL

Figure 32: Image A shows the impact of rest length shortening on the percentage of poses where the rest length
is exceeded. Image B shows a table with the initial percentages of poses exceeding the rest length for different
configurations.

Apart from the differences in area under the curve to the right of the rest length, the shape of the curve also
plays a role in the ligaments susceptibility to length changes. In fig. 32 A the effect of rest length shortening
on the percentage of poses for which the rest length is exceeded is shown for the different ligaments. Looking
at fig. 9 A through E there is a tail towards the upper end of the lengths. This is not the case for the PIGHL.
Furthermore, a larger rest length will have a larger absolute change due to shortening (10% shortening leads
to a 0.00429 shorter MGHL rest length but a 0.00632 shorter PIGHL rest length). Combining this explains
why the percentage of poses that exceeds the rest length is almost equal for the PIGHL and MGHL at 30%
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shortening despite the large initial difference. This could also explain the phenomenon described in section 3.2,
where more ROM area appeared to be lost on the PIGHL side than the MGHL side.

Using the mean length over all the poses to determine the scaling factor for the rest length was the preferred
method as this is less sensitive to outliers. Different methods, like using the difference between the largest and
smallest length, would have resulted in similar scaling factors for most configurations, but for some configurations
would have resulted in differences in rest length of up to 14%.

Although the rest lengths were scaled for different configurations, no changes were made to the stiffness val-
ues between configurations. The articles from which the stiffness values were retrieved based them on average
values. For this reason the same values were applied to all configurations. Future research should aim to find
ligament stiffness values for different configurations.

In the current study configuration changes were applied to all ligaments. For instance, in the o+ model,
all ligaments were attached to the upper bound on the humeral attachment site. Using the five described
configurations, a total of 3125 combinations could be made, but only five of them were explored.

Some studies provided data on how often a certain attachment site was found, for instance Itoigawa et al
stating the AIGHL attached between 4 and 5 ’o-clock in 2% of the case [29]. Only one study reported on
humeral attachment sites [21]. However, no articles were found to describe how often combinations of certain
glenoid and humerus attachments were found. As a result, it is unknown if an o+ configurations is equally likely
as an o- configuration, or if they exist. Given the impact the humeral attachment has on the range of motion,
as found in this study, future research should aim to analyze the humerus attachments and the combinations
of glenoid and humerus attachments.

The fact that the slope of the curve was largest for the case of 10% shortening in fig. 19 could be explained
by the fact that the length of the border is longest for that case, as the change in ROM due to stiffness changes
occurs near that strain border.

4.2 Limitations

Due to instabilities in the wrapping algorithm, the radii of the wrapping surfaces could not be maintained for
the different configurations. This will have influenced the ligament lengths as well as the moment arms. The
change in length due to a different wrapping surface was limited by scaling the rest lengths based on the ligament
lengths but it is difficult to determine how much of the error could be remedied this way. The wrapping surfaces
used were ellipsoids with an X, Y and Z radius. They were often different from each other, and because the
moment arms are strongly dependent on the way the ligament wraps around this ellipsoid, it was not feasible
to limit these errors once the data was collected. The radii of the wrapping surfaces used in the models as well
as some examples of the issues that occurred can be found in Appendix A. Future research would benefit from
a stable wrapping algorithm so the radii can be kept constant for different configurations.

Detailed information on the available range of motion for the glenohumeral joint was sparse. Only a few
articles provided information on some of the achievable end poses. This information was needed to determine
the rest length of the ligaments, as these are supposed to strain towards the end of the range of motion. Having
more data points would allow for a better estimation of the rest lengths.

Information on the available range of motion for the glenohumeral joint in the case of frozen shoulder could
not be found. This data would have been extremely helpful to determine how closely the impaired range of
motion in frozen shoulder could be recreated with length, stiffness and configuration changes. The described
diagnostic requirement of a loss of 50% of the external and internal rotation and shoulder elevation do not specify
for which poses this is measured. At 0° plane of elevation 50% of external rotation was lost by shortening the
rest length by 10%. For higher angles of plane of elevation this condition was no longer met with this amount
of shortening, and for the scaption plane (40° plane of elevation) the ligament rest length would require 25%
shortening to meet this condition. If the condition of losing 50% of the external rotation only needs to hold for
a few poses it can be achieved with relatively small changes. If it needs to hold for all the planes of elevation
this would only be met by shortening the ligament rest length by 30%.

Future research should aim to obtain more detailed data on the available range of motion for the gleno-
humeral joint. This could be done using one or more cadavers in combination with a robotic system that could
apply a set torque and measure the angles at which the limit is reached.

Most of the data on the range of motion regarded the ROM in the scaption plane. As a result, the ligament
rest lengths were tuned to closely match this data in the scaption plane. However, for different planes of
elevation, this could lead to ranges of motion that seem unrealistic. Many of these issues were caused by the
PIGHL, which could be subjected to high levels of strain for poses ranging from internal rotation and shoulder
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extension to external rotation and shoulder flexion. This would cause the ROM area to be cut diagonally. An
example of this can be seen in fig. 33. A balance needed to be found between increasing the rest length to
the point where the ROM area was no longer cut in half and not increasing the rest length so much that the
ligament no longer prevented the model from reaching certain poses. This effect is also the cause of the sharp
jumps in the graphs of fig. 23 B and C. More detailed information on the range of motion would provide insight
in how to balance this better.

0 10 20 30 40 50 60 70 80 90 100

Figure 33: This image shows how the range of motion area is cut in half due to ligament rest length shortening

Another limitation is the simplification process that was used to create the model. In reality the glenohumeral
joint capsule is more complex than just these five lose ligaments. There is a trade-off between closely recreating
the complex anatomy of the shoulder joint and computational efficiency. To determine if the simplifications
made for these models are justified the results should be validated. This could be done using cadavers where
the torque required for a certain motion is measured. Making a change to the joint capsule, for instance cutting
one of the ligaments to eliminate its contribution, this experiment should be repeated and compared to the
results from the model if that same ligament is ignored.

Given the capsule loops around the full joint surface, stretching the capsule on one side would lead to com-
pression of the capsule on the other side. In the current models, the ligaments were assumed to be stretch-only
springs, where a force was only exerted if the ligaments were stretched. It is not unthinkable that increasing the
stiffness of the capsule would cause a higher joint torque as more force is required to buckle the capsule. This
could also be measured using cadavers by cutting the part of the capsule that would buckle and see if there
is a difference in force required to move the joint. For the model this could mean that the impact of stiffness
changes on the available ROM increases.

Finally, no articles were found to quantify the length changes that the ligaments undergo in frozen shoulder.
Future research should aim to quantify the relative change in length of these ligaments, for instance by comparing
the ligament lengths to those of the healthy shoulder. This information would put the results of this study in
perspective, to see if 20% shortening does indeed occur.

5 Conclusion

Using these models, the effect that structural changes in ligaments have on the range of motion can be analyzed.
This can be used to study how the ROM is affected by structural changes like length and stiffness changes that
are associated with frozen shoulder.

Ligament lengths are believed to change in frozen shoulder. Changes in ligament length in the model have
large effects on the available ROM, limiting axial rotation on either side as well as shoulder elevation. Although
these degrees of freedom were limited by over 50% for parts of the range of the plane of elevation, this could
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not be said for the full range. Averaging the values over the full range, the conditions were met for 20 to 25%
shortening.

Stiffness changes are also associated with frozen shoulder. The effects of ligament stiffness changes on the
joint moment can be analyzed using these models.

Although frozen shoulder will not change the attachment sites of the ligaments, models with different con-
figurations could be used in an attempt to find ligament configurations that are more likely to develop frozen
shoulder.
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6 Appendix A: Wrapping surface radii and examples of issues

CHL and SGHL wrapping surface AIGHL wrapping surface
X Y Z

-0 -0 20 19 20
0- o- 20 20 19
00 00 20 21
o+ o+ 20 21
+0 +0 20 21
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Figure 34: These are the X Y and Z radii of the wrapping surfaces that were used in the models
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Figure 35: This image is taken from the OpenSim GUI, showing how the wrapping would not be accurate for
certain poses
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model++, PIGHL wrap surface radii
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Figure 36: This image shows all the 29 different combinations of wrapping radii that were tried for the PIGHL
in the +4 model. Only the green highlighted combination did not result in errors like the one shown in the
previous image.
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