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for shoulder joint flexion in upper obstetric paralysis
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Objective. To determine the degree of change in muscle length
and torque of the shoulder joint during flexion in conditions
of the pathological position of the upper limb in Erb-Duchen
syndrome. Methods. The analysis of the change in muscle length
and torque of the shoulder joint was performed at flexion within
50°-60°. In the Erb syndrome clinic, the torque value of the joint
is reduced due to weakness or paralysis of the muscles that pro-
vide stability and mobility of the shoulder joint. Verification
of the appearance of the model was carried out according to
the 3D-model obtained from the CT scan of the patient. Results.
After analyzing the work of the muscles responsible for the flexion
of the shoulder joint, it was determined that a decrease in muscle
strength leads to a decrease in the moment of force acting on
the joint, a change in the length of the force lever affects the mo-
ment of force, a change in the angle between the force and the arm
of the force leads to a decrease in the muscle's efficiency. Internal
rotation of the humerus reduces the length of the muscle, which
is demonstrated in the models. When lifting the arm with a load,
the muscle shortens and its length decreases accordingly. Other
muscles not represented in the model do not contribute to the gen-
eration of torque of the shoulder joint due to their lack of direct
connection to the humerus, but they are responsible for the move-
ment of the scapula and clavicle. A decrease in their strength,
a change in the direction of the force vector leads to significant
changes in the ratio of the anatomical structures of the shoulder
girdle with high individual variability. Conclusions. A change in
the direction of the force vector of a muscle and its length during
bending lead to changes in motor activity: a decrease in the mo-
ment of the joint leads to a limitation of the amplitude of move-
ments in the joint, the balance between different muscles acting
on the joint is disturbed, it can lead to its instability and defor-
mates. Biomechanical changes limit the functionality of the joint
and cause pain syndrome. The identified biomechanical changes
indicate the need to correct the specified pathological conditions.

Mema. Bushauumu cmyninb 3MiHU O08ICUHU M A316 MA KPYM-
HO20 MOMEHMY NAeu06020 cy2100a nio 4ac 32UHAHHA 6 YMOBAX
NAmon02iuH020 NONONHCEHHST BEPXHbOT KIHYIBKU 8 PA3i CUHOPO-
my Ep6a-/liowena. Memoou. [Ipoananizyeanu 3minu 008dicu-
HU MA1316 | KPYMHO20 MOMEHMY NAe408020 cy2aoba 3a (rexcii
6 mearcax 50°—60°. 3a ymos cunopomy Epba senuuuna kpymmnozo
Momenmy cyenoba 3HudiCyemvcs uepes ciabkicms abo napanid
m’azie, AKi 3abe3neyyroms cmadiibHICMYb | pYXAUSICMb NAe4060-
2o cyenoba. Bepugikayito euensady modeni nposoduau 6ionogio-
Ho 00 3D-mooeni, sixy ompumanu 3 KT nayienma. Pezynomamu.
Pozensnysuiu pobomy m’a3i6, i0nosioaIbHUX 3a (AeKCio nieyo-
6020 Cy2n00a 8UHAUUNU, WO 3MEHWIEHHS CUNIU M 830 NPU3B0OUNb
00 3HUIICEHHS] MOMEHMY CUNU, KA OIE HA CYe00, 3MIHA 00BIHCUHU
6aoicesis CUIU 6NAUBAE HA MOMEHM CUNU, 3MIHA KYMa MIdC Cu-
71010 [ nieuem CUIU CRPUYUHIOE 3MEHULEHHS eheKMUEHOCE M S34.
Brympiwins pomayisi niewo8oi Kicmxu 3MeHULYe 008AHCUHY M 34,
1o NPoOEeMOHCMPOBAHO HA MOOENAX. Y pasi 3eunanns nie1o6o-
20 €y2100a 008XHCUHA M’A3A 3MEHUWLYEMBCSA, NPUYOMY 8 DA308ill
i 0eghopmosaniii Mooensix OOHAKOBO, XOUA NOYAMKOBA OOBICUHA
MmAa3a depopmosanoi mooeni menuie, Hixe y 6a3086ii. Inui m’asu,
AKi He HagedeHi @ MoOeni, He 6NAUBAIOMb HA CINBOPEHHS KPYM-
HO20 MOMEHNY Nie408020 cy2n0ba uepes GiOCymuicms ixHb020
NPAMO20 3 EOHAHHSL 3 NIEY080I0 KICKOIO, A€ BOHU 8I0N08I0AI0Mb
3a pyx 10namKy ma Kaovuyi. 3MeHueH s iXHboi cunu, 3MiHa Ha-
NPAMKY 6eKmopa Oii cuiu npu3eo0ums 00 3HAYHUX 3MIH CHiBGI0-
HOWEHHSA QHAMOMIYHUX CIPYKIMYP NAEU0B020 NOACY 3 BUCOKOIO
iHOugidyanbHolo 6apiabenvricmio. BucHosxku. 3minu Hanpsamky
sexmopa Oii cunu m’a3a ma o020 O0ICUHU NIO HAC 3CUHAHHS
CHPUYUHIOIOMb 3MIHU 8 PYXOGIll AKMUGHOCMI: 3MEHUIEHHS MO-
MeHmy cyenoba CnpuvuHioe 0OMedICeHHs amMnaimyou pyxie y cy-
271001, nopyuwyemscs 6anianc Mixce pisHumMu M’sa3amu, aKi 0ilomy
Ha cyenob, modce npuzgecmu 00 1020 HecmabinbHoCmi ma Oe-
Gopmayii. biomexaniuni 3miHU 0OMeHCYIOMb PYHKYIOHATLHICD
cyenoba il 00yMosnomy 601b08ULL CUHOPOM. Buseneni Giome-
XaHIUHI 3MIHU c8i0uamv npo HeoOXIOHICMb KOpeKyii O3HAYEeHUX
namonoeiunux cmais. Kniouogi cnosa. Axywepcokuti napanid,
cunopom [rowena-Epoa, nievosuili cyenob, momenm cyenooa,
CUNA M’A30, MOOENIOBAHHS.
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Introduction

Obstetric brachial plexus palsy occurs most of-
ten as a result of nerve damage in the shoulder area
during difficult vaginal birth due to excessive forces
applied to the shoulder, which cause it to stretch
[1, 2]. It is observed in approximately 1—4 cases per
1,000 newborns. Anatomically, it occurs on both
sides, but more often on the right.

Three main types are distinguished by the level
of damage:

— upper (Duchenne-Erb palsy), when the Cy—Cy;
roots are injured. Characteristic manifestations of the
syndrome are the adducted and rotated inward arm,
“waiter's hand pose”, impaired abduction and exter-
nal rotation of the shoulder, limited forearm flexion;

— middle (Remak's palsy) — damaged Cy; roots,
characterized by impaired extension of the forearm,
extension of the hand and fingers. It can often be
combined with the previous type;

— total (Dejerine-Klumpke paralysis) — roots
Cy—Cymp are affected. Signs include complete pa-
ralysis of the entire arm, “hanging arm”. Damage
to T; can cause Horner syndrome (ptosis, miosis,
enophthalmos).

In this study, we consider Erb-Duchenne syn-
drome. Erb’s point is a place in the upper trunk of the
brachial plexus, located 2—3 c¢cm above the clavicle [3],
formed by the union of the Cy and Cy; roots, which
later converge. Damage to the axillary, musculocu-
taneous and suprascapular nerves leads to impaired
nerve transmission and muscle atrophy and, as a re-
sult, to clinical manifestations of Erb’s syndrome [4].

Surgical intervention at an early age (up to a year)
increases the chances of partial or even complete res-
toration of limb functions. However, even with suc-
cessful reconstruction, patients may have some resid-
ual movement impairment and may require long-term
rehabilitation [5].

In medical practice, there are instances when con-
servative treatment of brachial plexus paralysis syn-
drome does not achieve the desired outcome, and early
surgical intervention is not performed. The course
of the disease for 4-10 years leads not only to the pro-
gression of muscle imbalance, but also to deformation
of the bones of the upper limb with the involvement
of the humeral head, often accompanied by its sub-
luxation or dislocation. Changes in the anatomical
proportions of the components of the shoulder joint
cause violations of both the length of the muscles
and the vector of their action, which, in turn, leads to
a disorder of the movements of the upper limb.

The main goal of treatment of patients with a long
course of Erb's syndrome is to restore the “hand-
mouth” movement, that is, to provide basic conditions
for self-service. It is the ability to perform the spec-
ified actions that allows the patient not only to eat
independently, but also to perform most of the daily
exercises [6].

Purpose: to determine the degree of change in
muscle length and the magnitude of their torque
in the shoulder joint during flexion in conditions
of pathological position of the upper limb in the case
of Erb-Duchenne syndrome.

Material and methods

The specificity of Erb's syndrome is the magnitude
of the joint torque, which is reduced due to weakness
or paralysis of the muscles that provide stability and
mobility of the shoulder joint. In particular, the re-
duced torque affects the child's ability to abduct and
externally rotate the shoulder, which limits the func-
tionality of the hand. The joint torque is determined
by muscle strength, shoulder length (perpendicular
from the line of force to the axis of rotation) and
the direction of force [7, 8].

The greatest force a muscle can develop when
its fibers are stretched to the optimal length (indi-
vidual for each). Given that the length of the lever
(joint bones) does not change, the torque will be
affected only by the muscle strength and the angle
of its action. In the case of a long-term state of im-
balance of the muscles of the joint, namely the weak-
ening of those that abduct the shoulder back and
the preservation of muscle strength from the side
of the clavicle, the direction of action of the muscle
force vector of the entire upper limb changes. This
leads to a change in the joint torque and the direction
of movement of the limb. The pathological position
of the shoulder, such as pressing against the body,
causes a decrease in the length of the muscles re-
sponsible for its abduction, which prevents full flex-
ion of the joints of the arm, even if the innervation
of the control muscles is intact.

The work 1s based on the DAS-3 model, which
is part of the Dynamic Arm Simulator project for
real-time modeling of the musculoskeletal sys-
tem of the shoulder and arm. The main parameters
of the basic model and the mathematical foundations
are presented by E. Chadwick et al. [9].

The model consists of 138 muscles and 6 joints:
supraclavicular, sternoclavicular, humeral, humer-
al-ulnar, humeral-radial and radiocarpal (Fig. 1, a).

In the modified model, the location of the hu-
meral head in the joint was changed to the outside
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by 45° and the bones of the humerus were raised,
which led to a corresponding change in the location
of the entire shoulder joint (Fig. 1, b, ¢) and rotation
of the elbow joint to the outside. The wrist was flexed
at 30°, the arm was pressed against the body, inter-
nally rotated in the shoulder joint, the forearm was
pronated, and the elbow joint was extended. The size
of the scapula was reduced by 20 %. Verification
of the appearance of the model was carried out ac-
cording to the 3D model obtained using a CT scan
of the patient (Fig. 2).

The analysis of changes in muscle length and
torque of the shoulder joint was carried out with flex-
ion within 50°—60°.

Results

The shoulder joint (articulatio humeri) is the most
mobile joint of the bones. Its anatomical structure al-
lows the upper limb to perform a wide range of move-
ments, such as external and internal rotation, flexion,
extension, abduction and adduction of the arm. With
the help of the joint, various actions are performed by
the upper limb. The most important movement that
provides the possibility of self-service is the ability to

Fig. 1. DAS-3 model: basic models with muscles and contact
geometry elements (a) and without muscles (standard joint
arrangement) (b); ¢) modified model according to the description
of the location of the shoulder girdle joints in Duchenne-Erb
syndrome

Fig. 2. 3D image obtained from the patient's CT scan

bring the palm to the mouth. Let us examine the func-
tioning of the muscles responsible for this action.

The front part of the deltoid muscle (m. deltoideus)
raises the arm forward, facilitating shoulder joint
flexion. It is located in the area of the acromial, clav-
icular and scapular spine. Its acromial part (middle
fibers) abducts the arm, while the clavicular and scap-
ular play a significant role in stabilization, providing
a stable plane of abduction. The clavicle can act as
a flexor and internal rotator of the upper limb, while
the scapula (posterior fibers) can extend and rotate
the arm outward.

In the model, the deltoid muscle is represented
by two muscle groups: deltoid clavicle (4 fibers)
and deltoid_scapula (11 fibers). The extreme fibers
of the anterior and posterior parts of the muscle are
analyzed in both the basic (N) and deformed (D)
models (Fig. 3, ¢).

Assessment of the work of the anterior part
of the muscle shows that normally, during flexion
in the shoulder joint, the length of the fibers located
dorsally increases most significantly (N_delt clav 4),
1. e., when the shoulder is raised, the muscle travels
a longer path than its ventral part (N _delt-clav 1)
(Fig. 3, a). In the deformed model, we observe a com-
pletely different picture, namely: internal rotation
of the shoulder joint and medial adduction of the hu-
merus lead to a greater stretching of the dorsal part
(D _delt_clav 1) than the anterior part (D_delt
clav_4) (Fig. 3, a). The change in muscle length in
the deformed model is less than in the baseline model.

The dorsal and ventral fibers of the posterior
part of the m. deltoideus (Fig. 3, b) during flexion
of the shoulder joint have the opposite direction
of change in length, which is preserved during defor-
mation of the model. But in the latter, the dorsal fi-
bers are less stretched than in the normal one due to
the reduced size of the scapula, i. e. due to the reduc-
tion in the length of the muscle itself. The anterior
fibers of the posterior part of the m. deltoideus change
their length little due to their more central location.

The biceps brachii muscle helps to raise the arm
and supinates the forearm. It consists of a short and
long head. The long head is located on the lateral side
of the biceps brachii muscle, and the short head is on
the medial side. The biceps brachii muscle is able to
generate movements in the shoulder and elbow joints.

For the execution of the “hand-mouth” movement,
m. biceps brachii controls both the shoulder and el-
bow joints, while the length of both heads of the mus-
cle decreases, i. e. during the movement the mus-
cle shortens. Normally, when the shoulder joint is
flexed, the long head of m. biceps brachii long head
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practically does not change its length. It is important
to note that the observed phenomenon occurs when
the arm is raised without any load, resulting in mus-
cle shortening and a decrease in length. This scenario
is not under consideration.

In the deformed model, a parallel trajectory
of the reduction of the attachment points of both
heads of the muscle can be observed, this is due to
the fact that during internal rotation of the shoulder
joint (Fig. 4, a) the long head of the muscle, which
originates precisely at the head of the humerus, ro-
tates to the middle position, i.e. becomes parallel to
the short one, and the degree of contraction depends
only on the initial length of the muscles.

During elbow flexion (Fig. 4, b) the trajectories
of muscle length reduction are parallel, but in the de-
formed model they converge, for the reason already
indicated.

The pectoralis major muscle (m. pectoralis major)
is responsible for flexion and adduction of the arm
and is the largest superficial muscle of the anterior
chest wall. It has two heads: clavicular and sterno-
costal. In the model it is represented by two muscle
groups m. pectoralis major _clavicle (2 fibers) and
m. pectoralis major_terez (6 fibers) (Fig. 5, c). We
analyze the extreme fibers of the sternocostal muscle
and both clavicular fibers.

Changes in the length of the fibers of the clav-
icular head of m. pectoralis major occur unidirec-
tionally due to their parallel arrangement, which
is displayed on the graph (Fig. 5, a). A decrease in
the length of the fibers during the function of flex-
ion in the shoulder joint was recorded. The length
of the corresponding muscles also changes in the de-
formed model.

The nature of the change in the length of the ster-
nocostal part of the m. pectoralis major in the basic
and deformed models is the same (Fig. 5, b). The fi-
bers located caudal to the elevation of the shoulder in-
crease, and in the coronary, on the contrary, decrease.
In the deformed model, the process of muscle length
changes is similar, but they are noticeably smaller.

It is noted that the m. pectoralis major is inner-
vated by the T,—Tjy roots and is not injured in Erb's
syndrome. Its function is preserved, unlike the mus-
cles of the back. It is the predominance of the strength
of the anterior group of muscles that leads to internal
rotation and adduction of the humerus.

The coracobrachialis muscle (m. coracobrachi-
alis) is involved in flexion and adduction of the arm.
It starts from the beak-shaped process of the scap-
ula, located on the supramedial part of the humerus.
Its main function is to flex and adductorize the hu-

merus, and promote internal rotation of the arm. In
the model, it is represented by three parallel fibers
(Fig. 6, c). Let us analyze the change in the length
of the longest fiber.

Internal rotation of the humerus reduces the length
of the muscle, which is demonstrated in the mod-
els. During flexion of the shoulder joint, the length
of the muscle decreases, and in the basic and de-
formed models it is the same, although its initial size
in the deformed model is smaller than in the basic
one.

We have considered the main muscles that pro-
vide movements in the shoulder joint. All of them,
except for the pectoralis major muscle, are innervated
by the roots of the Cy—Cy;, that is, they change their
functionality in the case of Duchenne-Erb syndrome.
A decrease in innervation, depending on the degree
and location of the damage, leads to a decrease in
muscle strength, sometimes to complete paralysis.
That is, the mobility of the joint, which is charac-
terized by its torque, changes, because the mus-
cle strength, length and angle of action of its force
vector affect it, provided that the length of the limb
is preserved. We do not consider muscle paralysis.
In the model with a deformed humerus, we reduce
the strength of the muscles that innervate the joint
by 50 %. Of course, this is conditional, because there
is a large variability in both the change in muscle
strength and the angle of their action during joint
rotation.

Let us consider how a change in muscle strength
and the vector of its action affect the torque
of the joint. Therefore, it can be influenced only by
the muscles that pass through the joint, or directly by
the movement of its components. Let us analyze not
individual muscle fibers, but the influence of the en-
tire array on the joint. As the modeling showed, in
the deformed model we observe a significant decrease
in the torque of the joint. Thus, this torque, which
is created by the clavicular part of the deltoid mus-
cle, in the basic model has a characteristic increase in
the phase from 20° to 30°. With an increase in the an-
gle of flexion of the shoulder joint, further movement
is intercepted by the muscles of the humerus (m. bi-
ceps), in the deformed model we observe a moderate
increase in the action of the deltoid muscle through-
out the entire time of flexion. The torque in the de-
formed model is noticeably less than in the basic one
(Fig. 7, a).

The action of the scapular part of the deltoid
muscle on the torque of the shoulder joint continues
throughout the flexion phase. In the deformed model,
the action of the scapular part of the deltoid muscle is
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Fig. 3. Change in the normalized length of the m. deltoideus muscle during flexion of the shoulder joint: a) anterior section;
b) posterior section; c) fibers of the m. deltoideus muscle: 1 — delt clav 1;2 — delt clav 4;3 — delt_scap I; 4 — delt_scap 11
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Fig. 4. Change in the normalized length of the m. biceps brachii muscle: a) during flexion of the shoulder joint; b) during flexion
of the elbow joint; c) appearance of muscles in the model
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Fig. 5. Change in normalized length of m. pectoralis major during flexion of the shoulder joint: a) clavicular head of the muscle;
b) sternocostal; ¢) m. pectoralis major: clavicular part 1 — pect maj c 1,2 — pect maj c_2; costal part 3 — pect maj t I;4 —

pect maj t 6
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practically constant, but at the initial stage it exceeds
the corresponding torque in the basic one, which may

indicate constant muscle tension (Fig. 7, b).

The pectoralis major muscle (m. pectoralis major)

simultaneously acts from two structures of the joint,

Fig. 6. Change in normalized length of
m. coracobrachialis during flexion of the shoulder
joint: a) in the basic and deformed models;
b) m. coracobrachialis

the clavicle (Fig. 7, ¢) and the sternum (Fig. 7, d).
Even without changing the force, in the deformed

model the torque of the clavicular part of the muscle

is less than in the basic one. In the thoracic one, on

the contrary, it increases.
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Fig. 7. Torque of the shoulder joint created by the muscles responsible for its flexion: a) m. deltoideus (clavicle); b) m. deltoideus
(scapula); c) m. pectoralis major (clavicle); d) m. pectoralis major (thorax); €) m. coracobrachialis; ) m. biceps

The coracobrachialis muscle (m. coracobrachi-
alis) takes an active part in raising the shoulder. In
the basic model, its force is not changed. In the de-
formed state, the changes led to a significant decrease
in the moment in the shoulder joint (Fig. 11, ¢) and
were more gradual than in the baseline state.

The strength of both heads of the biceps is re-
duced, which led to a significant decrease in the mo-
ment, almost to the complete absence of muscle
activation.

Other muscles do not affect the creation
of the torque of the shoulder joint due to the absence
of their direct connection with the humerus, but they
are responsible for the movement of the scapula and
clavicle. A decrease in their strength, a change in
the direction of the action vector leads to significant
violations of the ratio of the anatomical structures
of the shoulder girdle with high individual variability.

Conclusions

Our findings allowed us to make the following
generalizations: a decrease in muscle strength leads to

a decrease in the moment of force acting on the joint.
This means that the muscle becomes less effective in
creating movement in the joint. A change in muscle
length due to prolonged restriction of mobility affects
the torque of force.

A change in the angle of action of the muscle
force causes a disruption of the normal biomechan-
ics of the joint and can lead to a decrease in muscle
efficiency.

Disruption of the function of one muscle causes
a loss of synergy: the joint work of the muscles. Injur-
ing one can affect the work of other muscles that are
part of the synergistic group and additionally reduce
the torque of the joint.

The data presented indicate significant changes in
the motor activity of the joint: a decrease in torque
leads to a limitation of the function (amplitude)
of movements, a violation of the balance between dif-
ferent muscles that act on the joint, causes its insta-
bility and deformation. Biomechanical changes limit
functionality and cause pain syndrome. The identi-
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fied biomechanical changes indicate the need to cor-

rect the indicated pathological conditions.
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