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Abstract— The accurate use of Magnetic Resonance Imaging of action of the three regions of the deltoid, ando calculate

(MRI) based techniques to calculate muscle momentrmas has
been widely demonstrated. However, initial effortgo apply these
techniques to the deltoid muscle have yielded diffences between
results from MRI based methods and results from tedon

excursion methods. Although the relative merits ofthe two have
been demonstrated, the discrepancy is such that itequires

further investigation, due to the functional importance of the
deltoid in upper limb mobility. This study aims to explain the

reasons for the differences and suggests a revisadalysis of the
images. The principle revision to previous studies si the

application of the information obtained about the Ine of action of
the muscle from the Anatomical Cross Sectional Areanethod.
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. INTRODUCTION

The large and complex shape of the deltoid musasents a
challenge for the biomechanical modeller. In curmandels it
is normally represented by three strings wrappimgcty
around the bony skeleton. This has the advantagergficity
in calculating wrapping paths and moment arms,iputot a
truly anatomical representation of the musclehia paper, we
have explored the possibility of using data frora talculated
centroid of the muscle portion to define the lirieaction. The
first consequence of this is that the line of atti® displaced
from the centre of rotation of the glenoid, withileely increase
in moment arm. The second consequence is thatirtbeof
action is no longer straight, and its shape is deeet upon the
position of the shoulder. Practically, it is possitonly to
determine the centroids with the limb in a singked position.
Therefore, if the moment arm is to be predictedafeange of
shoulder positions, it is necessary to propose sappeoach to
muscle wrapping.

In current models, most of the physical parametierse been
derived from cadavers [1, 2, 3, 4, 5, 6]. Howewarhsdata are
probably not representative of the general pomiasince the
source cadavers are unlikely to form a cross-segitieample
of the human population. Most are elderly and likiel have
muscle wasting, and the embalming process remdiéssae

fluid so that sizes of muscles, for example, mayfim¢her

reduced. With the advancement of imaging techniqiteis

possible to extract modelling parameters from apdaraf the

normal population.

In this study, magnetic resonance imaging (MRI) teen used
to create three-dimensional images of the shouldiéese
images have subsequently been analysed to commpitiaés

the moment arms at the glenohumeral joint.

.  METHOD

MR images at 3mm slice intervals of the shouldet apper
arm were studied for the left and right shoulddr§ mormal
healthy subjects [11]. For each slice, coordinaita dor the
centre of the humerus and up to 140 points alorgdtitoid
cross section outline (Fig. 1) were produced uditatlab
(image processing toolbox). For each shoulder,tasda was
produced by combining the coordinate data fromséiles
along the image set.

Figure 1. Digitisation of an MRI of a deltoid cross section.

Due to the difficulty of distinguishing between thbree
bellies from the grayscale images, the data cooretipg to
the section of the total muscle was subdivided anthree
segments, centred on the centre line of the humersiag
custom written software in MathCAD (Fig. 2).



Further image analysis provided input coordinatesafGauss-
Newton algorithm to find an estimate of centre euius of a
best fit sphere around the humeral head. The cerftthis

sphere was taken as the centre of rotation ofuh@ehus.
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Figure 2. MathCAD output of the deltoid cross section in.RigThe area is
divided into the three defined sections according tlefined ratio. The
diamonds represent the centroid of each section.

For this study it was assumed that the line ofoacties within
the path of the muscle fibres, according to thel Ipeoduced
across the section. The simplest interpretatiorthaf is to
assume a constant tensile stress, so that theofirection
follows a centroid of the muscle cross section,st@ined to
lie within the muscle.

By representing the centroid path of the musclesiection
as a polynomial fit curve, the following relatioetlveen any
point on the curve and the centre of rotation holds

r = r(s) can represent the polynomial fit curve caladaby
from the path of each centroid in three-dimensiosédce,
where s represents the arc length measured alenguitve
from a fixed point A to the point P(r) (Fig. 3).Ff is a point
on the curve near P(r), with parameser AS, then the vector
. PP
t=lim
b£s-0 AS
is the unit tangent vector at P in the directiors aficreasing.
Sincet is a unit vector,

d dt
—(tt)=0=2t.—
ds ds
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which shows thatit/ds is perpendicular to.
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Figure 3. Vector representation of a polynomial fit of a eeitt curve.

The moment imparted at any incremeistaround the centre
of rotation of the line is the vector product ok tposition
vectorv, relative to the centre of rotation on the instartaus
line of action (in this case the tangent vec¢jor

In practice, by splitting the centroid path intoitshle
increments, this representation can be simplifieid ¢.). The
moment arm of any increment could be interpretedthas
perpendicular distance between the centre of ortadind the
line between incremental adjacent points along dietroid
path.
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Figure 4. Calculation of moment arm.

The length of the perpendicular between the cesftretation
and incremental lines AB and BC can be calculated a

_|ABx AP|

IBC x BP|
L=

[BC

with the arithmetic mean of lengthtaken as the moment arm
magnitude.

The image scope was such that the epicondylarpoéauired
to produce an ISB standardised humerus refereaceef{13]
were not available However the coordinates of #maaining
relevant bony landmarks were obtained to produfereece
angles, about which the image based coordinatecaxikl be
rotated. (Fig. 5.)
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Figure 5. LH image — ISB humerus coordinate system. EM andvete
outside the image envelope, so the adapted huroeaudinate system (RH 20 1+
image) was developed.
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The resultant moment arm calculations were comptred
results obtained by tendon excursion techniquesrevte
corresponding anatomical position has been used.r&$ults
were also compared to other published data fronvigus
. b d pd t z | simulati delt 'd]m t Figure 6. Comparison of moment arm calculations based orr@dnnethod
Image based and computer model simulation deltamean (present study and Lewis-Morris Johnson), compsitaulation model

arm calculations. (Holzbaur et al), PCSA method (Johnson), 3D biorasital model
(Karlsson) and tendon excursion methods (PoppeMéiker, Liu).
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I1l.  RESULTS

MR images were collected from 18 shoulders of 9lthga
subjects (5M/4F, average age = 31.8 years). Theagedeight
and mass were 1.82m, 84.2kg (male) and 1.69m, 4.0k . .
(female). Subsequent study of the images showecbthg 12 k1'h|s study assumed that moment arm calculationsdbas

image sets were suitable for analysis (8M/4F). Blerage (€ndon excursion methods are inherently more ateura
muscle volume was 0.4°ngM), 0.19 ni (F) and the average Tendon excursion moment arm results are acquirespiective

Physiological Cross Section Area (PCSA) was 29°0¢vt), of the necessary complexities and compromises nedjwhen
19.1 cnd (F). modelling the deltoid. It was therefore considerduht

underlying assumptions about the line of actiothef muscle
would in some way be validated if the results e those
results obtained from tendon excursion methods.

IV. DISCUSSION

TABLE I. RESULTSCOMPARISON

Moment Arm Results

Deltoid Portion This study aimed to address the effect of appratiing the

) i ) muscle line of action on calculated moment armsTés to
Anterior_| Middle | Posterior be achieved by calculating the moment arm usingethoa
Kartsson [7] 21.0 360 430 which did not involve simplifying the action of tmuscle to a
Holzbaur et al [8] 510 59.0 58.0 single line. An assumption was made that the mededktion
J Liu [9] 2.0 12.0 30.0 would lie within the muscle according to the loatdguced
Lewis-Morris, Johnson [10] 70.0 75.0 71.0 across the section, following the centroid of thesobe cross
Johnson [11] 19.0 54.0 27.0 section.
EZ‘:\?:; i?ndevc\,/fa;ﬁiro[i ?] 4 =2 44 The study by Lewis-Morris and Johnson [11] useé th
present 415 | 501 61.3 ; ; : :
study) technique of centroid calculation to determine moimarm

Tabl_e 1. Co_mparison of moment arm calc_ulationsd)mecentroid method (present study and magnitUdeS fOI’ the same imageS- ThIS StUdy usedsame
o e anmen e ity Method to calculate the centroid path of the musubsvever
the studies differed in how this information rethte the line
of action of the muscle. Lewis-Morris and Johnsdri][
assumed a muscle line of action coincident with fingt 7
points along the muscle centroid from the poininskrtion on
the humerus. The results obtained by the Lewis-idaand
Johnson study [11] were consistent with those obthifrom



tendon excursion experiments, in terms of the ikelattios of
anterior, middle and posterior relative ratios. tdwer, the
magnitude of each of the three moment arms was agfactor
of 2 greater than those obtained from tendon eiauistudies
[9,12]. In this study, the differences between ltbais-Morris
and Johnson study and experimental moment armlatitms
are assumed to be attributable to the interpretatighe line of
action of the muscle, most notably the assumptian the line
of action of the muscle linearly approximates te first 7
points along the muscle centroid.

With respect to addressing the effect of this idatibn on the
calculated moment arm, the method used by thisystsd
inadequate. The results from this study vary from study by
Lewis-Morris and Johnson [11],
magnitudes are closer to those obtained by tendouargion
methods [9,12], (Fig. 6). However, wide variatioresnain
between the results of this study and those oltdiyetendon
excursion methods [9,12] in both the magnitudenefrnoment
arms and the relative magnitudes between antenididle and
posterior muscle sections.

Moment arm calculations from this study are complardao
those obtained by the Holzbaur study [8] both mnfagnitude
of the moment arms calculated and the relative ihadgs of
the posterior, middle and anterior deltoid momentsa

The similarity between this study and the Holzbstudy, and
the differences in the moment arm of these to exmertal
moment arm magnitudes, suggest that representingtiscle
line of action along a single line does not sufitly model
muscle structure.

Subsequent studies that better reflect the resbitsined by
tendon excursion methods could be deemed moreateciut
accuracy in this context is relative. Any modelttpeoduces
results that reflect those obtained by tendon esixanrmethods
will never be truly representative of the deltoidnplex as
there is no sure way of determining the actual maraem in
the deltoid complex.

This study has aimed to address the differencesctiraarise

between model results and experimental results when

simplified interpretation of a muscle line of actis used. The

as the moment armis3]

technique used in this study has gone some wayoupe a
model that better represents what is observed iempptally

but accurate muscle parameters are required to Intbde
deltoid more effectively and calculate the momemh érom

MR images.
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