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Three-Dimensional Scapular
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The validation of two noninvasive methods for measuring the dynamic three-dimensional
kinematics of the human scapula with a magnetic tracking device is presented. One
method consists of simply fixing a sensor directly to the acromion and the other consists
of mounting a sensor to an adjustable plastic jig that fits over the scapular spine and

acromion. The concurrent validity of both methods was assessed separately by compari-
son with data collected simultaneously from an invasive approach in which pins were

drilled directly into the scapula. The differences between bone and skin based measure-
ments represents an estimation of skin motion artifact. The average motion pattern of
each surface method was similar to that measured by the invasive technique, especially
below 120 degrees of elevation. These results indicate that with careful consideration,

both methods may offer reasonably accurate representations of scapular motion that may
be used to study shoulder pathologies and help develop computational models.
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lower extremity with skin based methods, a number of studies

1 Introduction
The scapula is a flat, triangular shaped bone that sits postericglave attempted to assess the accuracy of these methods by com-

on the rib cage at rest and moves in a complex three-dimensio %Eson to a bone based system using bone pins or x-rays. This

motion pattern with humeral elevation. There is evidence that aJ; roach has been attempted in vivo for the [2p], knee[22-
terationg of this motion pattern are aésociated with shoulder 0l ankle[25,27,28, and foot[27,29. Beyond the lower extrem-

: tion p ) " , this approach has also been used for the fijgéf and jaw
thologies, such as impingement syndrome, instability, and rota

f di d1-4]. H due 1o th . h d 1]. Although, results indicate relatively small errors for some
curt diseasq 1—4). However, due 1o Iheé uniqué shape and angneq g rements, average errors may exceed 50 percent of the actual
tomical location of the scapula, it has been difficult to study thﬁ]

motion of this bone in vivo. Traditionally, scapular rotation Withd otion [28]. Errors of this magnitude highlight the importance of

. . . menting th r f any pr kinematic m re-
respect to the thorax has been studied with goniom&be®s and mOeCnLL tc()aol g the accuracy of any proposed kinematic measure
x-rays(7,8]. While it may be possible to adjust the measurement tpo b, rh0se of the current investigation was to assess the ac-

plane for a goniometric measurement, x-rays are subject to err [ﬁ‘acy of measuring three-dimensional dynamic scapular kine-
of projegtingathree-dimensional _object in two-dimensional SPagfatics with a magnetic tracking device. Two skin based ap-
[9]. In either case, only one rotation can be measured. roaches of attaching a sensor to the scapula were investigated.
Several investigators have attempted to develop methods ol nique accuracy was assessed by simultaneously measuring
measuring three-dimensional scapular kinematics. Earlier bogRematics with these noninvasive skin based methods and an

based_ studies h_ave utilized biplanar radiographs_, both Mmj‘ . invasive bone based measurement using a sensor attached to bone
and without[11] implanted markers. This method is attractive i ins drilled into the scapula.

that direct access to bony landmarks is available, however, experi-
mental protocols must be relatively limited in order to minimiz Methods
exposure to potentially harmful radiation. Three-dimensional im-

aging modalities, such as open configuration MRI, look very 2 1 Subjects. Eight volunteersfive men and three womgn
promising, although cost and availability may present a probleffee from shoulder pathology on the side tested were recruited for
[12]. Recently, several investigators have used a skin based gfis study(mean age 33 yearsAn additional male subject diag-
proach that involves digitizing discrete bony landmarks that afgsed with subacromial impingement syndrome by an orthopaedic
palpable through the skifl3—15. Another skin based approachsyrgeon was tested on his affected sidge 25 yeans Approval
involves capturing three-dimensional scapular orientation direciyr this study was obtained from the internal review board of
with a magnetic tracking device. This has been tried statically ByCp Hahnemann University. All subjects read and signed a con-
coupling a magnetic sensor to an alignment[l§—18 and dy- sent form prior to participation in this study.
namically by attaching a magnetic sensor directly to the acromion ] ) )
[1,19]. Although most of these skin based methods have demon2.2 Measurement Technique. Kinematic data were col-
strated satisfactory reliability, only McQuade and Sniiidi] have lected with a magnetic tracking devit@olhemus 3Space Fastrak,
addressed the issue of accuracy, which may be the most critidlchester, VT, consisting of a transmitter, four receivers, a digi-
test of a technique’s utility20]. tizer, and a systems electronic use]. A global coordinate sys-
Since it has become standard practice to study motion of tHRM was established by mounting the transmitter on a rigid plastic
base and aligning it with the cardinal planes of the body. The level
Corresponding author: Andrew Karduna, Ph.D., Department of Rehabilitatié?lf the transmltter was _ad_JUStEd with visual feedbad( from a bubble
Sciences, Biomechanics Laboratory, 219 N Broad St, 8th Floor, MCP Hahnemdg@vel for alignment within the coronal and sagittal planes. The
University, Philadelphia, PA 19107; Tel¢215 762-5057; Fax:(215 762-6076; transmitter was rotated about a vertical axis until it was aligned
E_rg?)i:;t:(if)‘:](:ggak)@?rzzxglif:#.ineerin Division for publication in ti@U&RNAL OF with a rigid support fixed to the floor for a”gnment within the
BIOMECHANICALyENGINEERINgG Mangscript receive% by the Bioengineering Divi- ho”.zontal p"'?me' The I'Igld SUppo.rt was used to hem position the
sion Nov. 1998; revised manuscript received Dec. 2000. Associate Editor: M. §UbJeCt, as discussed later. Receivers were mounted on the thorax,
Hull. humerus, and scapula. The thoracic receiver was placed at the
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Fig. 1 Schematic drawing of custom designed scapular
tracker. The hinge joint on the base allows it to conform to the
subject’s scapular spine. The arm can pivot and translate on
the base so that the location of the footpad can be adjusted.
The footpad can be raised or lowered and rotate on a ball and
socket joint.

level of T3 with double-sided tape. The humeral receiver was
mounted on a molded cuff strapped to the distal humerus.

Two skin based methods for mounting the scapular receiver
were investigated separately. The first was the method utilized by
McQuade and Smidt19] and Ludewig et al[1], in which a re-
ceiver was directly attached to the broad, flat surface of t

2 Photographs of bone and skin base receiver locations.

posterior-lateral acromion with double sided tape—the so-call Tracker method, (8) acromial method.

acromial method. This area is located by having the subject
evate their arm with the investigator palpating the flat area of the

acromion just proximal to the origin of the deltoid. The secon

method involved the development of a custom designed scaptﬁé‘?y were aligned at the time of digitization. After the digitization
tracker—the so-called tracker methé@ig. 1). This device con- process, the raw data from the receivers were converted into ana-

sists of three parts: a base, an adjustable arm, and a footpad. {{gically defined rotations that could be displayed in real time
b ) b ng LabView softwaréNational Instruments, Austin, TX

receiver is mounted on the base, which has a hinge joint that ; ;

be pivoted and locked so that it conforms to the mid-portion of the >tandard matrix transformation methods were used to deter-

scapular spine. The arm extends from the base and its length E4R€ the rotational matrix of the humerus and scapula with re-

be adjusted and locked so that it reaches the acromion. The fi ect to the thorajd4]. Humeral rotations were r.epresen.ted using

pad is connected to the arm via a ball and socket joint that can pgtandard Euler angle sequence in which the first rotation defined
plane of elevation, the second rotation described the amount of

adjusted and secured so that the footpad sits flush on the sd ; i ;
area of the posterior-lateral acromion used for the acromigievation and the last rotation represented the amount of internal/

method. Both the base and footpad of the scapular tracker W&)gernal rotatior{34,35. Scapular rotatior_ls were represented us-
attached to the skin with adhesive-backed Velcro strips. ing an Euler angle sequence of externalfinternal rotaaraxis),
upward/downward rotatiofl g axis), and posterior/anterior tilting

2.3 Validation. In order to independently assess the concufXg axis) [14,36. When the second scapular rotation was within
rent validity of the two proposed skin based methods, an addi® degrees of the Gimbal lock positid@0 degrees of upward
tional receiver was rigidly fixed to the scapula with pins. An orrotation), the results for the other two rotations were not consid-
thopaedic surgeon cleaned and anesthetized a small region onelresl reliable.
lateral scapular spine with lidocaine. Two 1.6 mm K-wires were The scapula is connected to the thorax via the sternoclavicular
then drilled into the bone using a plastic alignment jig to keepnd acromioclavicular joints, which are both assumed to exhibit
them parallel and approximately 20 mm apart. Care was takenlall and socket kinematics. Consequently, the orientation of the
ensure that the location of these pins was lateral enough so theapula with respect to the thorax is not restricted and is modeled
they would not contact the scapular tracker. After determining thaith three degrees of freedom, represented by the three Euler
the pins were secure in the bone, they were fixed to the alignmemtgles described above. However, due to the rigidity of the
jig with setscrews. The additional receiver was then secured ¢tavicle, which spans these two joints, the distance between them
this jig so that the receiver was rigidly attached to the scapula iekept constant. Therefore, the position of the scapula is restricted
the pins. This configuration allowed for simultaneous data collet> only two degrees of freedom that are represented by
tion from skin and bone based receivéFig. 2). protraction/retraction and elevation of the clavicle. This is equiva-

. . . ) .lent to representing the position of a point on the Earth with the
2.4 Kinematics. The arbitrary axes defined by the magneti,se of two angles, longitude and latitude. Clavicular angles are

gagléing devic;:- vx_/er(caj ;:onvedr_te_q to dat?atorriczlly appr%priitlie €farived from the location of the sternal notch and acromioclavicu-
| e d e lr:lxes erlvef rom ¢ |g|t|zed Onl)(lj T]n n;)a(iﬂ':lg ).d di Izbréjoint, which are tracked with the thoracic and scapular receiv-
andmarks were surface points and could thus be located direGlby - roqhectively. In summary, motion of the scapula with respect

with a digitizer connected to the magnetic trackin_g device, exceR)t the thorax is described with a total of five degrees of freedom
for the center of the humeral head. This was defined as the po(:ﬂfree for orientation and two for positipn
a

on the humerus that moved the least with respect to the scap
when the humerus was moved through short #rc45 degrees 2.5 Experimental Protocol. The following protocol was

of mid-range glenohumeral motion and was calculated usingparformed separately for both skin based methods. For each, si-
least-squares algorithii83]. The scapular landmarks were onlymultaneous measurements were made with the skin and bone
digitized once so that the same points were used to create the am@munted receivers. Subjects stood with their eyes fixed forward,
system for both the skin and bone based receivers, ensuring tieggt at a comfortable width apart, and heels against a rigid support
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Thorax

T1 = First thoracic vertibrae
T7 = Seventh thoracic vertibrae
SN = Sternal notch

Global

X = Lateral
Y = Anterior

! Zq = Vector connecting T7 to T1
Z = Superior

X1 = Vector perpendicular to plane T1-T7-SN
Y1 = Cross product of Zy and Xy

Scapula

AC = Acromioclavicular joint
SP = Root of scapular spine
1A = Inferior angle

Xg = Vector connecting SP to AC
Yg = Vector perpendicular to plane AC-SP-IA
Zg = Cross product of Xg and Yg

Humerus

HH = Center of humeral head
LE = Lateral epicondyle
ME = Medial epicondyle

Zyy = Vector connecting midpoint of ME and LE to HH
Yy = Vector perpendicular to plane ME-LE-HH
Xy = Cross product of Yy and Zy

Fig. 3 Landmarks and coordinate axes for the global, thoracic, scapular, and humeral reference frames

that was aligned with the global coordinate system. A total of four For each motion, subjects moved their arm through the desired
active motions were studiedl) elevation of the humerus in the arc to a count of three seconds and then returned along the same
scapular plan€40 degrees anterior to the frontal planeth the path, while data were collected continuously at a rate of approxi-
elbow in full extension(2) elevation of the humerus in the sagittalmately 10 Hz. This procedure was repeated for three consecutive
plane(90 degrees anterior to the frontal plawégth the elbow in ftrials. For each trial, the minimum and maximum increasing hu-
full extension,(3) horizontal adductiorfarm at 90 degrees of el- meral rotation points were measured and data at every five-degree
evation and the elbow in full extension, arm brought from thancrement were calculated by linear interpolation, with the pri-
posterior to anterior plang(4) internal to external rotation with mary humeral rotation serving as the independent variable. These
the arm elevated 90 degrees in the frontal plane and the elbowdata were averaged over the three trials. Only the elevation por-
90 degrees of flexion. This protocol was designed so that all thréen of the motion was analyzed.
humeral rotations(plane, elevation, internal/external rotation
were independently controlled for in at least one experiment.
Prior to collecting data for each motion, several practice tria% Results
were performed. The investigator monitored real-time humeral All subjects were able to complete the entire protocol; however,
motion, which was displayed on a computer screen, and providede trial of horizontal adduction was lost due to a computer prob-
the subject with verbal feedback. The subject was instructed lam. Over the entire data set, only two positions reached 80 de-
maintain a forward gaze and not to look either at their arm or tlggees of scapular upward rotation and had to be discarded due to
computer screen during the experiment. Once the subject co@imbal lock. The error for a given position was defined as the
accurately reproduce this motion for two consecutive trials, datéfference between the angles recorded by the pin and surface
collection began. As with the practice trials, the investigator wasounted receivers. From these data, the root mean squase
able to monitor the humeral motion pattern during the datrors were calculated for all experiments with both methods
collection. (Table 1. Since scapular plane elevation is of great interest from
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Table 1 Root-mean-square errors for all rotations and experiments for all normal subjects. All data in degrees.

Tracker method

Acromial method

Degree of Scapular plane Sagittal plane Horizontal  External  Scapular plane Sagittal plane  Horizontal  External
freedom elevation elevation abduction rotation elevation elevation abduction rotation
Posterior tilt 4.7 6.2 3.8 4.6 6. 8.6 7.3 3.
Upward rotation 8.0 8.4 10.0 2 6.3 5.9 4.8 4.4
Upward rotatiofi 4.2 4.1 4.0 4.5 2.0 25 4.1 4.0
External rotation 3.2 3.8 5.0 4. 9.4 11.4 10.0 6.2
Clavicular plane 1.2 1.2 2.0 11 2.6 2.6 2.6 2.6
Clavicular elevation 15 1.6 1.7 1.3 11 1.2 15 1.2
*Upward rotation with correction factor applied.
A 25 Posterior Tilting B 25 External Rotation
= 20 —e—tracker method 7 20 —e—tracker method
B —e—-acromial method| 8 1 | —*—acromial method
&h 5
ﬁ 15 ,EJ 15
a v
g 104 é 10
[34] 53]
2 2]
=5 51
2 Z
0 . T . . 0 - . . . :
0 30 60 92 120 150 0 30 60 90 120 150
Humerothoracic Elevation [degrees] Humerothoracic Elevation [degrees]
C 25 Upward Rotation D 25 Upward Rotation - with correction
= 20 —o—tracker method 7 20 —o—tracker method
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& )
o 154 o, 15
g <
S
£ 10 & 104
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2 2
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g 41 44
& &
v
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Humerothoracic Elevation [degrees] Humerothoracic Elevation [degrees]
Fig. 4 Comparison of skin and bone based methods during scapular plane elevation. Each data point represents the
rms errors of the eight healthy subjects. (A) Posterior tilting, (B) external rotation, (C) upward rotation, (D) upward

rotation with a correction factor,

(E) clavicular plane,

Journal of Biomechanical Engineering

(F) clavicular elevation.
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a functional standpoint and is also the most commonly reportédncreased the acromial method rms errors to 5.7 degrees. Note
motion in the literature, the data from this experiment are préhat the data from this subject were not curve fit to find the most
sented in more detail. appropriate coefficients, but rather the coefficients developed from
For posterior tilting, both methods demonstrated good agreifre data on the normal subjects were used.
ment between the skin and bone based receivers for humeral el-
evation angles up to 120 degre@sg. 4a). For several subjects, 4 Di .
: ; iscussion
however, there was a large discrepancy between the skin and bone
based methods at the end range of humeral elevation, which leadVe have presented the accuracy of two skin based methods of
to high rms values. Over the entire range of motion, posteri@itaching a sensor to the scapula for measuring in-vivo kinematics
tilting rms errors were 4.7 degrees for the tracker method and @8d both methods demonstrated reasonable accuracy for a wide
degrees for the acromial method. variety of motions. In order to determine the accuracy of any
For the scapular tracker method, rms errors for external rotatioreasurement, there must be a direct comparison with a valid mea-
were low and essentially independent of humeral elevation anglérement. The use of pins as a bone based assessment of in-vivo
below maximum elevation. However, for the acromial methodcapular motion has been used previously by Harryman g874l.
there was a progressive increase in rms error with humeral ele@ad Koh et al[38] and was assumed to be a valid representation
tion, up to 25 degrees at maximal elevatigfig. 4b). Over the of scapular kinematics for the present study. The only difference
entire range of motion, external rotation rms errors were 3.2 deetween these skin and bone based techniques is that the former is
grees for the tracker method and 9.4 degrees for the acronggnsitive to motion of the skin motion with respect to the under-
method. lying bone. Therefore, any numerical difference between the two
Both skin based methods recorded the same general patteriwvas attributed to skin motion artifact.
scapular upward rotation as the bone based method, with error©ne motivation for developing a valid method of measuring
increasing with increasing humeral elevati@fig. 4c). However, scapular kinematics is to help study the mechanisms associated
while the scapular tracker underestimated upward rotation, tiéth shoulder pathologies. Previous investigations in this area
acromial method overestimated upward rotation. Over the entit@ve focused on two-dimensional scapular upward rotation pat-
range of motion, upward rotation rms errors were 8.0 degrees 6rns[3,8,39. However, recent studies have demonstrated that in
the scapular tracker and 6.3 degrees for the acromial method. order to completely describe differences between shoulder pa-
Near identical rotations were observed between the two senstiesits and healthy subjects, a three-dimensional analysis is neces-
for clavicular retractior(Fig. 4e). The rms error for this rotation sary[1,2]. It is therefore important to examine the accuracy of all
was 1.2 degrees for the tracker method and 2.6 degrees for Kigematic degrees of freedom.
acromial method. Similar results were found with clavicular el- A comparison of the mean data from skin and bone based re-
evation(Fig. 4f). The rms error for this rotation was 1.5 degreeseivers indicates that both methods investigated in the present
for the tracker method and 1.1 degrees for the acromial methostudy are well suited for capturing the essence of the motion pat-
) ) . terns, especially below 120 degrees of elevation. When the rms
3.1 Upward Rotation Correction Factor. For both skin errors for all subjects are examined, both methods demonstrated
based methods, a systematic error pattern was found for UpWa§eh errors for clavicular motion. For scapular rotations, the
rotation that was consistent across all subjects. Consequentlfyker method resulted in lower rms errors for posterior tilting
correction model based on this systematic error was developed jofy external rotation. Additionally, maximum individual subject
each. The errofe) is represented as the difference between theéqs errors were much lower for the tracker method in posterior
bone Ug) and skin Us) receivers: tilting (7 vs. 17 degregsand in external rotatiori6 vs. 19 de-
e=Ug—Ug 1) grees. However, the a_cromial_method was found to hav_e lower
errors for upward rotation. While the addition of a correction fac-
The key assumption of the proposed model is that this error is dig for the healthy subjects reduced the upward rotation errors for
to skin movement artifact caused by motion of the underlyingoth methods, for the patient with impingement syndrome, the
scapula. Therefore, upward rotation errors were modeled as a inrors were only reduced for the tracker method.
ear function of the scapula position, as represented by the bonelthough palpating surface landmarks in a static environment
based receiver: may provide a more accurate measurement of scapular motion, no
study has attempted to document the experimental accuracy of
e=alg+f @ this approach. Only McQuade and Smjd®] have attempted to
where @ and B are constants. The combined data from all eightalidate a method of measuring scapular kinemdgasilar to the
healthy volunteers for upward rotation during scapular plane écromial method in the current papein that study, x-ray mea-
evation were used to determine the constdatsind 8) using a surements were used for validation purposes, but only for two-
least-squares fit. In general, the position of the bone based @mensional static measurements of upward rotation in one sub-
ceiver would not be known, so gd) and(2) were combined to ject. All other studies have simply made the same measurement
eliminate the position of this receivet)g) and solve for the error more than once with the same technique, which is a measure of

as a function of the skin based receivérd): reliability or precision of the measurement, not accuracy. This
makes it difficult to perform a direct comparison with other scapu-
e=[a/(l-a)|Ust+[B/(1-a)] (3) lar kinematic studies.

The application of this model reduced the rms errors for the PUriNg scapular plane elevation, the rms errors can be repre-
tracker method from 8.0 to 4.2 degrees and for the acromidl nted as percentages_of the_ total range of motion for that degree
method from 6.3 to 2.0 degreéBig. 4d). Applying this correction of freedom. For posterior tilting, upward rotation, external rota-

factor with the same coefficients to the data from the other test% n, clavicular plane, clavicular elevation, those would be 15, 8,
motions also reduced the upward rotation eri@able . , 6, and 14 percent for the tracker method and 19, 4, 32, 11, and

10 percent for the acromial method. These results are better than
3.2 Subject With Impingement Syndrome. During scapu- the rms errors reported by Reinschmidt et al. in similar pin studies
lar plane elevation, the rms errors for the subject with impingef 70, 64, and 21 percent for the three rotations of the K2dé
ment were less than 2 degrees for all rotations except for thad 35, 51, and 14 percent for the three rotations of the d8Kle
tracker method with upward rotatiofY.7 degregsand external Due to ethical issues, all but one of our subjects were healthy
rotation (3.4 degreesand the acromial method with upward rotavolunteers. Although it is possible that skin motion patterns may
tion (4.4 degrees While the application of the upward rotationbe different in subjects with shoulder pathologies, we did find
correction model reduced tracker method rms error to 2.4 degreesmparable errors for the one patient with impingement syndrome
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that we studied. However, while the correction model reduced tients With Anterior Instability or Rotator Cuff Tearing,” J. Shoulder Elbow

: o Surg.,6, pp. 516-527.
upward rotation rms errors_ for the tracker methOd’ it Incr.easeiﬂ Warner, J. J. P., Micheli, L. J., Arslanian, L. E., Kennedy, J., and Kennedy, R.,
thes_e errors for the acromial method. The r_e$!1't5 from this on 1992, “Scapulothoracic Motion in Normal Shoulders and Shoulders With Gle-
subject do not completely rule out the possibility that other pa-  nohumeral Instability and Impingement Syndrome,” Clin. Orthop. Relat. Res.,
tients with impingement or other pathologies may have more ex- 285 pp. 191-199.
aggerated skin motion errors. [5] Doody, S. G., Freedman, L., and Waterland, J. C., 1970, “Shoulder Move-

Several previous investigators have attempted to compensate gnfrg;%ggrl%gﬁd“won in the Scapular Plane,” Arch. Phys. Med. Rehabil.,
for skin motion artifacts in vivg40—42. The correction model in g Youdas, J. W., Carey, J. R., Garrett, T. R., and Suman, V. J., 1994, “Reliabil-
the present study was developed based on an approach originally ity of Goniometric Measurements of Active Arm Elevation in the Scapula
conducted on horses. Van Weeren et al. noted that for some i’llaar;e 101t:1timed in a Clinical Setting,” Arch. Phys. Med. Rehafiis, pp.
equine joints the skin motion .pattem was fairly systematic 7] Freedman, L and Munro, R. R., 1966, “Abduction of the Arm in the Scapular
[_43'44]' Ina S_Ubse_quem paper this error was modeled as a func- Plane: Scapular and Glenohumeral Movements,” J. Bone Jt. 484, pp.
tion of the orientation of the bongl5]. A similar approach was 1503-1510.

adopted in the present study in which the errors were modeled a$] Poppen, N. K., and Walker, P. S., 1976, “Normal and Abnormal Motion of the
a function of the actual position of the scapula. We had originally _ Shoulder.” J. Bone Jt. Surgs8A, pp. 195-201.

attempted to model the error as a function of humeral elevation!®! ggnG;?gjtécJt'io'l",,lgﬁr?' BLhnieiﬁiﬂ"ng‘ég’fgaB' Rhythm: Effects of 2-D Roent-
which reduced the errors even further. However, this was simply @o| Hogfors, C., Peterson, B., Sigholm, G., and Herberts, P., 1991, “Biomechani-
phenomenological model without any regard for the cause of the  cal Model of the Human Shoulder-II. The Shoulder Rhythm,” J. Biomeh.,
skin motion. By definition, that type of model would predict pp. 699-709. N
scapular motion with humeral elevation even in subject that hald!l Kondo, M., Tazoe, S., and Yamada, M., 1984, "Changes of the Tilting Angle

. of the Scapula Following Elevation of the Arm,” irBurgery of the Shoulder
no scapular motion. The currently proposed model does not have ; £ gateman and R. P. Welsh, eds., Decker. Philadelphia, pp. 12—16.

this reStriCtion_- o ) [12] Graichen, H., Stammberger, T., Bonel, H., Haubner, M., Englmeier, K. H.,
One potential criticism of the surface methods presented is that Reiser, M., and Eckstein, F., 2000, “Magnetic Resonance-Based Motion
they may onIy work well on “young and lean” subjects. While all Analysis of the Shoulder During Elevation,” Clin. Orthop. Relat. R&30,

subjects were under the age of 40 years, by observation, sevegﬂ] Eﬂa;‘?v‘i‘g;eg- M Cook T M. and Nawocrenski b. A. 1996 “Three.

SUbjeCIS_. including the one with impingement, had large amounts ' pimensional Scapular Orientation and Muscle Activity at Selected Positions of
of soft tissue surrounding the scapula, both from muscle or sub- Humeral Elevation,” J. Orthop. Sports Phys. Th&4, pp. 57-65.
cutaneous fat Th|s can a|so be inferred from their body_magéll] van der Helm, F. C. T., and Pronk, G. M., 1995, “Three-Dimensional Record-

I i B ing and Description of Motions of the Shoulder Mechanism,” J. Biomech.
indices (up to 36 kg/m). Additionally, although we believe that Eng.,117, pp. 2740,

data from the pin receiver accurately represented scapular motiqis) mMcquade, K. J., Wei, S. H., and Smidt, G. L., 1995, “Effects of Local Muscle
it is possible that skin tension may have caused the pins to bend. Fatigue on Three-Dimensional Scapulohumeral Rhythm,” Clin. Biomeih.,

This tension was probably low, however, since subjects did not pp. 144-148.

B ; R ; ; +116] Johnson, G. R., Stuart, P. R., and Mitchell, S., 1993, “A Method for the
complaln of any pain or discomfort due to skin tension, deSpltél Measurement of Three-Dimensional Scapular Movement,” Clin. Biomeégh.,

the fact that the experiment went well beyond the effective time of ;" 559 573

the anesthesia. With a liberal estimate of fifty pounds of skini7] Moriwaki, M., 1992, “Analysis of Three Dimensional Motion of the Scaupula
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