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Scapular Kinematics in Constrained and
Functional Upper Extremity Movements
houlder movements have been investigated with respect to
many applications, including sports performance, workplace
design, and clinical intervention. Within this area of research
it is well established that proper arm elevation is the result
of the interaction between the glenohumeral and scapulothoracic
joints. The scapula serves as a stable base for the glenohumeral joint

S

and contributes to arm elevation. Altered
scapular position and/or orientation may
interfere with optimal shoulder coordination.19 Abnormal scapulothoracic joint
motion has been associated with pathologies such as instability,22 frozen shoulTIJK:O:;I?=D0 Controlled laboratory
study using a single-group, repeated-measures
design.
TE8@;9J?L;I0 To investigate scapular kinematics during both constrained and functional
shoulder movements.

T879A=HEKD:0 Abnormal scapulothoracic
joint motion has been associated with pathologies such as shoulder impingement. Constrained
protocols are commonly used in the measurement of shoulder kinematics; however, few
studies have measured motion during functional
tasks.
TC;J>E:I0 Twenty-ﬁve healthy subjects
participated in this study. Three-dimensional
kinematic data from the scapula and humerus
with respect to the thorax were collected with
a magnetic tracking system. Functional testing
consisted of 6 different tasks representing common activities of daily living. Constrained testing
consisted of at least 42 arm elevations in various
planes. Two-way analyses of variance with re-

der,35,36 and shoulder impingement.19
Many studies have evaluated scapulothoracic joint kinematics and the role
it plays in different patient populations.
Constrained protocols are commonly
used in the measurement of shoulder
peated measures were used to compare scapular
rotations between constrained and functional
movements at the same humeral elevation and
plane of elevation angles. Intersubject variability
was compared between the overhead tasks and
the constrained humeral elevation in the scapular plane by using the coefficient of multiple
correlations.

TH;IKBJI0 Signiﬁcant differences between
constrained trials and functional tasks were found
for all scapular rotations. A similar pattern was
observed for scapular rotations variability between
overhead tasks and constrained arm elevation in
the scapular plane.

T9ED9BKI?ED0 Care needs to be taken when
comparing and generalizing scapular kinematic
data from constrained humeral movements and
applying it to functional humeral movements. J
Orthop Sports Phys Ther 2009;39(8):618-627.
doi:10.2519/jospt.2009.2788

TA;OMEH:I0 scapula, scapulothoracic joint,
shoulder biomechanics, unconstrained movement

kinematics. Four main methods were
identiﬁed in the literature that have been
used to constrain shoulder movement:
(1) measuring scapulothoracic joint position at different static humeral elevation
angles9,17,33; (2) constraining shoulder
movement to a speciﬁc plane of motion,
typically the frontal, sagittal, or scapular
planes4,23,31; (3) restricting joint (other
than the shoulder) or segment motion by
instructing the subject to hold the position of speciﬁc segments during motion,
such as extending their elbow25,27; and
(4) restricting motion using a specially
designed apparatus or splint,12,26,44 or any
combination of the above options. However, few studies have measured scapulothoracic joint kinematics in functional
scenarios, such as during wheelchair propulsion and transfer activities,8,29,34 and
during activities of daily living, such as
reaching, perineal care, hair combing,
and eating.13,14,21,43
To the best of our knowledge, there
is only 1 published study21 that has compared scapular kinematics between
constrained and functional humeral
movements. However, this study made
the comparison only at the end position
of a hair-combing task, which did not describe scapular kinematics through the
whole movement. To evaluate functional
lower extremity motion, gait analysis is
commonly used. However, there is no
single agreed-upon functional-testing
protocol to evaluate shoulder kinematics
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in healthy and nonhealthy subjects. The
most common testing protocol for evaluating shoulder kinematics is constrained
scapular plane of elevation.
The purpose of the present study is
to compare scapular kinematics during constrained and functional shoulder
movements. In the present study, shoulder movement was constrained using
methods 2 and 3 mentioned previously:
constraining shoulder movement to a
speciﬁc plane and restricting joint motion by instructing the subject to hold
the position of the elbow and trunk. This
led us to consider the following research
questions: (1) What are the differences in
scapular orientation between constrained
and functional tasks at speciﬁc humeral
orientations, and (2) is the intersubject
variability smaller during constrained
scapular-plane arm elevation when compared to overhead functional tasks?

C;J>E:I
Subjects

T

wenty-ﬁve healthy subjects (12
males, 13 females) participated in
this study: mean age (SD), 25.8 (6.4)
years; height, 1.74 (0.08) m; body mass,
70.1 (21.9) kg. The University of Oregon
Institutional Review Board approved
the protocol for this study and subject
consent was obtained prior to data collection. The inclusion criteria were no
prior shoulder surgery and no shoulder
injury that required rehabilitation in the
previous 2 years. All participants were
right handed. They had no limitation in
humeral elevation range of motion and
did not suffer from any known neurological problems. They were instructed not
to perform heavy upper-body exercises in
the 24 hours prior to testing.

?dijhkc[djWj_ed
Three-dimensional kinematic data from
the scapula, humerus, and thorax were
collected via the Liberty magnetic tracking system (Polhemus, Colchester, VT),
which consisted of an electronics unit,
transmitter, 3 sensors, and 1 digitizer.

This system was interfaced with the MotionMonitor software program (Innovative Sports Training, Chicago, IL). Data
were collected at a rate of 120 Hz per sensor. The transmitter emitted an electromagnetic ﬁeld that was detected by the
digitizer and the sensors. The system’s
electronic unit determined the relative
orientation and position of the sensors in
space. Data analysis was performed with
LabView software (National Instruments,
Austin, TX).

I[jkfWdZ:_]_j_pWj_ed
Three sensors were placed on each subject. A thoracic sensor was attached using
double-sided adhesive tape to the manubrium just below the jugular notch, then
secured in place with adhesive tape. A
humeral sensor was placed on the humerus over the deltoid tuberosity using a
customized molded cuff attached by Velcro strips. A scapular tracker, previously
validated in our lab, was used to quantify scapular kinematics. The root-meansquare (RMS) error associated with the
scapular tracker for scapular posterior
tilt, upward rotation, and external rotation was reported to be 6.2°, 4.5°, and
5.0°, respectively.11 Plastic screws secured a sensor to the scapular tracker
jig. The jig was attached atop the spine
of the scapula and acromial process, using adhesive Velcro strips. This method of
measuring scapular kinematics has previously demonstrated good reliability, with
intraclass correlation coefficients (ICC3,1)
values higher than 0.9 and standard error of measurement (SEM) values ranging from 1° to 2.6°.41 A global coordinate
system was established by mounting the
transmitter on a rigid plastic base. The
transmitter was located behind the tested arm at the humeral sensor height at
a horizontal distance of 30 cm from the
trunk. A foot alignment device was used
to determine each participant’s preferred
foot position during digitization (<?=KH;
1). This device was used later to reposition the participants at their initial preferred position after each rest period.
Anthropometrical measurements

<?=KH;'$Study setup and sensors placement. Note
that the forearm sensor is not related to the present
study.

were taken from each participant using a
measuring tape. Upper extremity length
was measured from the anterior aspect
of the acromial process to the tip of the
middle ﬁnger, with the elbow extended at
the sides and the participant in a seated
position.13 Shoulder height was measured
from the anterior aspect of the acromion
to the ground. Body height was measured
from the head apex to the ground. Shoulder width was measured from the lateral
aspect of the left acromion to the lateral
aspect of the right acromion. The later 3
measurements were made with subjects
standing in their natural posture.
Throughout digitization and data collection, participants were in their natural
standing position. The following landmarks were digitized on the thorax (T8,
xiphoid process, C7, and jugular notch),
scapula (root of spine of the scapula, acromial angle, and inferior angle), humerus
(medial and lateral epicondyles), and ulna
(ulnar styloid process). The arbitrary axes
deﬁned by the magnetic tracking system
were converted to anatomically appro-
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priate embedded axes derived from the
digitized bony landmarks, based on the
International Society of Biomechanics
recommendation for the upper extremity.46 All landmarks were surface points
and, therefore, could be located directly,
except for the center of the humeral head.
The center of the humeral head was deﬁned as the point on the humerus that
moved the least with respect to the scapula while moving the humerus through
short arcs (less than 45°) of mid-range
glenohumeral motion and was calculated
using a least-squares algorithm.42 After
the digitization process, raw data from the
sensors were converted into anatomically
deﬁned rotations that could be displayed
in real time using the MotionMonitor
software. Standard matrix transformation methods were used to determine
the rotational matrix of the humerus and
scapula with respect to the thorax. For the
humerus, the International Society of Biomechanics (ISB) second recommendation
was used, taking the ulnar styloid process
as the third point for the plane, with the
elbow in 90° of ﬂexion.46 Humeral rotations were represented using a standard
Euler angle sequence (Y-X'-Y"), in which
the ﬁrst rotation deﬁned the plane of elevation, the second rotation described
the amount of elevation, and the last rotation represented the amount of internal/external rotation. Scapular rotations
were represented using an Euler angle
sequence (Y-X'-Z") of external/internal
rotation, upward/downward rotation, and
anterior/posterior tilting. Description and
ﬁgure of these scapular rotations can be
found in a recent manuscript by Ludewig
and Reynolds.18

;nf[h_c[djWbFheY[Zkh[
Participants started the experiment with
a standardized warm-up procedure,
which included Codman’s pendulums
and stretches for the rotator cuff muscles.
To perform Codman’s pendulum, the subjects leaned forward at the hip while supporting their body with the nondominant
arm on a table and holding a 1.1-kg mass
in their dominant hand. Each subject
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<?=KH;($Motions performed by the subjects: (A) belt, (B) shelf, (C) reach out, (D) object right, (E) object left, (F)
overhead, (G) constrained trial at 60o to 80o range.

performed a set of 15 repetitions of arm
circles, clockwise and counterclockwise,
followed by a set of 15 repetitions of a
back-and-forth movement in the sagittal
plane. The stretches consisted of holding
a static external rotation and then internal rotation position while the shoulder
was abducted in the frontal plane to approximately 90°, for 2 sets of 15 seconds
each.39 Data collection followed, ﬁrst
with the functional tasks and then the
constrained trials. This set sequence of
testing was based on pilot data collection
revealing that subjects altered the way
they reached to the different functional
targets when the constrained trials were
introduced ﬁrst. All testing was completed in a single session and performed on
the dominant upper extremity.
The functional testing protocol consisted of 6 tasks. These tasks represented
activities of daily living, with an attempt
to cover a wide range of different humeral
planes of elevation and elevations. Several
of the tasks presented by Lin et al13 were

modiﬁed based on pilot data, because
their subjects were in a seated position
(as opposed to standing in the present
study). Participants practiced each motion as often as necessary to become
comfortable with the task. They were instructed not to move their feet during all
tasks. Functional task descriptions and
locations were as follows: (1) reaching to
a seat belt (belt) in the frontal plane at a
horizontal distance of 75% of arm length
at shoulder height; (2) reaching to a shelf
(shelf ) in the sagittal plane at a horizontal distance of 80% of arm length and
height of 50% of arm length above shoulder height; (3) reaching out (reach out) in
the sagittal plane at a horizontal distance
of 120% of arm length and height of 66%
of arm length below shoulder height; (4)
reaching to an object on the right side
(object right) in the frontal plane at a
horizontal distance of 66% of arm length
and height of 66% of arm length below
shoulder height; (5) reaching to an object
on the left side (object left) in the frontal
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g)
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Rotation (de
Scapular Upward

plane, at a horizontal distance of 50%
of arm length and height of 66% of arm
length below shoulder height; (6) reaching to an imaginary point above their
head (overhead). For the ﬁrst 5 tasks the
instructions were to reach to the target,
which was a small plastic object (negligible weight) on a shelf, and bring it back
to the side of the body. For the sixth task
they were instructed to reach as high as
possible (<?=KH; (). All target locations
were normalized based on the participant’s anthropometric data, and task order was randomized.
After performing the functional tasks,
each participant performed constrained
arm elevations in various planes ranging
from 0° (frontal plane) to 120°, where
90° represented the sagittal plane. This
range was divided into 6 different trials
of 20° intervals, each starting at a different plane of elevation angle (0°, 20°,
40°, 60°, 80°, and 100°). Each trial consisted of 7 constrained arm elevation and
depression movements. Subjects were
instructed to elevate and lower their arm
along the path of a series of 7 equally distributed vertical lines secured to a mobile 0.6  1.9-m board. These lines were
spaced at approximately 3° increments
of plane of elevation. Participants were
instructed to keep their elbow extended
and thumb pointing up and to elevate
their arm as high as possible, restricting
trunk and foot movements (<?=KH;(). Participants elevated and lowered their arms
to the count of 8 beeps from a metronome
set at 84 beeps per minute. This resulted
in an average angular velocity across all
participants of approximately 40°/s. Participants practiced each motion as often
as necessary to become comfortable with
the trial. During all trials, the researcher
closely observed the participants’ arm
motion and trunk position and verbally
instructed them to keep the desired arm
and trunk positions. After each trial, the
participants rested for 3 minutes. The
order of these trials was randomized. After 6 trials, which consisted of a total of
42 constrained arm elevations, the functional task data were plotted against the
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<?=KH;)$Representative 3-dimensional representation of the functional shelf task and its corresponding
interpolated constrained data.

constrained data to compare humeral
plane of elevation and humeral elevation.
Data were visually inspected to ensure
that most of the points of the functional
tasks were encompassed in the area of
the constrained trials. If a gap of 10° or
higher in plane of elevation was identiﬁed
within the constrained data, the participant performed another constrained trial
in this range, which increased the total
constrained arm elevations to 49.

:WjWH[ZkYj_edWdZ7dWboi_i
Before data analysis, all ﬁles were
trimmed below 20° of humeral elevation angle (to avoid Gimble Lock) and
above 120° of humeral elevation angle
(to minimize skin slippage error of the
scapula tracker).11 For presentation purposes, scapular upward rotation and humeral elevation angles were multiplied by
–1. A correction equation, previously used
in our lab,11 was used to correct scapular
upward rotation for the constrained and

functional data, which further reduced
skin movement artifact. The constrained
data were matched to the functional data
based on humeral elevation and humeral
plane of elevation angles for each participant using a customized LabView
program. For each constrained arm elevation, scapular angles were linearly interpolated in 0.1° increments of humeral
elevation angles, to increase humeral
elevation angle resolution. Based on the
sampling frequency (120 Hz) and the estimated arm elevation velocity of 40°/s,
arm elevation will change in an average
increment of 0.3°. Hence, a linear interpolation of 0.1° would not result in
an unreasonable distortion of the data.
Next, for each data point for the functional motions, the corresponding data
points from the constrained motions
with the same humeral elevation angle
were identiﬁed. From all the matching
humeral elevation constrained points, 2
data points that encompassed the cor-
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Scapular Angles for Functional and
Constrained Shoulder Motion at Specific
Humeral Elevation Angles During Specific Tasks*

J78B;'

;nj[hdWbHejWj_edZ[]
JWiai
Belt
Shelf

Reach out

]
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>kc[hWb;b[lWj_ed

<kdYj_edWb

9edijhW_d[Z

<kdYj_edWb

9edijhW_d[Z

<kdYj_edWb

30°

32.2 (7.0)

33.3 (7.5)

1.0 (4.9)†

–6.4 (4.9)

–9.5 (7.7)†

9edijhW_d[Z
–11.1 (8.2)

60°

38.8 (7.4)

39.7 (6.9)

12.9 (7.9)†

5.5 (6.8)

–8.8 (7.7)

–10.7 (6.9)

30°

27.2 (7.3)†

29.5 (8.4)

0.4 (4.7)†

–5.9 (4.7)

–9.5 (7.5)

–10.4 (8.3)

60°

29.2 (7.8)†

33.7 (8.8)

10.7 (5.1)†

2.5 (5.7)

–6.0 (8.1)†

–8.3 (8.4)

90°

34.5 (8.6)†

37.2 (10.1)

24.4 (5.8)†

16.6 (6.8)

–4.4 (7.8)

–6.6 (8.7)

30°

35.5 (6.9)†

30.6 (7.9)

–10.6 (5.7)†

–5.2 (5.1)

–12.3 (6.7)†

–10.7 (8.9)

60°

41.9 (8.0)†

35.5 (11.0)

–3.2 (10.3)†

–10.2 (7.7)

6.0 (9.0)

–10.9 (5.1)

Object right

30°

27.1 (7.4)

22.2 (7.7)

–8.6 (8.0)†

–3.0 (8.4)

–11.5 (6.2)†

–9.2 (5.8)

Object left

30°

36.1 (6.5)†

33.7 (6.7)

–5.8 (8.2)

–3.7 (7.8)

–13.8 (4.9)†

–12.1 (4.2)

Overhead

30°

25.4 (9.9)†

†

27.9 (10.2)

1.6 (3.9)†

–4.9 (4.6)

–8.2 (7.8)

–8.1 (7.4)

†

25.7 (10.7)

31.6 (10.4)

13.6 (4.5)†

3.9 (5.4)

–4.4 (8.6)†

–6.4 (8.4)

90°

27.4 (11.2)†

32.9 (11.8)

26.9 (4.5)†

17.8 (6.2)

–1.6 (8.9)†

–4.8 (8.5)

120°

31.4 (13.4)

29.2 (12.6)

39.8 (4.2)†

34.4 (4.0)

–1.3 (10.3)

–2.4 (10.0)

60°

* Data are means (SD).
†
Statistically signiﬁcant differences between the functional and constrained conditions P .05.

responding functional humeral plane
of elevation angle were selected. These
constrained planes of elevation angles
were linearly interpolated to match their
corresponding functional task plane of
elevation angle. This algorithm was used
to interpolate all 3 scapular angles. For
example, consider a functional data point
at 30.3° elevation in the 46.2° plane. To
ﬁnd a corresponding point from the constrained data, interpolation might have
been performed between the following 2
points: 30.3° elevation in the 45.1° plane
and 30.3° elevation in the 48.2° plane.
Note, that the elevation angles matched
exactly, so for this process the interpolation is for the plane of elevation angles.
With this procedure, for every data point
of the functional protocol there was a corresponding interpolated constrained data
point at the same humeral elevation and
plane of elevation angles (<?=KH;)).
Statistical analysis was performed
using SPSS, Version 15 (SPSS, Chicago,
IL). A series of 2-way, repeated-measures
analyses of variance (ANOVAs) were conducted with 1 dependent variable (scapular angles) and 2 within-subject factors:
condition (constrained and functional)

and position (30°, 60°, 90°, and 120°
of humeral elevation angles). When signiﬁcant interactions were found between
the condition and the position, a post hoc
Bonferroni-Holm procedure was used.45
For each task, scapular angles differences (between the functional data and
the interpolated constrained data) were
calculated, averaged between participants
and plotted. These graphs were searched
for patterns that could explain the differences in scapular orientations as a function of humeral elevation angle. Positive
differences in scapular angles represent
functional angles that were larger than
constrained angles.
For each subject the raw constrained
data were searched to identify the speciﬁc arm elevation that was performed
in the scapular plane. The scapular plane
was identiﬁed as the arm elevation closest to 35° of plane of elevation at 90° of
humeral elevation (mean  SD, 35.0° 
0.8°). Out of the 6 functional tasks, the
shelf and overhead tasks were the only
2 that involved overhead motion. Intersubject variability was compared between
the functional tasks and the constrained
humeral elevation by using the coefficient

of multiple correlation (CMC) comparing the estimated variance in each of the
scapular angles (equation 1). The CMC
value reﬂects the intersubject variability of the waveforms. The CMC has been
used to evaluate the similarity between
waveforms in gait analysis10,38 shoulder20
and scapular motion.40 When the waveforms are similar, the CMC value (R2) is
close to 1; when the waveforms are dissimilar, the CMC value is close to 0. This
expression yielded a measure of waveform repeatability.30
P

R2 = 1 –

N

4 4 (Y
i=1

j=1

P

N

i=1

j=1

4 4 (Y

ij

– Y i) 2

ij

– Y )2

EQUATION 1

i is humeral elevation angle, j is subject-speciﬁc scapular angle, P is the number of elevation angles increments, N is
the number of subjects, Yij is a subjectspeciﬁc scapular angle at speciﬁc humeral
elevation, Yi is the average scapular angle
between subjects at a speciﬁc humeral elevation angle, and Y is the total average
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<?=KH;*$Mean scapular angle differences for the interpolated constrained data and functional tasks as a function of humeral elevation angle for (A) scapular internal/external
rotation (IR/ER), (B) scapular upward/downward rotation (UR/DR), and (C) scapular posterior/anterior tilt (PT/AT).

of the scapular angle at all elevation angle
for all subjects.
For both of the overhead functional
tasks and the scapular plane elevation
motion, the average and standard deviation of scapular upward rotation angles
were plotted at speciﬁc humeral elevation
angle.

J78B;(



Intersubject Scapular Orientation Coefficient
of Multiple Correlation Between Overhead
Functional Tasks and Constrained Arm
Movement in the Scapular Plane
?dj[hdWbHejWj_ed

KfmWhZHejWj_ed

Constrained

0.11

0.69

Feij[h_ehJ_bj
0.33

Shelf

0.20

0.66

0.38

Overhead

0.18

0.82

0.57

H;IKBJI

T

he ﬁrst goal of this study was
to compare scapular orientation between constrained and functional
shoulder motion. The statistical analysis
revealed signiﬁcant condition-by-position interactions for all scapular rotations
(P .05). A post hoc Bonferroni-Holm
test found signiﬁcant differences in most
of the cases in scapular angles between
conditions for all the tasks (J78B;'). For
scapular external rotation, a maximum
average angle difference of 6.4° was
found in the reach-out task at 60° of
humeral elevation. For scapular upward
rotation, a maximum average angle difference of 9.7° was found in the overhead
task at 60° of humeral elevation. While,
for scapular posterior tilting, a maximum
average angle difference of 3.2° was found
in the overhead task at 90° of humeral
elevation.
To help identify patterns of differences
between the constrained and functional

scapular data, the data were averaged
based on humeral elevation angles (<?=KH;*). Evaluation of these curves revealed
that the scapular angle differences during
the reach out, object right, and object left
tasks had the same general shape, with
larger scapular angles for the functional
data in scapular external rotation, and
larger scapular angles for the constrained
data in scapular upward rotation and
posterior tilt. Opposite patterns were observed for the belt, shelf, and overhead
tasks.
The second goal of this study was to
compare intersubject variability between
overhead functional tasks and constrained arm elevation in the scapular
plane. The CMC values showed that the
scapular orientation variability between
the overhead functional tasks and the
constrained arm elevation in the scapular
plane were similar (J78B; (). The shape
and the standard deviation of scapular
upward rotation were found to be simi-

lar for the 3 different shoulder motions
(<?=KH;+).

:?I9KII?ED

T

he present study compared scapular behavior between 2 conditions:
constrained and functional shoulder motions. Six functional tasks were
compared covering a wide combination
of humeral elevation and plane of elevation angles. Similarly, constrained arm
elevation covered a wide range of planes
of elevation. The comparison of scapular
motion between the 2 conditions was
performed at the same humeral elevation
and humeral plane of elevation angles.
Signiﬁcant differences were noted in
the means found for most conditions.
Scapular upward rotation had the highest
mean differences. Scapular posterior tilt
had fewer signiﬁcant differences, which
may be related to its relatively small range
of motion. However, these differences are
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absolute differences. The relative difference in scapular angles is the ratio between the observed differences and the
total range of motion of the corresponding functional task. The highest ratio value of 1.6 (160%) was found for scapular
upward rotation during object right task.
The reach-out task had the second highest ratio value of 1.2 (120%) for scapular
upward rotation. However, in general,
the overhead, shelf, belt, and object left
tasks had lower ratio values. These ﬁndings suggest that the differences between
the constrained and functional protocols
were higher for the object right and reach
out tasks. For these tasks, the mean upward rotation ranges of motion were the
smallest for reach out and object right
(7.8° and 3.6°, respectively), followed by
object left task with 22.5°. These small
ranges of motion of upward rotation may
have inﬂuenced subject control on movement execution. It should be noted that
in our previous reliability study of this
methodology, values for the SEM were
as high as 2.6°. Therefore, differences
between constrained and functional data
in the present study that are lower than
this upper bound might be due to measurement error.
From a clinical perspective, it has been
shown that subjects who have pathologies
such as impingement and frozen shoulder have altered scapular kinematics. The
average differences between asymptomatic and symptomatic groups reported

in the literature ranges from 3.8° to 7.7°
for scapular upward rotation,2,16,24,35 3.3°
to 9.5° for scapular posterior tilt,2,16,19,24
and 4.4° to 5.2° for scapular external rotation.16 Similar magnitude differences
were found in the current study between
constrained and functional motion.
To further investigate scapular angle
differences, a comparison of the average angle differences between the constrained and functional humeral motion
was performed (<?=KH;*). The 6 tasks can
be divided into 2 groups. The ﬁrst group
(group 1) consisted of belt, shelf, and overhead tasks, and the second group (group
2) consisted of reach out, object right,
and object left tasks. Throughout most
of scapular internal rotation, constrained
angles were found to be larger than the
functional angles in group 1. However,
the opposite pattern was observed in
group 2. Most scapular upward rotation
and posterior tilt functional angles were
larger than the constrained angles in
group 1, whereas, the opposite was true
in group 2. Group 1 had a larger range of
humeral elevation angle relative to group
2. This may indicate that functional tasks
with a target lower than shoulder height
may have different muscle recruitment
and coordination patterns than functional tasks with a target above shoulder
height. Sainburg et al37 found that when
reaching to the same end point target
from different starting locations, the path
was similar but muscle recruitment and

coordination patterns were different.
Pearl et al32 found that when naturally
reaching overhead, humeral elevation was
preferentially executed in the scapular
plane. The most common test for shoulder behavior utilized constrained humeral elevation, typically in the scapular
plane.1,3,5 One question we were interested in answering was whether arm elevation intersubject variability was different
when executing a functional movement
compared with constrained humeral elevation in the scapular plane. The intersubject CMC values for scapular upward
rotation for constrained humeral elevation in the scapular plane were found to
be similar to the shelf and overhead
tasks (J78B;(). In the constrained trials
the scapular plane is deﬁned as 30° to
45° relative to the thorax at a speciﬁc humeral elevation of usually 90°, but during
elevation the scapula slides and rotates,
altering the actual scapular plane position.32 Studies have found differences in
scapular kinematics related to the plane
of humeral elevation25,28 that may lead to
higher intersubject variability in the constrained humeral elevation. Based on the
observed variability, it appears that functional tasks, such as the overhead or shelf
tasks, can be just as useful for evaluating
between group differences. While low
CMC values for scapular posterior tilting
and even lower values for scapular internal rotation are partly due to differing
motion patterns, they can also be attrib-
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uted to large offset differences between
subjects due to anatomic variability and
small range-of-motion values for these
angles.
In the present study subjects performed each task once, to avoid fatigue,
thus intrasubject reliability calculations
could not be performed. Scapular kinematics have been found to be reliable
under constrained protocols in the frontal, scapular, and sagittal planes.40 To the
best of our knowledge, no reliability tests
have been reported for scapular kinematics while performing functional shoulder
protocols. However, functional movements, such as the ones in the present
study, are used more frequently in daily
activities than constrained motion.
One of the main issues when using
surface sensors methods to measure scapular and humeral kinematics is skin artifact. We have previously reported RMS
error for scapular posterior tilt, upward
rotation, and external rotation to be 6.2°,
4.5°, and 5°, respectively.11 This method
has been extensively used in our laboratory and has demonstrated good reliability.41 Ludewig et al15 found that RMS errors
for humeral plane of elevation, elevation,
and external rotation were 3.8°, 3.1°, and
7.5°, respectively. For both constrained
and functional protocols, the same surface sensors were used, so the error related to skin artifact should be consistent
in both protocols. Not randomizing the
order between the constrained and functional protocols may have introduced
error related to fatigue or sensor slip. To
minimize fatigue, subjects had 3 minutes
of rest between the constrained trials and
the functional testing, which consisted of
only 6 tasks, with 4 of them involving less
than 90° of arm elevation.
Another reason for the differences
between the constrained and functional
shoulder movements may be caused by
differences in the third humeral rotation,
humeral external/internal rotation. McClure et al25 showed that at 90° of arm
elevation while performing full range
of humeral external/internal rotation
scapular orientation could have changed

by up to 15°. In the present study, the
third humeral rotation was controlled
in the constrained trials but not in the
functional testing. The RMS difference
for the humeral third rotation, internal/
external rotation, was calculated for each
functional task and its corresponding interpolated constrained data. The RMS
differences were 7° to 14° for the different tasks. Ludewig et al15 showed RMS
error of 7.5° when using surface sensors
in comparison to bone pins when measuring humeral external/internal rotation during elevation in the scapular
plane; however, the results were based
on 1 subject. The motions in the current
study were performed in mid range of
the humeral internal/external rotation
and not at the end range of the motion,
which might have decreased the error
due to skin motion artifact.
McQuade and Smidt26 found that
differences in shoulder load have an inﬂuence on scapular motion. In the constrained trials the elbow was extended
during the entire range of motion, as
compared to the functional movement,
where the elbow was ﬂexed to varying degrees for different tasks. This would have
created differences in shoulder torque,
which might have inﬂuenced muscle activation and coordination levels. During
functional testing, the thoracic posture
was not controlled (for example, trunk
ﬂexion during the reach out task); whereas, in the constrained trials the thorax
was restricted, which might have altered
scapular position and orientation. It has
been shown that different thoracic positions (erect and slouched postures while
in seated position) have an inﬂuence on
scapular kinematics and muscle force
output.7,12
Humeral elevation angular velocity
was controlled in the constrained trials
to approximately 40°/s but was not controlled during the different functional
tasks, with averaged angular velocities
of 30°/s to 120°/s for the different tasks.
However, Fayad et al6 found that there
were no signiﬁcant differences in scapular kinematics at 2 self-selected velocities.

If the angular velocities of the functional
tasks were controlled to match the constrained trials averaged angular velocity,
the functional tasks would have lost their
natural pattern and become partially constrained. In the present study we chose
to constrain the motion by using verbal
feedback to constrain the elbow motion
and trunk motion. It may be that if less
or more constrained methods were used
to quantify scapular kinematics scapular angle differences would have been
different.
Finally, in the present study, we used a
correction equation previously developed
in our lab to minimize errors due to skin
artifact using the scapula tracker.11 This
equation was developed based on different anatomical landmarks and a different
magnetic tracking device, which might
have inﬂuenced the scapular orientation
angles reported in this study. However,
our goal was to determine the differences between constrained and functional
shoulder movements and not the absolute
values of the different scapular rotations.
Even if the application of the correction
equation caused an error in scapular
angles, this would be a systematic error
for both the functional and constrained
shoulder movements that would not
signiﬁcantly inﬂuence the magnitude of
the differences between constrained and
functional movements.

9ED9BKI?ED
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he findings of this study
showed that differences were evident in scapular behavior between
constrained and functional motion. The
largest differences were observed in scapular upward rotations. Tasks that involved
small humeral elevation and/or involved
trunk ﬂexion had higher angle difference
relative to the task’s range of motion. Intersubject variability in constrained humeral elevation in the scapular plane was
similar to the variability in overhead and
shelf functional tasks. This leads to the
ﬁrst conclusion that investigators should
use caution when comparing and gener-
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[
alizing scapular kinematic data collected
from constrained humeral movements
and applying it to functional humeral
movements. Second, based on the results
from the current study, it seems that it is
not always necessary to use constrained
humeral elevation in the scapular plane
to measure scapular behavior, because
the intersubject variability is the same
or in some cases larger than for overhead
functional tasks. T
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<?D:?D=I0 When comparing scapular

position between constrained and functional shoulder motion, differences were
observed for all scapular rotations. Also,
similar scapular rotation variability was
observed for overhead tasks and constrained arm elevation in the scapular
plane.
?CFB?97J?ED0 The results provide additional justification for the use of
functional tasks to investigate scapular
behavior in daily activities. Researchers
should be cautious when comparing and
generalizing scapular kinematic data
collected from constrained humeral
movements and applying it to functional
humeral movements.
97KJ?ED0 Intrasubject reliability data
were not collected in the present study.
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