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a b s t r a c t
An analysis of secondary shoulder motions (humeral rotation, humeral head anterior/posterior translation, scapular tipping, and scapular upward/downward rotation) in subjects with anterior/posterior
shoulder tightness provides the opportunity to examine the role of tightness as a means of affecting
shoulder motions. Subjects with shoulder tightness (anterior, n = 12; posterior, n = 12) elevated their
arms in the scapular plane. Three replicated movements were performed to the maximum motions. Kinematics data were collected by FASTRAK 3D electromagnetic system. To determine if a signiﬁcant difference of the secondary motions existed between anterior/posterior shoulder tightness, two-factor mixed
ANOVA models with the repeated factor of elevation angle (ﬁve elevation angles) and the independent
factor of group were calculated. The relationships between the self-reported functional scores (Flexilevel
Scale of Shoulder Function, FLEX-SF) and abnormal shoulder kinematics were assessed. For humeral head
anterior/posterior translation, the subjects with posterior tightness demonstrated anterior humeral head
translation (10 mm, p = 0.019) compared to subjects with anterior tightness. The subjects with anterior
tightness demonstrated less posterior tipping (2.2°, p = 0.045) compared to subjects with posterior tightness. The humeral anterior translation had moderate relationships with FLEX-SF scores (r = 0.535) in
subjects with posterior tightness. The scapular tipping had moderate relationships with FLEX-SF scores
(r = 0.432) in subjects with anterior tightness. In conclusion, the secondary motions were different
between subjects with anterior and posterior shoulder tightness. During arm elevation, less scapular posterior tipping and less posterior humeral head translation in subjects with anterior and posterior shoulder tightness, respectively, are signiﬁcantly related to self-reported functional disability in these subjects.
Crown Copyright Ó 2008 Published by Elsevier Ltd. All rights reserved.

1. Introduction
The intrinsic anatomy of the shoulder joint provides for movement with six degrees of freedom. Normal shoulder function is
achieved by three-dimensional movements of the humerus and
the scapula. While the humerus and scapula are moved in a deﬁned plane or about a deﬁned axis as the primary motion, the secondary motions, including rotations and/or translations of the
humerus as well as anterior-posterior tipping and/or upward/
downward rotation of the scapula, play important roles in overall
function (An et al., 1991; Harryman et al., 1992; Karduna et al.,
2001; Ludewig and Cook, 2000; Rundquist and Ludewig, 2005).
Coupling of external rotation of the humerus to maximal arm ele-
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vation in the scapular plane, deﬁned as an average of 30–45° anterior to the frontal plane, has been identiﬁed (An et al., 1991).
Similarly, humeral head translation (a mean value of 3.79 mm
anteriorly during ﬂexion and 4.92 mm posteriorly during extension) occurs during arm elevations (Harryman et al., 1992). Additionally, coupling of posterior tipping and scapular upward
rotation during arm elevations have also been described (Karduna
et al., 2001; Ludewig and Cook, 2000; Rundquist and Ludewig,
2005). Shoulder motion is a result of the bony geometry, soft-tissue
structures, and muscle activation.
Characteristics of coupled shoulder movements have been
found to be related to the tightness of shoulder joint (Harryman
et al., 1990; Ludewig and Cook, 2002; Warner et al., 1990). Increased superior translation and decreased posterior translations
of the humeral head during arm elevations in subjects with posterior shoulder tightness have been related to nearer proximity between the humeral head and rotator cuff tendons, a position
likely to result in impingement (Ludewig and Cook, 2002; Warner
et al., 1990). Based on specimens investigation, Werner et al., spe-
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ciﬁcally, indicated that implication of the anterior part of the capsule signiﬁcantly changed glenohumeral translations during arm
motions (range 2 to 5.9 mm) while posterior implication had little
effect on translations (Werner et al., 2004). Clinically, the general
aim of conservative or surgical therapy has been given to decrease
shoulder tightness, which may be beneﬁcial to decreasing clinical
symptoms and/or increasing shoulder motion (Cook et al., 2003;
Tyler et al., 2000). It is, however, unclear how secondary shoulder
motions are affected by anterior/posterior shoulder tightness
in vivo. An analysis of the patterns of secondary motions in subjects with anterior/posterior shoulder tightness provides the
opportunity to examine the role of tightness as a means of affecting shoulder motions. Theoretically, clinical consequences of these
altered secondary motions can include subacromial impingement,
rotator cuff tendonitis, altered shoulder joint forces, and possible
predisposition to degenerative changes.
Despite the impaired shoulder kinematics have been documented in patients with shoulder dysfunction, the characteristics
of shoulder movement impairments in terms of shoulder tightness
or the relationships between impaired shoulder movement and
functional disabilities in subjects with shoulder anterior/posterior
tightness have not been adequately researched. Compared to
healthy subjects, patients with shoulder impingement syndrome
showed decreased upward rotation (4.1°), decreased posterior tipping (average 7°), and excessive scapular elevation during simple
arm elevations (Ludewig and Cook, 2000; Ludewig and Cook,
2002; Lukasiewicz et al., 1999; Madeleine et al., 1999; Szeto
et al., 2005). These studies have primarily focused on the abnormal
scapular kinematics to explain shoulder pathologies, such as
impingement, rotator cuff injury, frozen shoulder, and work-related neck and upper limb disorders, but no studies have evaluated
the shoulder movement impairments in terms of shoulder tightness or the relationships between abnormal shoulder movements
and functional disabilities in patients with anterior/posterior tightness. The abnormal shoulder kinematics may not be reﬂected in
explanations of functional disabilities in patients. For example,
subjects with frozen shoulder syndrome can perform overhead
activities by increasing scapular motion to compensate for limited
glenohumeral joint motion (Rundquist and Ludewig, 2005). Given
that altered shoulder movements may not be reﬂected in functional disabilities, an investigation of the relationships between
impaired shoulder movements and functional disabilities helps clinicians target only those scapular movement impairments that are
related to functional disabilities in patients with anterior/posterior
tightness.
Shoulder tightness (ST), which is characterized by pain and
functional restriction, is a common health problem (Reeves,
1975; Murnaghan, 1990; Myers et al., 2006, 2007). Reeves (1975)
classiﬁed ST as two types: ‘‘idiopathic frozen shoulder” and
‘‘post-traumatic stiff shoulder”. Frozen shoulder is deﬁned as ‘‘an
idiopathic contracture and loss of compliance of the glenohumeral
joint capsule.” Post-traumatic stiff shoulder is deﬁned as ‘‘a limitation in humeroscapular motion associated with soft-tissue contracture after an injury.” Additionally, an increased posterior
shoulder tightness and glenohumeral internal rotation deﬁcit are
suggested contributors to throwing-related shoulder injuries such
as pathologic internal impingement (Myers et al., 2006, 2007). ST
can affect an individuals’ ability to function or one’s sports performance and consequently decrease quality of life.
The purpose of the study were (1) to quantitatively determine
the altered secondary shoulder motions due to anterior/posterior
shoulder tightness in vivo; and (2) to examine the relationships between shoulder movements and self-reported assessment scores of
the affected shoulders in subjects with anterior/posterior tightness. The hypothesis was that signiﬁcant secondary shoulder motion differences would exist between posterior and anterior

shoulder tightness. We also hypothesized that the abnormal shoulder kinematics would reﬂect alterations in the patient’s assessment scores of his/her ability to perform various activities of
daily living.

2. Methods
Sample size calculations were based on detecting 5 mm/4° differences on the humeral translation/scapular tipping, which has
been identiﬁed as the clinically difference between involved shoulders and control (Fayad et al., 2008; Ludewig and Cook, 2000;
Ludewig and Cook, 2002). A sample size of 12 subjects per group
provided 80% power to detect a clinically important difference of
5 mm/4° differences between groups, assuming a common standard deviation of 4 mm/4° and a 2-sided hypothesis with an alpha
level of .05.
Twenty-four patients with shoulder tightness were recruited
from a university hospital (Table 1). All subjects were at least 18
years old. The inclusion criteria for shoulder tightness were: (1) a
limited ROM of a shoulder joint (ROM losses of 20% or greater compared with the noninvolved shoulder in at least two of the following shoulder motions: glenohumeral ﬂexion, abduction, or
internal/external rotation), (2) stiffness in the shoulder region for
at least three months, and (3) no pain when lifting their arms.
According to the measurement of shoulder tightness (Lin and Yang,
2006), twelve of the male subjects had anterior shoulder tightness
(below-chest shoulder ROM < 50% of the unaffected side), while
the pair-matched 12 male subjects had posterior shoulder tightness (cross-chest shoulder ROM <50% of the unaffected side). Patients who had concomitant cervical radiculopathy, evidence of
bone spurs on radiographs, or a history of traumatic injury were
excluded. Each subject signed an informed consent form approved
by an Institutional Review Board.
Lin and Yang have previously described the reliability
(ICC = 0.82–0.91) and validity (R2 = 0.432, functional disabilities
and tightness measurement) of the measurement of shoulder anterior/posterior tightness (Lin and Yang, 2006). In general, a ﬂuid
type inclinometer (Isomed, Portland, Oregon) was used to assess
each patient’s cross-chest (horizontal ﬂexion) and below-chest
(horizontal extension) shoulder ROM to represent posterior and
anterior shoulder tightness, respectively, in the supine position.
The humerus was passively moved into the starting position of
90° of ﬂexion and 0° of adduction for assessment of posterior
shoulder tightness, and the other starting position of 90° of abduction for assessment of anterior shoulder tightness. While the scapula was stabilized, the humerus was then passively moved to the
end of the cross-chest or below-chest ROM, as measured by the
inclinometer.
Self-reported Flexilevel Scale of Shoulder Function (FLEX-SF)
was used to assess the dysfunction in our patients (Cook et al.,
2003). The selection of the FLEX-SF scale to assess shoulder function and disability in this study is based on its entire continuum
assessment of shoulder functions and appropriate psychometric
properties of reliability (ICC = .90) and validity (responsiveness index = 1.2) (Cook et al., 2003). In this scale, respondents answer a
single question that grossly classiﬁes their level of function as
low, medium, or high. They then respond to only the items that target their level of function. Scores are recorded from 1, indicating
the most limited function, to 50 indicating the absence of limited
function in the subject.
The sensors for the FASTRAK (Polhemus Inc., Colchester, Vermont, USA) 3D electromagnetic system were attached to the bony
landmarks with adhesive tape. These surface sensor placements
were the sternum, the ﬂat superior bony surface of the scapular
acromial process, and the points secured by the Velcro straps to
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Table 1
Subject Demographics.
Variable

Subjects with anterior shoulder tightness (n = 12)
Mean

SD

Range

Mean

SD

Range

Age (y)
Weight (Kg)
Height (cm)
Duration (m)
Cross-chest (°)
Below-chest (°)
Flexion (°)
Abduction (°)
Int Rot (°)
Ext Rot (°)
FLEX-SF scoresb

58.4
63.9
163.3
15.3
22(36)a
9(38)a
137
113
42
20
32.5

12.1
4.2
7.3
6.2
5
10
18
14
20
11
4.1

42–69
55–69
161–179
1–24
13–34
8–18
90–145
82–120
34–76
14–26
26–41

53.7
61.2
167.6
19.3
10(38)a
21(42)a
135
109
16
45
34.3

12.6
5.2
4.5
4.2
7
6
12
10
8
13
6.1

34–72
52–68
164–179
3–42
5–19
14–30
100–138
82–125
10–26
33–64
23–38

a
b

Subjects with posterior shoulder tightness (n = 12)

() indicates mean range of the unaffected shoulders.
Flexilevel scale of shoulder function.

the distal humerus between lateral and medial epicondyles. A
fourth sensor attached to a stylus was used to digitize palpated
anatomical coordinates (bony landmarks: sternal notch, xiphoid
process, seventh cervical vertebra, eighth thoracic vertebra, acromioclavicular joint, root of the spine of the scapula, inferior angle
of the scapula, lateral epicondyle, and medial epicondyle. Glenohumeral joint rotation center was operationalized by anterior humeral joint and posterior humeral joint). Kinematics were collected
for ﬁve seconds in the resting seated posture with arms relaxed
at the sides. Subjects were then asked to perform abduction in
the scapular plane oriented 40 degrees anterior to the coronal
plane (Ludewig and Cook, 2000) at a self-selected comfort speed
(2–3 s to complete the task). Three replicated movements were
performed to the maximum motions. The high reliability (ICC (2,
k) = .91 to .99, similarity index = .78 to .97, and less than 2° standard error of measurement) of this approach has been described
by Lin et al. (2005). All of the tests were performed within the recommended space after calibration (Day et al., 2000). Regarding the
accuracy of in vivo measurement, Karduna et al. validated the sensor placement method with sensors ﬁxed to pins embedded in the
bone and indicated that the acromion method offered reasonably
accurate representations of scapular motion (less than 3° RMS error) (Karduna et al., 2001). Due to ethical issues, we did not directly
measure scapular motion by ﬁxing sensors to the scapular pins in
our patients. However, potential criticisms of the surface methods
were considered. The normal body-mass indices (BMI less than
23.2 kg/m2) of our patients were intended to exclude confounding
large amounts of soft-tissue. The order of tests was randomized.
The dominant-right-affected shoulder was tested.
The local coordinate system developed from the digitized anatomical landmarks for the trunk and humerus was used to describe
motions of the shoulder (Fig. 1) (Lin et al., 2005). Scapular orientation relative to the thorax was described using an Euler angle sequence of rotation about Zs (protraction/retraction), rotation
about Y0 s (downward /upward rotation), and rotation about X”s
(posterior/anterior tipping) (Lin et al., 2005; Ludewig and Cook,
2000; Rundquist and Ludewig, 2005). Humeral orientation relative
to the thorax was described using an Euler angle sequence in
which the ﬁrst rotation represented the plane of elevation, the second rotation deﬁned the amount of elevation, and the third rotation described the amount of axial rotation (An et al., 1991; Lin
et al., 2005; Rundquist and Ludewig, 2005). The center of the humeral head was estimated by using a helical axis method to identify
the anterior-posterior translation (Ludewig and Cook, 2002; Stokdijk et al., 2000). With a humeral external ﬁxator (bone-ﬁxed),
Ludewig and Cook assessed the accuracy of measuring humeral
head translations by the surface sensor using the helical axis method as compared to bone-ﬁxed measurement (Ludewig and Cook,
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Fig. 1. Coordinate systems for the thorax, scapula, and humerus. The surface sensor
placements were on the sternum inferior to the sternal notch, on the scapular
acromial process, and at the point on the distal humerus between the lateral and
medial epicondyles, where they were secured with Velcro straps. C7 = spinous
process of the 7th cervical vertebra, T8 = spinous process of the 8th thoracic
vertebra, XP = xiphoid process, SN = sternal notch, RS = root of the spine of the
scapula, IA = inferior angle of the scapula, AC = acromioclavicular joint, ME = medial
epicondyle, LE = lateral epicondyle, RC = rotation center of the glenohumeral joint,
At/Pt = anterior tipping/posterior tipping, Ur/Dr = upward rotation/downward rotation, Mr/Lr = medial rotation/lateral rotation. Trunk axes are aligned with cardinal
planes. Xt is directed laterally, Yt is directed anteriorly, and Zt is directed superiorly.
Xs is directed laterally from RS to AC, Ys is directed anteriorly perpendicular to the
plane of the scapula, Zs is directed superiorly perpendicular to Xs and Ys.

2002). They indicated that average across the three trials, the
RMS error of the surface technique was 1.5 mm or less.
Secondary motions were plotted versus arm elevation angle
(Figs. 2 and 3). The overall characteristics of the plots were analyzed by calculating average curves based on the mean of three trials from each subject. To determine if a signiﬁcant difference of the
secondary motions existed between anterior/posterior shoulder
tightness, two-factor mixed ANOVA models with the repeated factor of elevation angle (ﬁve elevation angles) and the independent
factor of group were calculated. Bonferroni follow-up analyzes
were used to adjust for multiple pair-wise comparisons. Five arm
elevation angles, 30°, 45°, 60°, 75°, and 90° arm elevation, were
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Fig. 2. The averaged plots of secondary motions (humerus rotation and translation) versus humerus elevation during arm elevation: (A) humerus rotation, (B) humerus
translation. Standard deviation bars represent the inter-individual variation.

selected. The corresponding secondary motions at these ﬁve arm
elevation angles were tested to determine the role of tightness in
affecting shoulder motions. To address potential confounding variables, we compared the planes of arm elevation between the two
groups. Additionally, a covariate of humeral length was considered
for translation variables using an analysis of covariance model
(ANCOVA) because the size of humeral length can be the potential
confounding variables.
The relationships between the scores of the FLEX-SF and
abnormal shoulder kinematics (peak humeral head anterior/
posterior translation, peak humeral external rotation, peak
scapular posterior tipping, and peak scapular upward
rotation) were assessed by Pearson’s product moment correlation coefﬁcients in subjects with anterior/posterior shoulder
tightness.

3. Results
The phase plots of humeral rotation, humeral head anterior/
posterior translation, scapular tipping, and scapular upward/
downward rotation angles versus arm elevation had several common features for all subjects. The common pattern was that the
scapula upwardly rotated and moved toward more posteriorly
tipped positions as the arm was elevated in the scapular plane.
At the same time, the humerus was externally rotated throughout
most of the motion, with peak external rotation occurring at 75° or
90° of humeral elevation. There was no difference between the two
groups regarding the plane of arm elevation (40.2° ± 0.9° versus
40.9° ± 0.5°).
Results from the analyzes of humeral kinematics are presented
in Fig. 2. All values of shoulder kinematics passed the Shapiro–Wilk
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Fig. 3. The averaged plots of secondary motions (scapular tipping and upward rotation) versus humerus elevation during arm elevation: (A) scapular tipping, (B) scapular
upward rotation. Standard deviation bars represent the inter-individual variation.

test (p > 0.05) and normality was assumed, except for scapular tipping. For humeral head anterior/posterior translation, there were
signiﬁcant a group main effect. The subjects with posterior tightness demonstrated anterior humeral head translation (10 mm,
p = 0.019). There was no group X elevation interaction effect or elevation main effect for humeral head translation. For humeral rotation, there was a signiﬁcant elevation main effect. The external
rotation was increased as the humerus elevated, except at 75°
and 90° of humeral elevation. There was no group X elevation
interaction or group main effect for humeral external rotation.
The analysis of scapular tipping also revealed signiﬁcant group
and elevation main effects (Fig. 3). The subjects with anterior tightness demonstrated less posterior tipping (2.2°, p = 0.0045). Additionally, the scapular posterior tipping was increased as the
humerus elevated, except at 30° of humeral elevation. There was

no group X elevation interaction effect for scapular posterior tipping. For the scapular upward rotation, there was a signiﬁcant elevation main effect. The scapular upward rotation was increased as
the humerus elevated. There was no group X elevation interaction
or group main effect for scapular upward rotation.
Signiﬁcant correlation coefﬁcients, from .535 to .432, highlight
the fact that shoulder kinematics (humeral translation, scapular
tipping, scapular upward rotation) are related to a patient’s self-reported shoulder functional activities (Table 2). Among the signiﬁcant correlations, humeral anterior translation had moderate
relationships with FLEX-SF scores (r = 0.535, p = 0.007) in subjects with posterior tightness. The scapular tipping had moderate
relationships with FLEX-SF scores (r = 0.432, p = 0.03) in subjects
with anterior tightness. Scapular upward rotation correlated signiﬁcantly with FLEX-SF scores in subjects with shoulder tightness

Please cite this article in press as: Yang J-L et al., Secondary motions of the shoulder during arm elevation in patients ..., J Electromyogr
Kinesiol (2008), doi:10.1016/j.jelekin.2008.10.011

ARTICLE IN PRESS
6

J.-L. Yang et al. / Journal of Electromyography and Kinesiology xxx (2008) xxx–xxx

Table 2
Correlations between shoulder kinematics and functional disability scores in patients with anterior/posterior tightness (anterior tightness N = 12, posterior tightness N = 12).
Humeral head anterior/posterior translation
FLEX-SF (anterior tightness)
FLEX-SF (posterior tightness)

0.042
0.535**

Humeral external rotation
0.172
0.159

Scapular tipping
0.432
0.222

*

Scapular upward rotation
0.310*
0.407*

FLEX-SF: Self-reported Flexilevel Scale of Shoulder Function.
*
p < .05.
**
p < .01.

(anterior tightness
r = 0.407, p = 0.03).

r = 0.310,

p = 0.02

posterior

tightness

4. Discussion
The results provide partial support for the hypothesis. The secondary motions were different between subjects with anterior and
posterior shoulder tightness. The subjects with anterior tightness
demonstrated more posterior humeral head translation (10 mm)
and less scapular posterior tipping (2.2°) during humeral elevation
as compared to the subjects with posterior tightness. These variables are also related to self-report scores. We believe the variables
identiﬁed in this study, such as humeral translation, scapular tipping, and scapular upward rotation are important to consider in
the rehabilitation of patients with shoulder tightness. However,
the fact that the study design does not lend itself to determine
whether the observed kinematic differences were a cause of
pathology or simply a compensation for some other impairment
should be noted.
4.1. Effects of shoulder tightness on secondary motion
In considering unconstrained coupled humeral head translation
(average 5 mm), humeral rotations (average 5°), and scapular tippings (average 3.2°) during 60–90° of arm elevation in our protocol, these movements may indicate the joint laxity that Panjabi
has termed a ‘‘neutral zone”. At these ranges of motion, the constraints in joint motion are tightened capsule, surface contact,
and minimal muscular contraction. During the motion, a tightened
posterior and anterior shoulder pushes the humeral head anteriorly and posteriorly, respectively. At the same time, a tightened
anterior and posterior shoulder places the scapula in the anteriorly
and posteriorly tipped positions, respectively. Our results are comparable with previous investigations (Harryman et al., 1990; Ludewig and Cook, 2002; Werner et al., 2004). Werner et al. (2004)
indicated that implication of the anterior part of the capsule significantly changed glenohumeral translations during arm motions (up
to 5.9 mm), whereas Harryman et al. (1990) found 3–5 mm humeral head translation of cadaver specimens with motions. Ludewig
and Cook (2002) found about 3° of posterior tipping of the scapular
during 60–120° arm elevation.
4.2. Clinical implications
The direction of the anterior-posterior translation changes
would result in the humerus being in closer proximity to the anterior undersurface of the acromion. These translation differences
may result in a greater potential for impingement of the rotator
cuff as the humerus is elevated. In our study, the subjects with posterior tightness had more anterior humeral head translation during
humerus elevation. This ﬁnding is consistent with the posterior
capsule tightness theory (Harryman et al., 1990). Harryman et al.
compared humeral head translation in cadaver specimens during
passive motions before and after operative tightening of the posterior capsule. After surgical tightening, the specimens showed
an increase in anterior translation of 4–7 mm (Harryman et al.,

1990). Additionally, the negative correlation coefﬁcient indicates
that a subject with more severe shoulder disability (low FLEX-SF
scores) had greater humeral anterior translation. It was most likely
that increased posterior tightness push humeral head anteriorly
that may cause impingement symptoms in the subjects with posterior tightness in our study.
The importance of scapular posterior tipping to elevate the
anterior acromion during humeral elevation is provided by previous investigations (Ludewig and Cook, 2002; Lukasiewicz et al.,
1999; McClure et al., 2006). These authors reported the anterior
acromion and coracoacrominal ligament to be in close proximity
to the rotator cuff tendon insertion in elevated positions. In our
study, subjects with anterior tightness demonstrated less scapular
posterior tipping during humeral elevation. Although small in
magnitude (2.2°), this pattern would increase the potential for
impingement. The clinical signiﬁcance of these small alterations
must take into consideration the limited size of the subacromial
space (Warner et al., 1994). Because the data on posterior tipping
did not pass the normality test, the amount of posterior tipping
may be less in a speciﬁc humeral elevation range in subjects with
anterior tightness (i.e., a signiﬁcant interaction effect if more subjects are recruited to meet the normality test). Additionally, the positive correlation coefﬁcient indicates that a subject with more
severe shoulder disability [low FLEX-SF scores] had lower scapular
posterior tipping in subjects with anterior tightness.
4.3. Methodological considerations
Numerous factors could introduce error in determining kinematics from an anatomical coordinate system and a skin-based
marker method. The error from the palpation technique used to
identify anatomical landmarks should be minimized in our study.
The locations of the anatomical coordinate method were examined
by a physical therapist with 15 years of experience treating musculoskeletal disorders. The coupled motions were dependent on the
deﬁnition of the anatomical coordinate system. We constructed
the coordinate system according to the ISB guide (Wu et al.,
2005). Our results are comparable with previous studies that used
a similar coordinate system (Ludewig and Cook, 2002; Lukasiewicz
et al., 1999; McClure et al., 2006). However, limitations in direct
application of these estimates must be considered because we
did not directly measure scapular motion by ﬁxing sensors to the
scapular pins in our patients. On the other hand, potential criticisms of the surface methods were considered, including BMI,
our use of less than 120° of elevation, and humeral length as a confounding factor. Thus, our methods should be sufﬁcient, and our
ﬁndings and interpretations are signiﬁcant. Additionally, the helical axis method does not allow the tracking of the anatomical center of the humeral head during arm motion. The starting location of
the humeral head is not identiﬁed with this technique. Despite its
limitations, the helical method represents the minimum translation in the humeral head, which is appropriate for the instantaneous axis of the humerus during arm motion. Additionally,
using the humeral length to adjust humeral head translation values, the amount of displacement (mean = 9 mm) is consistent with
the results from anatomical research showing that the mean ante-
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rior–posterior radius of the adult glenoid, not including the labrum, is 12 mm (De Wilde et al., 2004).
Interpretation of the data should be performed with caution
when our sample is considered. Since the homogeneity of our sample is anterior/posterior shoulder tightness speciﬁc, the generalizability of the study results to other shoulder pathologies is
uncertain. Additionally, we did not recruit normal subjects as controls. The secondary motion ﬁndings in our sample may not explain the mechanisms of other shoulder disorders.
In conclusion, description of secondary motion for the humeral
head translation, humeral rotation, scapular tipping, and scapular
upward/downward rotation provide a basis for the analysis of effect of shoulder tightness. Our results indicated that the secondary
motions were different between subjects with anterior/posterior
shoulder tightness. During arm elevation, less scapular posterior
tipping and less posterior humeral head translation in subjects
with anterior/posterior shoulder tightness respectively. These variables are signiﬁcantly related to self-reported functional disability
in these subjects.
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