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Background: Although the elevation angle of the arm affects the range of rotation, it has not been evalu-
ated up to the maximal abduction angle. In this study we conducted an evaluation up to maximal abduction
and determined the contact patterns at the glenohumeral (GH) joint.
Methods: Fourteen healthy volunteers (12 men and 2 women; mean age, 26.9 years) with normal shoul-
ders (14 right and 8 left) were instructed to rotate their shoulders at 0°, 90°, 135°, and maximal abduction
for each shoulder at a time. Using 2-dimensional and 3-dimensional single-plane image registration, the
internal rotation (IR), external rotation (ER), and range of motion (ROM; ie, axial rotations) at the
thoracohumeral (TH) and GH joints, and the contribution ratio (%ROM = GH-ROM/TH-ROM) were cal-
culated for each abduction. The glenoid position with respect to the humeral head was also analyzed.
Results: The TH-IR and TH-ER shifted toward an ER with increasing abduction angle, whereas the TH-
ROM significantly decreased except at abduction between 0° and 90° (P < .001). The GH-IR and GH-
ROM significantly decreased except at abduction between 0° and 90° (P < .001), but the GH-ER remained
constant regardless of the abduction. The contribution ratio exceeded 80% for every abduction angle. The
glenoid moved on the central and posterior areas of the humeral head at 0° and 90° abduction, respec-
tively, and on the posterosuperior and anterosuperior areas at 135° and maximal abduction, respectively.
Conclusion: Our results provide new knowledge about wide axial rotation up to maximal abduction and
constant GH-ER at any abduction.
Level of evidence: Basic Science; Kinesiology
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The combination of elevation and axial rotation of the upper
limb enables the performance of various activities of daily
living and sports practice. Other studies have addressed the
relationship between axial rotation of the arm and activities
of daily living.3,15,24,26,35,36 Specifically, an external rotation (ER)
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with approximately 90° abduction can represent tasks such
as combing hair and reaching overhead, whereas internal ro-
tation (IR) can represent abdominal and perineal care. This
assessment is important for the functional evaluation of the
shoulder in patients with postoperative rotator cuff repair and
arthroplasty and can be considered as a goal of rehabilita-
tion in the range of motion (ROM) to recover the ability to
perform activities of daily living.

Likewise, an axial rotation at high abduction can repre-
sent overhead motions in throwing and racket-based
sports.1,11,12,20,29 In 1934, Codman2 claimed that the ROM of
the humerus diminishes with its elevation and that it can neither
rotate externally nor internally at complete elevation. Then,
Saha27 reported that the glenohumeral (GH) joint losses active
rotation when the humeral shaft is aligned with the scapular
spine, which is a condition called the zero position. Al-
though the GH joint is close to the zero position during ball
release in a throwing motion, it preserves some range of axial
rotation, thus contradicting Saha’s statement.12,21

Recent in vivo studies suggest that the elevation angle and
plane of the arm influence the range of rotation,4,6,7 but there
is no such evaluation up to maximal abduction. Although
numeric character data about the thoracohumeral (TH) and
GH rotations have been provided in reports using electro-
magnetic tracking devices, evaluations such as the contact
pattern of the GH joint and relative position between the
glenoid and the insertion of rotator cuff muscles have not been
addressed. This study evaluated the influence of the abduc-
tion angle on the range of axial rotation up to maximal
abducted rotation and contact patterns at the GH joint.

Materials and methods

Participants

The study enrolled 14 healthy volunteers (12 men and 2 women)
without shoulder complaints, including pain and restricted motion
or any previous history of shoulder surgery or traumatic injury. The
participants were a mean age 26.9 ± 5.9 years (range, 24-39 years),
and their mean height and weight were 170.1 ± 8.0 cm, and
61.6 ± 8.2 kg, respectively. The participants provided informed
consent.

Image acquisition

High-resolution computed tomography (CT) scans were acquired
from both shoulders of each participant using the Aquilion 64 CT
scanner (Toshiba Medical Systems Co., Ltd., Tochigi, Japan). Se-
quential axial images of 0.5-mm thickness with a resolution of
512 × 512 pixels were obtained from the clavicle to the distal humerus,
and the corresponding Digital Imaging and Communications in Med-
icine (National Electrical Manufacturers Association, Rosslyn, VA,
USA) data were transferred to a 3-dimensional (3D) image analy-
sis system (Volume Analyzer, Synapse Vincent 3; Fujifilm Medical
Co., Ltd., Tokyo, Japan). The clavicle, scapula, humerus, and ribs
were automatically segmented, and 3D bone models were created
from the segmented area that exceeded 80 to 120 Hounsfield units.

Dynamic fluoroscopic images from 22 shoulders (14 right and
8 left shoulders) were obtained using a single-plane fluoroscopy
system with 17-inch image intensifiers (C-vision Safire 17; Shimadzu
Corp., Kyoto, Japan). The image included data from the first to the
fourth rib, the whole clavicle and scapula, and the proximal half of
the humerus. Images were recorded as 7.5-Hz serial spot images
with a resolution of 1024 × 1024 pixels. The volunteers stood between
an examination table and a C-arm, which was tilted 25° in the
craniocaudal direction (not anteroposterior direction conforming to
the true anteroposterior view of x-ray) as shown in Fig. 1. This di-
rection was selected to reduce overlapping between the scapula and
ribs while increasing the overlap between the humeral head and
glenoid.

The participants were instructed to hold their breath to prevent
rib motions while performing active maximal IRs and ERs at 0°,
90°, 135°, and maximal abduction in the coronal plane with the elbow
flexed. The examiner measured the abduction angle using a goni-
ometer while holding the subject’s elbow to keep the abduction angle.
The starting position, denoted as neutral rotation (NR), was set with
the forearm pointing forward for the 0° and 90° abductions and par-
allel to the coronal plane for the 135° and maximal abductions. The
study subjects rotated their arms following the sequence NR, ER,
NR, IR, and NR. The movement consisted of 3 seconds of rota-
tion, followed by 1 second of pause between rotations.

Image registration

Three fluoroscopic images at ER, NR, and IR were selected for anal-
ysis. The original images were transformed into line drawings.
However, the contours of the scapula, clavicle, and first to fourth
ribs were overlapped and thus difficult to determine. Each bone model

Figure 1 Image acquisition using fluoroscopy. The participant in
the photograph was asked to rotate externally his arm at 90° ab-
duction. The intensifier was tilted 25° in the craniocaudal direction
to reduce overlapping between the scapula and ribs and increase over-
lapping between the humeral head and glenoid.
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was therefore manually superimposed on the original images, and
rough contours with a 2-pixel width were automatically deter-
mined for each bone based on the superimposed model. These rough
contours were then manually processed to remove noise.

To estimate the 3D orientation of the bone models, the root-
mean-square distance between the bone model and line drawing of
each image contour (ie, 2D/3D shape matching registration) was mini-
mized using the Motion Analysis software, which was developed
at our laboratory.39 The error in the direction perpendicular to the
image plane during single-plane image registration was corrected
as follows. The distances between the sternoclavicular, acromio-
clavicular, and GH joints were estimated using the orientation of
the bone models from the CT scans. First, the orientation of the clav-
icle was corrected in the direction perpendicular to the image plane
by adapting the same distance to the acromioclavicular joint at the
image registration. Then, the orientation of the sternum and first to
fourth ribs was corrected by adapting that of the sternoclavicular
joint, whereas the orientation of the humerus was corrected by adapt-
ing that of the GH joint.

Motion analysis

The local coordinate systems of the thorax (sternum and first to fourth
ribs), scapula, and humerus were defined according to the defini-
tion proposed by the International Society of Biomechanics.37

Specifically, the origin of the thorax (Ot) coordinate system was
located at the center of mass of the sternum manubrium (Fig. 2, A).
In addition, the Xt–Yt plane was set to be the plane including the
long axis of the sternum, and the Yt axis was colinear to the spinous
process of the fourth thoracic vertebra and the origin. The origin
of the scapula (Os) coordinate system was the centroid of the glenoid,
with the Zs axis perpendicular to the glenoid fossa, and the Xs and
Ys axes corresponded to the inferosuperior and anteroposterior di-
rection of the glenoid, respectively (Fig. 2, B). Finally, the origin
of the humerus (Oh) coordinate system was the center of the sphere
fitting the humeral head, the Xh axis was parallel to the humeral shaft,

the Yh axis was perpendicular to the line connecting the lateral and
medial epicondyle, and the Zh axis corresponded to the lateromedial
direction (Fig. 2, C).

The 3D orientations of the humerus with respect to the thorax
and scapula (ie, TH and GH joints) during ER and IR were ex-
pressed using Cardan angles as recommended by Bonnefoy-
Mazure et al1 to prevent gimbal lock.19,31 The humerus
motion sequences were rotations around the Yh (+, adduction; −, ab-
duction), Zh (+, flexion; −, extension), and Xh (+, ER; −, IR) axes
(Fig. 2, C).

For motion analysis, the axial rotations of the TH and GH joints
during ER and IR were calculated. Likewise, the total ROM (ie, axial
rotation) at the TH and GH joints was calculated as the ROM dif-
ference between the ER and IR, and the contribution ratio (%ROM)
was calculated as GH-ROM/TH-ROM.

Finally, the anteroposterior and superoinferior position of the
glenoid center with respect to the humeral head was expressed as
longitude and latitude by representing the humeral head as a globe.
The intersection between the articular surface of the humeral head
and the perpendicular line to the anatomic neck plane of the humerus
through the center of the humeral head was defined as 0° of lon-
gitude and latitude (Fig. 3, A). Positive values of longitude and latitude
indicate the anterior and superior parts of the humeral head, re-
spectively. The inclination of the long axis of the glenoid was
expressed as the angle between the longitudinal line of the humeral
head and the long axis of the glenoid thus being 0° when the lon-
gitudinal line and long axis are parallel. Likewise, the positive and
negative values indicate inclination of the superior pole of the glenoid
toward the lesser and greater tuberosities of the humerus, respectively.

Validation procedure

The accuracy of the evaluation system was calculated by applying
total knee arthroplasty with reported in-plane and out-of-plane trans-
lations of 0.2 to 0.4 mm and 1.5 mm, respectively, and in-plane and
out-of-plane rotations of 0.3° and 0.7° to 0.9°, respectively.39 In the

Figure 2 Definition of the local coordinate systems (LCS). (A) The origin (Ot) of the thorax LCS is located at the center of mass of the
sternum manubrium. The Xt–Yt plane is set to be the plane including the long axis of the sternum, and the Yt axis is colinear to the spinous
process of the fourth thoracic vertebra and the origin. (B) The origin (Os) of the scapula LCS is the centroid of the glenoid, with the Zs axis
perpendicular to the glenoid fossa, and the Xs and Ys axes correspond to the inferosuperior and anteroposterior direction of the glenoid, re-
spectively. (C) The origin of the humerus (Oh) LCS is the center of the sphere fitting the humeral head, the Xh axis is parallel to the
humeral shaft, the Yh axis is perpendicular to the line connecting the lateral and medial epicondyle, and the Zh axis is the lateromedial di-
rection. The sequence of humeral motions correspond to rotations around the Yh (+, adduction; −, abduction), Zh (+, flexion; −, extension),
and Xh (+, external; −, internal rotation) axes.
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present study, 2 validation studies were performed to confirm the
accuracy for in vivo shoulder bone models. First, the orientation of
the clavicle, scapula, and humerus with respect to the ribs was cal-
culated using the Multipurpose Chest Phantom N1 “Lungman” (Kyoto
Kagaku Co., Ltd., Kyoto, Japan), which is applicable to plane ra-
diography and CT scanning. The phantom precisely imitates the upper
half of the human body, including lung, trachea, ribs, clavicle, scapula,
humerus, and surrounding soft tissues at an elevated position of the
upper limb. We obtained fluoroscopic and CT images from the
phantom and calculated the difference between the 3D orientation
of the clavicle, scapula, and humerus with respect to the thorax re-
trieved from the 2D/3D image registration and from the CT scanning.
The translational and rotational differences were, respectively, 0.7
to 1.9 mm and 0.3° to 1.6° for the clavicle, 0.7 to 1.2 mm and 1.0°
to 1.4° for the scapula, and 0.8 to 1.4 mm and 0.7° to 1.1° for the
humerus.

Second, the GH joint orientation was calculated using humeral
and scapular imitation bones (Medical Imaging Phantoms; Kyoto
Kagaku Co., Ltd.). Specifically, Styrofoam (Dow Chemical Company,
Midland, MI, USA) was placed between the humeral head and the
glenoid of the phantoms for imitating the joint space. These phan-
toms were fixed at 6 positions using a variable grasper, and then
CT and fluoroscopic images were obtained at each position. The dif-
ferences of GH orientation between the 2D/3D registration and CT
images were calculated in terms of root-mean-square errors. The
in-plane and out-of-plane translations were 0.4 to 0.7 mm and 1.1 mm,
respectively, and in-plane and out-of-plane rotations were 1.1° and
3.0° to 3.8°, respectively.

Statistical analysis

To compare both the axial rotations and ROM at the TH and GH
joints for different abduction angles, 2-way repeated analysis of vari-
ance, followed by a post hoc Tukey test, were performed with 2
within-subject factors (abduction angle and axial rotation). The sta-
tistical analysis was performed using JMP Pro 12 software (SAS
Institute Inc., Cary, NC, USA), with the level of significance at
P < .05.

Results

TH rotation

The abduction angles of the humerus relative to the thorax
were 2.0° ± 3.4° at 0°, 87.5° ± 4.6° at 90°, 131.3° ± 8.1° at
135°, and 161.4° ± 8.0° at maximal abduction (Fig. 4 and
Table I). The TH axial rotations during ER (TH-ER) shifted
toward ER as the abduction angle increased: 65.1° ± 14.9°
at 0°, 89.3° ± 18.3° at 90°, 105.7° ± 12.7° at 135°, and
115.0° ± 9.8° at maximal abduction. There were significant
differences among the abductions, except between 135° and
maximal abduction (P < .01). The TH axial rotations during

Figure 3 Glenoid movement on the humeral head. The graphs show the glenoid positions of the right shoulder at external (ER), neutral
(NR), and internal rotations (IR) for abduction angles 0°, 90°, 135°, and maximal abduction (max). The humeral head shown in (A) superomedial
and (B) posterosuperior views. The spheres represent the glenoid center, and the short bars are the superior directions of the glenoid, which
are parallel to the Xs axis (Fig. 2, B). The glenoid motion is wide on the humeral head at 0° and 90° abduction, but limited at 135° and
maximal abduction. BG, bicipital groove.
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Figure 4 Mean and standard deviation of the thoracohumeral (TH)
axial rotation during external rotation (TH-ER) and internal rota-
tion (TH-IR) for every abduction angle. The values in the boxes
indicate the range of axial rotation (TH-ROM). The TH-ER and TH-
IR shifted toward external rotation, whereas the TH-ROM decreased
with increasing abduction angle. *P < .01. NS, not significant; max,
maximal abduction.
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IR (TH-IR) also shifted toward ER as the abduction angle
increased: −66.9° ± 7.4° at 0°, –47.4° ± 11.6° at 90°,
25.8° ± 13.7° at 135°, and 58.6° ± 15.2° at maximal abduc-
tion. There were significant differences among all of the
abductions (P < .0001). The ROM for axial rotation (TH-
ROM) significantly decreased except at 0° and 90° abduction
(132° ± 17.2° at 0°, 136.7° ± 23.8° at 90°, 80.0° ± 22.8° at
135°, and 56.4° ± 16.3° at maximal abduction; P < .0001).

GH rotation

The abduction angles of the humerus relative to the scapula
were 6.2° ± 8.3° at 0°, 48.2° ± 6.1° at 90°, 81.9° ± 6.7° at 135°,
and 103.3° ± 8.3° at maximal abduction (Fig. 5 and Table I).
The GH axial rotations during ER (GH-ER) remained con-

stant for all the abductions (96.7° ± 12.3° at 0°, 107° ± 15.1°
at 90°, 97.2° ± 11.6° at 135°, and 92.5° ± 7.6° at maximal ab-
duction; P > .05). The GH axial rotations during IR (GH-
IR) shifted toward ER as the abduction angle increased:
−16.6° ± 6.7° at 0°, −12.0° ± 7.8° at 90°, 24.2° ± 12.2° at 135°,
and 45.8° ± 11.1° at maximal abduction. There were signif-
icant differences among the abductions, except between 0°
and 90° abduction (P < .0001). The ROM for axial rotation
(GH-ROM) significantly decreased except at 0° and 90° ab-
duction (113.3° ± 13.9 at 0°, 119° ± 15.2° at 90°, 73.0° ± 18.7°
at 135°, and 46.6° ± 13.0° at maximal abduction; P < .0001).

The contribution ratios (%ROM) of the GH joint were
86.0% ± 4.8% at 0°, 87.8% ± 6.4% at 90°, 92.1% ± 4.9% at
135°, and 83.2% ± 7.7% at maximal abduction. Therefore,
the GH joint was the main contributor to axial rotation.

Glenoid movement on the humeral head

At 0° abduction, the glenoid moved evenly from the anteri-
or to posterior positions of the humeral head (Fig. 3 and
Table II) with a slightly inferior level, and its inclination ranged
from –9.9° ± 13.6° (IR) to 36.3° ± 10.8° (ER). At 90° ab-
duction, it moved more toward the posterior area of the
humeral head with central level (latitude was close to 0°), and
its inclination increased in the range from –52.9° ± 7.1° (IR)
to 55.8° ± 19.9° (ER). In addition, at 135° and maximal ab-
ductions, it was localized on the posterosuperior and
anterosuperior area of the humeral head, respectively. Al-
though the glenoid moved widely on the humeral head during
axial rotation at 0° and 90° abduction, its inclination reduced
as the abduction angle increased, ranging from –15.4° ± 17.5°
(IR) to 59.0° ± 11.9° (ER) at 135° abduction and from
7.0° ± 15.6° (IR) to 54.6° ± 8.6° (ER) at maximal abduction.

Discussion

The range of axial rotation of the GH joint is important for
clinically assessing shoulder function. For instance, some

Table I Mean and standard deviation of thoracohumeral and glenohumeral axial rotations and range of motion during external and
internal rotation at every abduction angle

Variable ER, ° P value* IR, ° P value ROM, ° P value*

TH axial rotation
0° 65.1 ± 14.9 <.0001 −66.9 ± 7.4 <.0001 132.0 ± 17.2 .8656
90° 89.3 ± 18.3 .002 −47.4 ± 11.6 <.0001 136.7 ± 23.8 <.0001
135° 105.7 ± 12.7 .4452 25.8 ± 13.7 <.0001 80.0 ± 22.8 <.0001
Maximum 115.0 ± 9.8 58.6 ± 15.2 56.4 ± 16.3

GH axial rotation
0° 96.7 ± 12.3 .0656 −16.6 ± 6.7 .9433 113.3 ± 13.9 .6076
90° 107.0 ± 15.1 .0866 −12.0 ± 7.8 <.0001 119.0 ± 15.2 <.0001
135° 97.2 ± 11.6 .9511 24.2 ± 12.2 <.0001 73.0 ± 18.7 <.0001
Maximum 92.5 ± 7.6 45.8 ± 11.1 46.6 ± 13.0

ER, external rotation; IR, internal rotation; ROM, range of motion; TH, thoracohumeral; GH, glenohumeral motion.
* The P value indicates the comparison at a given axial rotation with abduction angles between adjacent rows.
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axial rotation during external rotation (GH-ER) and internal rota-
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athletes of throwing sports exhibit increased ER and de-
creased IR,14 and measuring axial rotation at 0° and 90°
abduction is often used to evaluate injured or postoperative
conditions. Rundquist et al25 and McCully et al18 used 3D elec-
tromagnetic tracking to evaluate TH rotations of normal
subjects during axial rotation at 0° and 90° abduction. Their
results showed that TH-ER increases and TH-IR decreases
with increasing abduction angle, which were similar to the
results reported in the present study, but we also found that
their TH-ER at 0° and 90° abduction tended to reduce ac-
cording to the subject’s age. Moreover, Humphries et al6

evaluated GH rotations of subjects with normal shoulders
during axial rotation at 60°, 90°, and 120° abduction. Con-
sistent with the results from the present study, they reported
a constant GH-ER and decreasing GH-IR and GH-ROM with
increasing abduction angle.

The axial rotation at maximal abduction is the most
important contribution of the present study. As mentioned
above, Codman2 and Saha27 claimed that axial rotation of
the humerus was locked and diminished at maximal eleva-
tion, whereas Southgate et al30 measured the range of axial
rotation at 30°, 60°, and 90° abduction in a study using
cadaveric specimens and reported respective ranges of 140°,
134°, and 93°. Likewise, the present study revealed that in
vivo TH and GH rotations at approximately 50° and 40° of
rotation, respectively, still enable large rotations at maximal
abduction.

The contribution of scapular rotations during axial rota-
tion could be estimated from the contribution ratio of the GH
rotation to TH rotation. If the axial rotation had approached
0° at maximal elevation, as reported by Codman2 and Saha,27

the ratio would have decreased for increasing abduction.

However, the present study showed it remained above 80%
over any abduction angle, indicating that the scapula contri-
bution is almost negligible during the axial rotation of the arm.
These results are consistent with those reported in previous
studies.10,17,23,25 In fact, McClure et al17 reported that the scapula
does not rotate during IR and ER, except at maximal ER, when
it also shows upward rotation, retraction, and posterior tilting.
These findings suggest that the scapula serves as the foun-
dation of the shoulder girdle during axial rotation at every
abduction.

Most studies have addressed humeral motion with respect
to the glenoid to evaluate the GH motion. However, this
motion is difficult to understand because the humerus ex-
hibits wide and complex motion in 3D space. In the present
study, the glenoid motion with respect to the humeral head
can additionally indicate characteristics such as the change
of the contact area at the GH joint and the position relation-
ship between the glenoid and the insertion of rotator cuff
muscles. This approach was applied in our previous study
to evaluate abduction.28 Furthermore, the results from the
present study are similar to those reported by Inui et al7

during axial rotation at 45°, 90°, and 135° scapular abduc-
tion using 3D magnetic resonance imaging. The results on
glenoid motion can explain the constant GH-ER at any
abduction, but such conclusion cannot be drawn from ca-
daveric studies on soft tissue restrictors, such as the superior,
middle, and anterior band of inferior glenohumeral liga-
ments, and the subscapularis tendon, which were reported
to act as a restrictor for GH-ER at different GH abductions.8,33,34

Moreover, the present study determined long axes of the
glenoid located parallel to the edge of the rotator cuff inser-
tion at 90°, 135°, and maximal abduction with ER (Fig. 3,

Table II Glenoid motion on the humeral head*

Variable ER, ° P value† IR, ° P value†

Longitude
0° −54.9 ± 11.1 .8094 56.3 ± 9.2 <.0001
90° −48.9 ± 20 <.0001 16.3 ± 9.5 <.0001
135° −15.7 ± 8.8 <.0001 −8.7 ± 9.6 <.0001
Maximum 7.6 ± 8.1 7.7 ± 7.7

Latitude
0° −31.3 ± 12.8 <.0001 −6.0 ± 13.1 .9433
90° 33.9 ± 24.3 <.0001 −1.4 ± 6.9 <.0001
135° 49.8 ± 6.1 1 32.6 ± 9.7 <.0001
Maximum 50.3 ± 6.2 51.9 ± 9.1

Inclination
0° 36.3 ± 10.8 .0002 −9.9 ± 13.6 <.0001
90° 55.8 ± 19.9 .9996 −52.9 ± 7.1 <.0001
135° 59.0 ± 11.9 .9929 −15.4 ± 17.5 <.0001
Maximum 54.6 ± 8.6 7.0 ± 15.6

* The position of the glenoid center is expressed as longitude and latitude by representing the humeral head as a globe. The positive values of lon-
gitude and latitude indicate the anterior and superior part of the humeral head, respectively. The inclination is expressed as the angle between the longitudinal
line of the humeral head and the long axis of the glenoid. The positive and negative values indicate inclination of the superior pole of the glenoid towards
the lesser and greater tuberosities of the humerus, respectively.

† P value indicates the comparison at a given axial rotation with abduction angles between adjacent rows.
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B and Supplementary Video). Thus, the posterior edge of
the glenoid was close to the edge of the rotator cuff inser-
tion, and the glenoid might be restricted by the insertion at
ER.

The knowledge of the contact between the glenoid and
humeral head during motion may provide clinically useful
information. For instance, Yamamoto et al38 evaluated the
orientation of the glenoid on the humeral head using an
approach called glenoid track. The approach was evaluated
during maximal ER at different abduction degrees in cadav-
eric specimens to determine the size of a Hill-Sachs lesion
that requires treatment, aimed for patients with anterior
instability of the shoulder. Subsequently, Omori et al22 used
glenoid track to evaluate in vivo subjects. Furthermore, this
approach might be used to resemble GH motion during
throwing motion. Konda et al12 reported a GH elevation
reaching approximately 87° and the humerus almost aligned
with the scapular spine in the late cocking phase. This
phase corresponds to GH elevation between 135° and maximal
abduction in the present study. Comparing the glenoid motion
during axial rotation below and above 90° abduction, a
limited range of the humeral head motion occurred above
135° abduction. In addition, Takagi et al32 reported that the
larger horizontal abduction angle induced anterior force at
the GH joint. Hence, rotation of the humeral shaft aligned
with the scapular spine may help to prevent shoulder disor-
ders caused by the execution of throwing motions, because
it reduces the load to the GH joint.

Overall, the present study provides different contribu-
tions such as the reported tracking of ribs by 2D/3D
registration, evaluation of TH and GH rotation at high ab-
duction on standing position under the action of gravity,
and visualization of joint motion using 3D bone models. In
addition, 3D electromagnetic tracking devices, which provide
real-time motion processing, have allowed us to determine
that the measurement error of the scapular orientation in-
creases above 120° of elevation and that of the humeral
rotation reaches 30° during axial rotation of the arm.5,9

Although 3D CT accurately provides the location and mor-
phology of the GH joint, it has drawbacks, including imaging
restricted to the supine position and radiation exposure.
Likewise, 3D magnetic resonance imaging, which accurate-
ly locates the GH joint using volume registration technique,28

is not suitable to evaluate 3D orientation of the ribs given
its limited field of view. In contrast, 2D/3D registration
overcomes these drawbacks, and biplane registration has
been reported to have higher measurement accuracy than
single-plane registration.13,16 Nevertheless, biplane registra-
tion may be inadequate for motion analysis beyond 135° of
abduction with axial rotation due to obstruction by the neck
and mandible during image acquisition.

The present study has some limitations, such as the small
number and young age of the participants. For instance,
Rundquist et al25 evaluated individuals who were approxi-
mately 51 years old and reported smaller TH-ER and GH-
ER than those of the present study. Consequently, the results

of the present study cannot be applied for older subjects, and
future studies should consider more subjects and diversity.
In addition, because the IR at 0° of abduction was ob-
structed by the abdomen, it was not maximal.

Conclusion

We evaluated the influence of the abduction angle on the
range of axial rotation and contact pattern at the GH joint
during axial rotation up to maximal abduction. The TH-
IR and TH-ER shifted toward ER with increasing abduction
angle, and the TH-ROM decreased except between 0° and
90° abduction. In addition, the GH-IR and GH-ROM sig-
nificantly decreased with the abduction angle, except
between 0° and 90°, and the GH-ER remained constant.
The glenoid moved widely on the humeral head at 0° and
90° abduction but moved on a limited area of the humeral
head at 135° and maximal abduction.
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