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Scapulohumeral rhythm (SHR) provides insight to
neuromuscular control and fundamental biomechanics of
the shoulder. This rhythm often is disrupted in pathologic
shoulders. As the first step, we sought to quantify SHR in
healthy subjects for diagnostic assessment of shoulder
function. Ten healthy shoulders were studied. Three-
dimensional models of the humerus and scapula were
created from computed tomography scans. Dynamic
shoulder motion was recorded by use of single-plane
fluoroscopy during arm abduction with O-kg and 3-kg
handheld loads. Shoulder kinematics were quantified by
use of model-based 3-dimensional-to—2-dimensional
registration techniques. SHR decreased (more scapular
motion) with increasing abduction. With a 3-kg load,
scapulothoracic motion was significantly reduced
through the range of 35° to 45° of glenohumeral motion.
Muscular stabilization of the scapula increased with
external loading, as shown by decreased SHR during
early lifting. Dynamic scapular stabilization provides

a critical platform for upper extremity activity. (J Shoulder

Elbow Surg 2008;17:943-946.)

lnman etal'® reported in 1944 that the ratio of gleno-
humeral (GH) motion to scapulothoracic (ST) motion,
the scapulohumeral rhythm (SHR), was 2:1. More re-
cent studies report varying ratios, 2813 23,24,27:29
where humeral motion predominotes at lower levels
of arm elevqhon ond scapular motion predominates
at higher levels.'? The changing SHR captures this bi-
phasic pattern of scapular motion, providing an impor-
tant parameter to charocterlze shoulder function
during dynamic activity. Kibler'® has suggested that

From the “Department of Mechanical & Aerospace Engineering,
University of Florida, Gainesville, and "Department of Orthopae-
dic Surgery, Showa University, Fujigaoka Rehabilitation Hospital,
Kanagawa.

Reprint requests: Yoshiaki Kon, MD, Department of Mechanical &
Aerospace Engineering, University of Florida, 330 MAE-A, PO
Box 116250, Gainesville, FL 32611-6250 (E-maiil:
konmd888@yahoo.co.jp).

Copyright © 2008 by Journal of Shoulder and Elbow Surgery
Board of Trustees.

1058-2746/2008/$34.00

doi:10.1016/].ise.2008.05.047

the SHR often is disrupted in patients with symptoms
and signs of shoulder impingement (subacromial or in-
ternal). A large percentage of patients with shoulder im-
pingement have scapular dysEinesis and alterations in
scapular position or in dynamic scapular motion.
Thus, itis necessary for shoulder surgeons and physical
therapists to understand how SHR changes with shoul-
der dysfunction. Though previously studied by use of
a variety of methods, we introduce a new method, us-
ing equipment available in most hospitals, and apply
this method to quantify SHR in healthy subjects.

Thls study focused on scapular stabilization in the

phase of abduction with or without an external
|oqc¥ The specific goal was to determine in vivo the in-
fluence on the SHR of lifting a 3-kg handheld weight,
an implement commonly used during functional as-
sessment of the shoulder. We assumed that muscular
stabilization of the scapula increases while lifting
weights; thus, less scapular motion might be seen dur-
ing early lifting, and the SHR would decrease.

We hypothesized that the SHR would not be a con-
stant 2:1 ratio but would decrease (more scapular mo-
tion), along with abduction, in asymptomatic subjects.
We also hypothesized that arm abduction with a 3-kg
handheld weight would result in decreased scapular
upward rotation and an increased SHR compared
with arm abduction without a handheld weight, espe-
cially in the early phase of shoulder abduction.

MATERIALS AND METHODS

We studied 10 healthy shoulders in 10 subjects (8 men
and 2 women; age range, 27-38 years; mean age, 31.5
years). All shoulders were asymptomatic, had no history of
injury, and lacked any clinical or radiographic sign of
pathology. All subjects provided informed consent to partic-
ipate in this study.

The subject was positioned in front of a single-plane fluo-
roscope (AdvanixACT, GE Medical Systems, Milwaukee,
WI), and motions were recorded during active abduction
from the arm at the side to about 120° in the scapular plane.
Before fluoroscopic examinations were performed, all sub-
jects practiced several trials of abduction in the scapular
plane so that they were comfortable performing this motion
at a constant speed. One trial of abduction from the arm-at-
the-side position required approximately 5 seconds (mean,
5.31 seconds; range, 3.50-6.77 seconds). The subjects
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[ CT-derived 3D models |

| 6DOF Kinematics

Figure 1 Six-degrees-offreedom (6DOF) kinematics of the shoulder were determined from fluoroscopic image
sequences and CT-derived bone models via 3D-o-2D registration.

performed two frials: one was done while holding a 3-kg
weight, and the other was an unloaded trial. “Unloaded”
means that no additional external load was added to the
arm but the subject still was required to lift the mass of his
or her arm against gravity.

Computed tomography (CT) scans (LightSpeed Plus; GE
Medical Systems) of eocz shoulder were acquired by use
of 1.25-mm-thick slices having a 0.75-mm gap.

Three-dimensional (3D) models of the scapula and proxi-
mal humerus were created from the CT images in 2 stages.
The exterior cortical bone edges of the CT images were seg-
mented by use of commercial software (SliceOmatic; Tomo-
Vision, Montreal, Quebec, Canada), and the resulting
point clouds were converted into polygonal surface models
(Geomagic Studio; Raindrop Geomagic, Research Triangle
Park, NC). Anatomic coordinate systems were embedded
in each bone model by use of commercial software (Rhinoc-
eros; Robert McNeel & Associates, Seattle, WA). The scapu-
lar origin was defined as the center of the line connecting the
most superior and inferior bony edges of the glenoid surface.
The humeral origin was placed at the center of the humeral
head, with along axis parallel fo the humeral shaft (Figure 1).

In vivo 3D motions of the scapula and humerus were
determined by use of model-based 3D—to—2-dimensional
(2D) registration (Figure 1).> A human operator manually
positioned the humerus and scapula models into rough reg-
istration in each image, and then an automatic nonlinear
least squares optimization routine was used to refine the reg-
istration based on minimizing the distance between bone
edges in the image and the projected bone model.?

The measured 3D kinematics of the humerus and scapula
were analyzed to determine scapular upward rotation and
arm abduction relative to the ground. SHR was computed
as the increment in GH angle (10°) divided by the increment
in STangle, and the SD for SHR was computed by use of the
quotient rule for propagation of SDs. Motion data were
grouped into 10° intervals and compared from 5° to 65°
of GH motion by use of t tests with Bonferroni correction.
The significance level was set at P <.05.

RESULTS

SHR varied with GH angle and loading condition
(Table 1). SHR was 2.0 at 25° of GH abduction in
the unloaded condition, yielding an SHR of 2:1, as
previously reported by Inman et al.'® SHR was greater
(less scapular motion) for the loaded case at all motion
increments (Table ). SHR was 1.4:1 with a O-kg load
and 5.0:1 with a 3-kg load at 35° of GH abduction.
SHR was 1.3:1 with a Okg load and 1.9:1 with a 3-
kg load at 45° of GH abduction.

Scapular upward rotation with a 3-kg load was sig-
nificantly decreased over the range of 40° to 70° of
arm abduction (Figure 2). ST motion with a 3-kg
load also was significantly reduced over the range
of 35° to 45° of GH motion (Figure 3).

DISCUSSION

There is no argument that direct in vivo observation
of dynamic joint motion could be clinically useful.
Kinematic analyses of knee replacements during
a wide variety of activities have been reported for
the past 15 years by use of fluoroscopic imaging
and 3D-0-2D registration fechniques.®'” This type
of measurement recently has been applied to the
shoulder, b; use of bi-plane and single-plane imaging
techniques,”"?2 and quickly has established utility for
observing aspects of shoufcl:ler motion that previously
were difficult to measure accurately.

A limitation of single-plane fluoroscopic imaging,
or any monocular vision technique, is that it provides
poor sensitivity for out-of-plane translations. This study
was concerned exclusively with bone rotations and
translations parallel to the image plane (ie, scapular
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Table | GH/ST ratio as a function of GH angle

GH/ST ratio (mean % SD)

GH angle O kg 3 kg
15° 3.0x42 3.7+x57
25° 20=*1.8 25+x25
35° 1.4+1.1 50x44
45° 1.3 09 1.9+x1.4

50

20 ~4-— (kg —— 3kg
= s
o 30
° W/
% 20 N /%
()
=]
2. 10
g I
[75]

0 T
O P<0.05
-10 T T T T T T
o] 10 20 30 40 50 60 70
Shoulder Motion ()

Figure 2 Scapular upward rotation with a 3-kg load was signifi-
cantly decreased over the range of 40° to 70° of arm abduction
(ABD). Error bars represent = 1 SD.

plane), where measurement uncertainties are small
compared with the large ranges of translation and
rofation observed. This measurement technique has
been used extensively to characterize knee motion,
but few studies have reported shoulder kinematics
using these measures.”?2 For natural knees, Moro-
oka et al®® reported measurement precision of the
model-based 3D-+to-2D registration technique of
approximately 0.5 mm for translations parallel to
the image plane and 0.5° for rotations, and similar
results should be achieved for shoulders.” This study
reports a relatively small number of subjects, a limita-
tion of using a radiographic technique in a young,
healthy population.

SHR is important to understand shoulder and upper
extremity function. It is indicative of correct neuromus-
cular stabilization of the scapula as the basis for dy-
namic upper extremity activity. Inman et al'®
characterized SHR as a fixed 2: 1 ratio. We addressed
the following 2 questions: (1) Is SHR consistently 2:1
over the arc of abduction? (2) Does external load
lagect shoulder kinematics, especially during early
ifting?

In?non et al'® characterized SHR as a fixed 2:1 ra-
tio; however, our data and those of other investigators
have suggested thatthe model of Inman et al is an over-
simplification.®'3:2428 McClure et al*® used a 3D
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Figure 3 The SHR varied over the arc of motion and with handheld
weight. ST motion was significantly reduced over the range of 35° to
45° of GH abduction in the scapular plane. Error bars represent = 1

SD.

electromagnetic-based system and attached a motion
sensor directly to the scapula bone with a bone pin
drilled into the scapular spine. This invasive, but pre-
cise, report showed that the mean ratio of GH motion
to ST motion was 1.7:1 for abduction in the scapular
plane and suggested that the relation between scapu-
lar upward rotation and humeral abduction was not
linear, with the scapula moving very litlle during the
first 30° of abduction. Our data, using a noninvasive
technique, support this observation. SHR was greatest
(least scapular motion) at low GH abduction angles.

We osEecI subjects to perform abduction at a com-
fortable speed that allowed smooth abduction over
the entire arc with and without the handheld weight.
Several studies have reported that SHR changes signif-
icantly between slow and fast motions,'®%” but de
Groot et al'® described the magnitude of velocity
effects as negligibly small. We observed a peak in
SHR at 35° of abduction that was not observed without
the handheld weight. This might represent additional
transient scapular stabilization as the shoulder begins
to accelerate the handheld weight upward against
gravity. These observations on abduction speed and
conjecture regarding the effect of handheld load merit
further systematic study.

The effect of external resistance on SHR has been
studied previously.?4#?%2” Some authors have re-

orted that external loads did not have a significant in-
ﬁuence on SHR. However, McQuade and Smidt?*
reported that a large external resistance caused an in-
crease in SHR during elevation of the arm in the scap-
ular plane. Our observations agree, in part, with their
findings, even though the magnitudes of external load
differed.

Inman et al'® termed the early phase of shoulder
motion the “setting phase,” indicating preparatory
stabilization of the scapula to permit controlled hu-
meral motion. Reduced scapular upward rotation in
early abduction with a 3-kg handheld weight indicates
a prolonged setting phase. Sensibly, this suggests that,
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with greater loads, the scapula is relatively more fixed
to the torso early in the abduction arc to provide a
stable fulcrum for the rotator cuff.'® We emphasize
the rotator cuff function because the rotator cuff mus-
cles are believed to play an important role in initiating
and stabilizing the shoulder in the early phase of
abduction in the scapular plane.''41¢

These observations are of practical clinical signifi-
cance. It is simple to check a patient’s shoulder ?unc-
tion and scapular stability in the clinic, with
observation of scapular motion during active abduc-
tion with external manual resistance. Scapular motion
outside the observed values is indicative of scapular
dyskinesis and merits more detailed exploration.

In summary, this study quantified the influence of lift-
ing 3-kg handheld weights on SHR. Three-dimensional
shoulder motions were determined from fluoroscopic
image sequences and CT-derived bone models via
3D-to-2D registration. SHR increased with the addition
of a 3-kg weight, indicative of increased muscular sta-
bilization with increased shoulder loads. This study
showed changing in vivo scapular movement over
the abduction arc and with varying loads. We believe
greater insight into neuromuscular coordination of the
shoulder complex will assist shoulder surgeons and
physical therapists in making better diagnoses.

We thank Thomas W. Wright, MD, Michael W. Moser,
MD, and Bryan P. Conrad of the Department of Orthopae-
dics & Rehabilitation, University of Florida, for suggestions
and technical assistance regarding this work.
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