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Background: The aim of this study was to determine if there were significant differences in glenohumeral joint morphology be-
tween North American and East Asian populations that may influence sizing and selection of shoulder arthroplasty systems.
Methods: Computed tomography reconstructions of 92 North American and 58 East Asian patients were used to perform 3-dimen-
sional measurements. The proximal humeral position was normalized in all patients by aligning it with the scapular plane utilizing
anatomic landmarks. Measurements were performed on the humerus and scapula and included coronal and axial humeral head ra-
dius, humeral neck shaft and articular arc angles, glenoid height and width, and critical shoulder angle. Glenohumeral relationships
were also measured and included lateral distance to the greater tuberosity and acromion, abduction lever arm, and acromial index.
Parametric and nonparametric statistical analyses were used to compare population metrics.

Results: East Asian glenohumeral measurements were significantly smaller for all linear metrics (p < 0.05), with the exception
of acromial length, which was greater than in the North American cohort (p < 0.001). The increase in acromial length affected all
measurements involving the acromion including abduction lever arms. No difference was found between the neck shaft and articu-
lar angular measurements.

Conclusions: The East Asian population exhibited smaller shoulder morphometrics than their North American cohort, with the
exception of an extended acromial overhang. The morphologic data can provide some additional factors to consider when choosing
an optimal shoulder implant for the East Asian population, in addition to creating future designs that may better accommodate this
population.
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Morphometric analysis of anatomy can be very valuable to
a surgeon when assessing patient-specific implant needs
prior to commencing any orthopedic procedure."® An
analysis may occur on the micro-scale, where the surgeon
evaluates an independent patient for surgical planning, or
on the macro-scale, wherein populations as a whole are
analyzed for trends or relationships. Values generated from
the latter type of analysis could be valuable for improv-
ing the design of implant systems to better suit the needs
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of specific patient populations. While there are a number
of arthroplasty systems available on the market that offer
multiple implant sizes, these devices were designed with
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the population of the USA and Western Europe in mind.”
? Increases in international trade, such as between North
America and East Asia,” may raise the concern that utiliz-
ing existing systems tailored for the Western world would
be suboptimal in an East Asian population. Previous work
from Aroonjarattham et al.” directly compared datasets
of a Thai population and a USA cohort: their findings
indicated that the former group displayed, on average, a
smaller humeral head. Other studies of a similar scope
have also reported that the USA populations exhibit larger
humeral head measurements overall.**'” In addition to
these morphometric findings, anthropomorphic data from
large scale studies indicate that the East Asian population
is smaller overall in terms of both height and weight."" "
While it could be inferred that there would likely be sizing
issues due to the differences associated with height and,
therefore, shoulder size,' there may also be other mor-
phologic differences within the shoulder joint that have
not been described. While these morphologic differences
are likely small, their potential impact on shoulder kine-
matics and resulting clinical outcomes merits in-depth
analyses of these populations. Using a set of prescribed
metrics of the anatomic and glenohumeral relationships of
the shoulder," the purpose of this study was to determine
the morphologic and spatial differences, if any, between
North American and East Asian populations.

METHODS

This study was approved by the Western Institutional
Review Board (Olympia, WA, USA). Morphologic data
from 92 North American patients were derived from our
prior study.'” The patient-reported ethnicities of this
group included Caucasian (90%), Native American (4%),
African American (4%), and Hispanic (2%). There were
no patients with a self-reported Asian background in this

cohort. These patients were from a single institution of the
senior author, had a preoperative diagnosis of severe rota-
tor cuff deficiency, and received computed tomography
(CT) scans with 1.25-mm slice thickness (GE Lightspeed
Qz/1 helical scanner; GE Healthcare, Waukesha, WI, USA)
in the supine position. A convenience sample of 58 East
Asian patients who underwent open reduction internal
fixation (ORIF) for a clavicle fracture with preoperative
CT scans of the shoulder (Philips Brilliance 64 CT Scan-
ner; Philips Medical Systems, Cleveland, OH, USA) was
analyzed as a comparative demographic cohort. Demo-
graphic data (height, weight, and gender) were acquired
for all patients in the North American and East Asian
cohorts. Study patients displayed little to no glenohumeral
wear, osteophytes, or osseous defects as determined by
a fellowship-trained orthopedic surgeon. The CT scans
were imported into Mimics 14.12 (Materialise, Leuven,
Belgium) and three-dimensional (3D) renderings of the
proximal humerus and scapula were generated. Models
were then imported into SolidWorks (Dassault Systemes,
Véilzy-Villacoublay, France) as computerized assisted
drawing entities.

Definition of Landmarks and Coordinate Systems

The analysis methods used were identical to our prior
methodology (Fig. 1)."” A set of prescribed points de-
noting specific anatomic landmarks of the scapula and
humerus were marked (Fig. 2 and Table 1) and used to
develop scapular- and humeral-based coordinate systems
to assist with measurement of shoulder joint metrics. The
scapular plane (Fig. 1A) was defined by 3 intersecting
points along the medial border, inferior angle of the scap-
ula, and glenoid center (Fig. 2D; point F). For the humerus
(Figs. 1B and 2A), the humeral coronal plane was defined
using the humeral shaft axis and a point on the greater
tuberosity (H). The shaft axis was created using the cen-

Medial
border

Greater
tuberosity

Fig. 1. (A) Scapular plane derived from the anatomic landmark points and derived coordinate system. (B) Humerus coronal plane as determined from
greater tuberosity and shaft axis, with perpendicular axial plane from coronal head center. (C) Alignment of scapular and humeral planes, creating a

nonpathologic positioning of the humerus.
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Fig. 2. Diagram of measurements taken from each patient in the humerus (A—C), scapula (A, D, E), and glenohumeral joint (A, E). Key available on Table 1.

ters of 2 best-fit ellipses corresponding to 2 unique axial
cross-sections of the humeral shaft in the 3D model. The
greater tuberosity was identified as its most lateral point
opposite to the humeral head’s surface center. Points were
marked along the cross-sectional coronal plane to denote
the borders of the humeral head’s articular border and
neck shaft. A best-fit circle was placed along the articular
border to determine humeral head center (G) and radius
of curvature (G, L). The angle from the articular margins
of the head from the head center was used to measure the
articular angle (). These articular margins were also used
to define the line of the humeral neck and the neck shaft
angle (o). In turn, the neck shaft line’s center was utilized
to define humeral head thickness (], K). The humeral head
center was used to supply the location for the orthogonal
axial plane, and similarly the articular border of the hu-
meral head was used to define a best-fit circle for the axial
plane head radius of curvature (N, O). The most lateral
point of the acromion was marked (I) along with points
corresponding to borders of the glenoid height (P, Q), and
the superior (R, S) and inferior glenoid width (T, U). Co-

ordinates of all glenoid points were recorded to quantify
the magnitude of each metric.

Quantification of Glenohumeral Relationships

Humeral and scapular planes were used to reposition the
humerus from its initial state to an ideal nonpathologic
orientation (Fig. 1C). A soft tissue lateral offset of 4 mm
between the glenoid and humeral head was used to stan-
dardize the thickness of articular cartilage in all patients
(F, L)." Both of these adjustments allowed statistical
comparison to our prior work' and use of our published
glenoid height classification, which defines small, medium
and large glenoid heights as < 33.4 mm, 33.4-38.0 mm,
and > 38.0 mm, respectively."” The coordinates for the ad-
justed humeral points were recorded and relative distances
in each axes from the scapular landmarks were deter-
mined. The lateral distances to the greater tuberosity and
acromial margin were measured. These measurements
quantified the acromial index (AI), repurposing the meth-
ods used for plain radiographic measurements into our 3D
model."” For our purposes, the ratio of the distances of the
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Table 1. Anatomic and Relationship Metrics Key Used in Fig. 2

Parameter Locationin Fig.2  Key
Origin (glenoid center) (AHE) F
Humeral measurement
Coronal center (AHB) G
Greater tuberosity (A) H
Center of anatomic neck (A) J
Center of articular arc (A) K
Humeral offset point (A) L
Humeral coronal radius (A) G L
Thickness of humeral head (A) J, K
Neck shaft angle (B) a
Avrticular arc angle (B)
Axial center (C) N
Humeral axial radius (C) N, O
Scapular measurement
Acromion process (A) |
Glenoid height (D) PQ
Superior glenoid width (D) RS
Inferior glenoid width (D) TU
Critical shoulder angle (E) y
Glenohumeral relationship
Lateral distance to greater tuberosity (A) FH
Distance of greater tuberosity-acromion (A) H, I
Abduction lever arm (E) GV

lateral acromial (E I) and greater tuberosity (E, H) were
used relative to the scapular coordinate system. In addi-
tion, the critical shoulder angle metric utilized by Moor et
al."” was also implemented in a modified fashion relative
to the scapular coordinate system used in this study (y).
The abduction lever arm of the middle deltoid (G, V) was
determined according to a modified methodology of Ca-
bezas et al."” and Lemieux et al."”

Statistical Analysis

Measurements derived from both populations were evalu-
ated for normality using Shapiro-Wilk test. Normally
distributed data were compared between populations us-
ing an independent ¢-test (IBM SPSS ver. 20; IBM Co., Ar-

monk, NY, USA) while a nonparametric Mann-Whitney
U test was used to compare data that failed the normality
test. Statistical significance was set at p = 0.05.

RESULTS

The North American patient population was comprised
of 48 females and 44 males (average age, 71 years.) while
the East Asian population was comprised of 35 males and
23 females (average age, 69 years). Comparative data are
presented in Table 2. The East Asian cohort was shorter
(p = 0.038) and weighed less (p < 0.001). The smaller size
of the East Asian population was also indicative of smaller
values for each shoulder-related metric when compared to
the North American group, with a few exceptions. In the
East Asian group, the length of the acromion from the gle-
noid was greater compared to the North American group
by an average of 3.6 mm (p < 0.001), which translated
into a larger mean critical shoulder angle (p < 0.001). The
abduction lever arm was not different between groups (p
= 0.408), nor were the neck shaft and articular arc angles
(p = 0.305 and p = 0.185, respectively). The AI was sig-
nificantly larger in the East Asian group (p < 0.001). Ap-
plying our previously published classification schema for
glenoid height to the East Asian group, 50% were small,
46.8% were medium, and 3.2% were large. When analyz-
ing gender differences between groups, the male subjects
were found to exhibit all of the same statistical conclusions
(Table 3). As with the entire population, most of the met-
rics were smaller for the male East Asian group compared
to the male North Americans, with the exception of the
acromion length, which was again larger for the male East
Asian group (average difference = 2.8 mm, p = 0.003).
Consequently, the AI was also found to be larger for the
male East Asian group (p < 0.001). The angles were found
to be no different between groups, as was the abduction
lever arm measurement (p = 0.061). The female subjects
were also found to have similar findings (Table 4), with a
difference in mean acromial length of 3.8 mm (p = 0.001).
The AI was larger for the female East Asian group com-
pared to their female North American counterpart (p <
0.001).

DISCUSSION

The majority of results in this study were unsurprising,
given that the anthropomorphic metrics of height and
weight were smaller in the East Asian group. However, we
did identify small morphologic differences between the
two populations, which may impact (1) how we view and
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Table 2. Metrics for North American and East Asian Groups

North American East Asian
Measurement p-value
Mean + SD Range Mean + SD Range
Demographics
Height (cm) 168+ 10 132193 164 +12 139-189 0.038
Weight (kg) 81+14 48-129 67 +12 43-94 <0.001
Humeral measurements (mm)
Coronal plane head radius 246+22 19.6-29.1 223+19 17.9-26.3 <0.001
Thickness of humeral head 185+20 13.3-22.8 17.4+2.1 135-21.9 0.001
Neck shaft angle (°) 442+49 27.3-54.9 43441 34.1-51.9 0.305
Articular arc angle (°) 153+7.5 132-170 154458 139-166 0.185
Axial plane head radius 22.7+23 17.3-28.0 209+16 17.3-24.3 <0.001
Scapular measurements (mm)
Lateral distance to acromion 280+49 16.6-37.7 316+38 21.4-411 <0.001
Glenoid height 358+35 29.3-43.0 334+28 26.1-418 <0.001
Superior glenoid width 23+30 17.8-31.1 212+25 16.2-30.5 0.002
Inferior glenoid width 28+32 20.6-36.4 257+26 19.4-335 <0.001
Critical shoulder angle (°) 2717+48 17.1-376 328+44 22.4-447 <0.001
Glenohumeral relationships (mm)
Lateral distance to GT 548+4.4 46.4-63.9 520+4.4 449622 <0.001
Abduction lever arm 2844+27 17.1-30.9 240+26 18.0-31.8 0.408
Acromial index (ratio) 0.52+0.09 0.31-0.75 0.61+0.08 0.42-0.78 <0.001

SD: standard deviation, GT: greater tuberosity.

analyze shoulder anatomy and (2) how we understand
the development of specific shoulder pathologies. It also
provides insight regarding surgical procedures performed
around the shoulder girdle, particularly relating to the area
of shoulder arthroplasty.

Study results indicate significantly smaller met-
rics in nearly all measurement categories in East Asians
compared to North Americans. On average, coronal and
axial plane head radii were approximately 2 mm smaller
in East Asians. While the clinical meaning of this differ-
ence is unknown, it may be used as a design consideration
by manufacturers of shoulder arthroplasty humeral head
components intended for use in patients of East Asian
descent. Currently, most arthroplasty prosthesis systems
are based on average sizes for USA and European popu-
lations.”” In the setting of glenohumeral arthritis, plac-
ing a small humeral head component into a small East

Asian patient may lead to overstuffing of the joint, as the
implanted head does not translate to a small component
for this population. Such a scenario may lead to stiffness,
pain, component loosening, and a potentially inferior out-
come. Perhaps the most unexpected finding of this study
was that the East Asian group displayed a larger lateral
acromial offset and AI while maintaining an equivalent
abduction lever arm to their North American counter-
parts. Several studies have explored the potential correla-
tions between scapular morphology and different types
of shoulder pathologies. Nyffeler et al.'"” were the first to
examine the relationships between AI and the potential for
developing rotator cuff tears (RCTs) and glenohumeral os-
teoarthritis (OA). They compared the Al in the following
three age- and gender-matched groups: (1) a full-thickness
RCT group; (2) a glenohumeral OA with intact rotator
cuff group; and (3) a volunteer control group with intact
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Table 3. Metrics for Males of Each Group

Measurement Anwgrrit:an /f;:t] p-value

Demographics

Height (cm) 175+ 8 171+7 0.027

Weight (kg) 84+12 73+10 <0.001
Humeral measurements (mm)

Coronal plane head radius 260+16 233+16  <0.001

Thickness of humeral head 19717 180+£18  <0.001

Neck shaft angle (°) 440+5.7 444432 0.631

Avrticular arc angle (°) 152+84 152+4.4 0.335

Axial plane head radius 243+16 21.7+12 <0001
Scapular measurements (mm)

Lateral distance to acromion 293+49 32158 0.003

Glenoid height 384+22 343+26 <0001

Superior glenoid width 245+28 212+19  <0.001

Inferior glenoid width 305+22 257+2.1 <0.001

Critical shoulder angle (°) 27.1+50 320+42  <0.001
Glenohumeral relationships (mm)

Lateral distance to GT 585+28 546+29  <0.001

Abduction lever arm 263+2.0 254+20 0.061

Acromial index (ratio) 05+0.1 06+0.1 <0.001

Table 4. Metrics for Females of Each Group

Measurement Arrl:lgrr;tcr]an E;g; p-value

Demographics

Height (cm) 161+8 152+7 <0.001

Weight (kg) 78+16 58+9 <0.001
Humeral measurements (mm)

Coronal plane head radius 453+28 413+26  <0.001

Thickness of humeral head 173+14 16.1+16 0.002

Neck shaft angle (°) 444+ 40 426+4.1 0.072

Avrticular arc angle (°) 1530+6.7  155.0+6.2 0.293

Axial plane head radius 424+34 39+22  <0.001
Scapular measurements (mm)

Lateral distance to acromion 26847 306+4.2 0.001

Glenoid height 333+24 31.9+25 0.036

Superior glenoid width 217+26 203+21 0.034

Inferior glenoid width 256+18 237+25 0.011

Critical shoulder angle (°) 283+46 342+46  <0.001
Glenohumeral relationships (mm)

Lateral distance to GT 513+23 439+46  <0.001

Abduction lever arm 22.7+2.1 22120 0.200

Acromial index (ratio) 052+009 071+013 <0.001

Values are presented as mean + standard deviation.
GT: greater tuberosity.

rotator cuff. The RCT group demonstrated a mean Al of
0.73, while the AI for the OA with intact rotator cuff group
was 0.60. Their findings showed that a longer lateral exten-
sion of the acromion correlated with the development of
rotator cuff pathology, whereas a shorter extension likely
confers some protective effect.

In a comparison morphometric study, Yu et a
found a positive correlation between an increase in Al and
subacromial impingement when compared to a normal
control group. They also showed that patients with a lower
AT demonstrated higher rates of traumatic instability.
These findings were corroborated in another morpho-
logic study by Torrens et al,”” in which they compared
the AI between a cohort of patients with rotator cuff tears
and a control group without rotator cuff pathology. They
again showed that the group with rotator cuff pathology
had a significantly increased AI compared to the normal

1 19)

Values are presented as mean + standard deviation.
@GT: greater tuberosity.

controls. The initial findings of Nyffeler et al.'” have been
substantiated in a recent follow-up case-control study by
Moor et al,"”’ wherein patients with rotator cuff tears dem-
onstrated significantly higher Als. They also found that
the critical shoulder angle, which is a measure of acromial
length and glenoid inclination, was the best predictor for
developing an RCT.

Despite an apparent correlation between Al and
rotator cuff pathology, conflicting findings have been seen
in other studies. Miyazaki et al.”" have performed the
only study, to our knowledge, to specifically analyze the
association of Al and rotator cuff pathology between two
distinctly different nationalities. They found a significant
correlation between an increased AI and greater rates of
RCTs in a mixed Brazilian cohort, but no association in a
homogenous Japanese population. Similarly, in a prospec-
tive cross-sectional study by Hamid et al,”” they found no
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association between Al and full-thickness RCTs. There
was a significant association, however, between the pres-
ence of an acromial spur along the insertion of the cora-
coacromial ligament and a full-thickness RCT.

This study had several limitations. It utilized the da-
taset generated from our prior work and, therefore, the re-
sults from the original population were not independently
validated or re-measured. However, the interobserver
measurement reliability was high (intraclass correlation
coefficient, 0.794) in our original investigation."” Given
the smaller anthropometric and measured morphometric
features of the East Asian cohort reported herein, it may be
reasonably assumed that reproducibility of the measure-
ment technique in this population using identical methods
as in our prior work would be high as well. Secondly, the
two data sets presented here represent patients treated by
single surgeons in both patient cohorts. Consequently,
there may be a higher degree of variability in each popula-
tion than reported in the current work. However, large-
scale anthropomorphic studies indicate that our height/
weight means for each group are well within a standard
deviation of previously reported metrics."” Thirdly, the
number of East Asian female subjects was smaller than
the number of male subjects and this may have skewed
the morphometric measures to be higher. However, to ac-

count for this discrepancy, we performed separate analyses
for male and female subjects. Finally, our measurements
were made in a pathologic population with artificially po-
sitioned humeri, and as such, there may be other morpho-
logic variables that were not considered in this study that
would not be observed in normal, healthy controls.

In conclusion, the East Asian population exhibited
smaller shoulder morphometrics than their North Ameri-
can cohort, with the exception of an extended acromial
overhang. The morphologic data can provide some ad-
ditional factors to consider when choosing an optimal
shoulder implant for the East Asian population, in addi-
tion to future designs that may better accommodate this
population.
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