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ARTICLE INFO Background: Precise anatomic reconstruction of the proximal humerus is essential to a favorable

outcome of total shoulder arthroplasty. Because of the wide variation in the geometric features of the

Keywords: proximal humerus, prosthetic designs incorporating these disparities are being developed.

Shoulder Methods: The aim of this study is to use data obtained from cadavers and computed tomographic scans
arthroplasty to investigate the 3-dimensional morphometric parameters of the proximal humerus of South African
fr:g:g;;s;setry and Swiss samples and make an interpopulation comparison. In addition, the study combines the
population interarticular variations between populations with the differences in sex and shoulder sides. With the aid
humerus of medical imaging techniques and engineering design tools, various geometric features were measured.
sex Results: The results obtained from these analyses revealed several differences in sex and shoulder sides.
race On average, the Swiss were larger in most of the measured parameters than the South Africans. The male

shoulders of Swiss and South Africans were observed to significantly vary in 4 of the parameters
measured. The South African male and female right shoulders varied considerably in one-fourth of the
measured shoulder variables. Generally, for both populations, the left and right shoulders of the same
individuals were not different in all the measured variables irrespective of sex.

Conclusion: The knowledge acquired in this study is expected to assist in the development of a

Level of evidence: Anatomy Study; Imaging

population-specific shoulder prosthetic design and surgical planning procedures.
© 2020 The Authors. Published by Elsevier Inc. on behalf of American Shoulder and Elbow Surgeons.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

There have been marked improvements in shoulder prosthetic
components since the initial concept of Neer et al's>® Vitallium
shoulder replacement design that was developed by earlier re-
searchers.?*?° Up to now, various prosthetic designs have been
explored with the aim of improving patients' clinical experience
after total shoulder arthroplasty.>"*’

The quality and accuracy of prosthetic components are major
factors in the outcome of total shoulder arthroplasty (TSA) sur-
geries. Deviations in the anatomy of these prostheses may change
the biomechanics of the shoulder joint, which may lead to its fail-
ure.?? The performance of shoulder prostheses can be improved by
closely mimicking the geometry of the proximal humerus, which
has been shown to vary widely.* To accommodate these variations,
researchers have adopted different implant designs.*!220.32-36
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In order to investigate the 3-dimensional (3D) morphometric
features of the proximal humerus, several researchers have studied
different specimen types using diverse approaches, from simple to
highly sophisticated methods.*'®?”323> Shoulder morphometric
data have been analyzed through direct manual surface evaluation,
radiographic measurements, magnetic resonance imaging tools,
algorithmic computer programs, radiologic data measurements,
digitized 3D analysis, computed tomographic scan, and modeling
modalities.>6:891925.30.33 More recently, morphometric informa-
tion has been retrieved in vivo using computed tomographic
arthrography and 3D geometric modeling tools.>!>384!

Furthermore, different characteristic features of the humeral
morphology have been investigated with respect to specific
populations,’?%274041 pilateral humeri,®’ and sex.'®2® Most of
these analyses have been focused on the whites, Japanese, and
recently on the Asian population, whereas these crucial data for
African populations are considerably rare in the literature.”” To
date, few studies have been conducted that combined the assess-
ment of the variability in the geometry of the proximal humerus
within a specific population with respect to the differences in sex as
well as bilateral humeri. Furthermore, to our knowledge, there are
limited data specifically and sufficiently describing the shoulder

2666-6383/© 2020 The Authors. Published by Elsevier Inc. on behalf of American Shoulder and Elbow Surgeons. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wumi.inyang@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jseint.2020.03.003&domain=pdf
www.sciencedirect.com/science/journal/26666383
http://www.jsesinternational.org
https://doi.org/10.1016/j.jseint.2020.03.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jseint.2020.03.003
https://doi.org/10.1016/j.jseint.2020.03.003

454

morphology of the South African (SA) population. This study
combines the uniqueness of analyzing the morphometric variations
of the SA proximal humerus with a comparative analysis of the SA
shoulders with the Swiss shoulders. Therefore, we have investi-
gated the 3D morphometric parameters of the proximal humerus of
the SA and Swiss populations and thereafter made an interpopu-
lation comparison between these populations.

Materials and methods

Data description and 3D reconstruction modeling of the proximal
humerus

Forty-two SA fresh-frozen cadaveric humeri and 58 Swiss
humeri were used in this study. These data sets were obtained
from bilateral shoulders. Of all the shoulders analyzed, 18 pairs
were for women (Table I). They were collected from the Clinical
Anatomy and Biological Anthropology Division of the University
following the institutional review board approval of the
Departmental Research Committee of the University's Depart-
ment of Surgery. With the aid of a Phillips Brilliance 64-slice
computed tomography scanner (Philips Medical Systems, Cleve-
land, OH, USA), the cadavers were scanned at a resolution of
0.65 mm at a slice thickness of 0.9 mm and an increment of
0.45 mm per rotation. The computed tomographic scans for the
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Table I
Descriptive data analysis
Population  South Africans Swiss
Source of data Cadaver lab, Clinical Anatomy and SICAS Medical
Biological Anthropology Division Repository,

Switzerland

Number of
shoulders
Left 21 29
Right 21 29
Paired 21 29
Total 21 (13) 29 (19)
population
(male)
Age, yr, mean 47.9 + 14.7 494 + 19.7
+ SD

SD, standard deviation; SICAS, Swiss Institute for Computer Assisted Surgery.

Swiss data were obtained from a Swiss repository.>” Physically
or pathologically defective specimens and those on which sur-
geries had been previously performed were left out from the
study. The 3D reconstructed models of the humeri were semi-
automaticaly generated in Mimics (Materialise NV, Leuven,
Belgium), and exported as a stereolithography file for further
processing.
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Figure 1 Three-dimensional reconstructed geometric models of the proximal humerus showing the (a) axes, (b) planes, (c) measurements characterizing the proximal humerus

geometry, (d) posterior offset, and (e) retroversion angles.
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Table II
Quantitative summary of the shoulder data set and the variables that were analyzed
in the study

Minimum Quantile Maximum Mean SD

25% 50% 75%

Age
SA 20.00 36.00 50.00 55.00 78.00 47.86 14.65
Swiss 21.00 33.00 51.00 60.00 90.00 49.41 19.85
HHD
Left
SA 38.18 41.74 4422 46.78 5322 4463 411
Swiss  39.34 44.5 49.14 51.18 53.58 47.63 4.16
Right
SA 38.94 422 439 47.6 54.82 45.02 4.16
Swiss  39.98 4434 4822 5042 5284 4743 399
AST
Left
SA 15.33 1826 19.53 2138 27.87 1994 2091
Swiss  14.61 1893 20.76 2231 25.36 20.66 249
Right
SA 15.04 1853 2049 21.77 26.09 2050 2.75
Swiss  16.97 18.57 2048 2147 2494 2042 219
ASD
Left
SA 37.73 41.10 4393 46.61 53.17 4418 4.04
Swiss  39.31 4443 4848 50.76  53.37 47.09 4.15
Right
SA 38.08 41.79 4384 47.09 54.76 4470 4.16
Swiss  39.50 4391 47.74 5023 52.64 47.00 4.03
1A
Left
SA 122.00 129.00 132.80 135.30 141.90 132.10 5.92
Swiss  112.50 133.00 13550 138.30 143.60 13440 6.79
Right
SA 122.30 127.10 13090 135.50 138.80 131.10 5.24
Swiss  127.40 133.80 136.70 137.90 141.50 13570 3.74
MO
Left
SA 3.89 5.40 5.76 6.91 9.60 6.16 148
Swiss 3.62 5.40 6.78 732 1419 6.70 233
Right
SA 4.28 5.60 6.19 7.64 9.83 6.66 1.58
Swiss 345 5.50 6.08 7.04 8.40 622 1.29
PO
Left
SA 0.02 0.51 0.99 2.85 5.88 1.64 1.64
Swiss 0.07 0.89 1.57 287 1132 215 228
Right
SA 0.00 043 1.10 223 4.93 152 137
Swiss 0.06 0.84 1.72 244 4.45 1.77 122
RA1
Left
SA 0.63 2454 2819 3432 4247 25.78 1143
Swiss 4,74 1068 2543 37.76 61.51 26.56 16.55
Right
SA 10.87 20.89 2823 3234 4211 27.05 7.89
Swiss 3.66 13.01 20.63 2945 44.10 2226 10.45
RA2
Left
SA 523 27.02 3195 33.88 4697 28.26 1037
Swiss 2.72 1414 2729 3560 71.39 27.70 17.39
Right
SA 11.39 2591 2859 3435 4459 29.67 9.3
Swiss 5.68 17.53 22.86 3322 48.00 2596 11.92

HHD, humeral head diameter; AST, articular surface thickness; ASD, articular surface
diameter; IA, inclination angle; MO, medial offset; PO, posterior offset; RA1, retro-
version angle 1; RA2, retroversion angle 2; SA, South African; SD, standard deviation.
Sample demographics: female sex = 18; male sex = 32; N: 21 (South Africa) + 29
(Switzerland); total pairs of shoulders = 50.

Geometry extraction and parameter measurements

Each of the stereolithography files were imported into the
reverse engineering environment of Solidworks (Dassault

Systemes, Véilzy-Villacoublay, France). In preparation for geometry
extraction, the relatively small detached mesh patches around the
bone were first removed from the mesh, after which it was
smoothened and then the humeral shaft was aligned along the Z-
axis. These operations produced no noticeable change in the size
and shape of the mesh; that is, the processes reduced the total
number of faces in the mesh by less than 0.1%. The anatomic neck
plane was defined as the plane that best fits the periphery of the
articular surface, which was selected manually based on the
observable boundary between the clearly spherical region and its
surrounding as illustrated by Iannotti et al'® (Fig. 1, a). Afterward,
the epiphyseal sphere was generated as the sphere that best fits the
region of the mesh representing the articular surface using the
spherical surface fitting tool of Solidworks (Fig. 1, b). Similarly, the
metaphyseal cylinder was obtained from the region representing
the upper humeral shaft, which is the part of the shaft above the
deltoid tuberosity, using the cylindrical surface fitting tool (Fig. 1, b).
Next, the metaphyseal axis was defined as the central axis of the
metaphyseal cylinder (Fig. 1, ¢), and the humeral head axis was
created as a line passing through the center of the epihyseal sphere
and perpendicular to the anatomic neck plane (Fig. 1, c). The last
step was to obtain relevant dimensions and measurements as
follows:

1. Humeral head diameter (HHD): the diameter of the epiphyseal
sphere (Fig. 1, d)

2. Articular surface thickness (AST): the normal distance between
the crest of the articular surface and the anatomic neck plane
(Fig. 1, d)

3. Articular surface diameter (ASD): the diameter of the intersec-
tion circle between the epiphyseal sphere and the anatomic
neck plane (Fig. 1, d)

4, Medial offset (MO): the normal distance between the center of
the epiphyseal sphere and the metaphyseal axis both projected
onto the axial plane (Fig. 1, d)

5. Inclination angle (IA): the angle between the humeral head axis
and the metaphyseal axis (Fig. 1, d)

6. Posterior offset (PO): the normal distance between the center of
the epiphyseal sphere and the metaphyseal axis measured on
the coronal plane (Fig. 1, e)

7. Retroversion angle A1 (RA1) (transepicondylar): the angle be-
tween the transepicondylar axis and the humeral head axis,
both projected on the dorsal plane (Fig. 1, f) (the trans-
epicondylar axis is the line joining the innermost part of the
medial epicondyle and the outermost part of the lateral
epicondyle)

8. Retroversion angle A2 (RA2) (tangent elbow): the angle be-
tween the projections of the tangent elbow axis and the hu-
meral head axis on the dorsal plane (Fig. 1, f).

All the axes and planes are as defined in Boileau and Walch.*
Statistical analysis

All the statistical analyses were implemented with R (R Core
Team, 2016; R Foundation for Statistical Computing, Vienna,
Austria) statistical software. The analyses were performed in order
to investigate the differences and similarities between populations
from South Africa and Switzerland, as a function of various humeral
characteristics. Linear correlation analysis was first used to assess
the relationship between all the pairs of the continuous variables in
the humeral morphologic data. A Student t test and 2-tailed, paired,
and unpaired tests were used to determine whether there are dif-
ferences in the geometry of the proximal humerus between male
and female samples as well as between paired shoulders. A logistic
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Figure 2 Summary of the distributions of all the measured variables using standardized values. HHD, humeral head diameter; ASD, articular surface diameter; AST, articular surface
thickness; IA, inclination angle; RA1, retroversion angle 1; RA2, retroversion angle 2; PO, posterior offset; MO, medial offset.

regression analysis was then used to perform an interpopulation
comparison with respect to each of the measured variables. In other
words, logistic regression was implemented in order to identify the
combination of the measured variables that could differentiate
between humeri of separate nations or sexes. Prior to proceeding
with the main logistic regression analysis, the degree of linear
relationship between pairs of the shoulder specimen variables with
continuous measurements was analyzed. Correlation coefficients
vary between —1 and +1. The sign of the value indicates the di-
rection of the linear relationship. The absolute value of the coeffi-
cient represents the degree of the relationship: 0 implies no linear
correlation, whereas 1 implies perfect relationship. Two perfectly
correlated variables are expected to contribute similar information
to a regression model and need not be both included in the same
model to avoid redundancy.

Results

The distributions of all the variables analyzed in this study are
summarized in Table II. The table contains the counts for the
qualitative measurements and 5-number summaries, means, and
standard deviations. The table is supplemented with a graphical
summary in Fig. 2. The plot illustrates the distributions of all the
measured variables using standardized values. The choice of stan-
dardized measurements for the plot is to enhance visibility. Table II
and Fig. 2 show that the Swiss and South African data were simi-
larly distributed with respect to age and the AST, RA1, RA2, PO, and
MO measurements, except that the Swiss have more variable age,
RA1, RA2, PO, and MO whereas South Africans have more variable
AST. It is also apparent that the South African specimens produced
lower HHD, ASD, and IA measurements.

Figure 3 describes how the measured parameters compares
between the 2 population groups, provided that the subjects were
of the same sex and shoulder side. On average, the values for all the

parameters were not different statistically, for SA and Swiss female
shoulders, as none of the corresponding P values was less than
.05. We assert that AST, MO, and PO variables were, on average, not
significantly different between SA and Swiss male shoulders
because the comparisons yielded P values that were greater than
.092. On the other hand, there is a significant difference in the
average values of HHD, ASD, and IA variables between SA and Swiss
male shoulders. These parameters had P values that ranged be-
tween <.001 and .021. Both retroversion angle variables did not
show any evidence to indicate that they were different between the
left shoulders of SA men and their Swiss counterparts. Based on the
magnitude of the P value of .058 for the comparison of RA2 be-
tween the right shoulders of SA and Swiss males, it is apparent that
the evidence in the analyzed data is inconclusive. Given the cor-
responding P value of .027, it is evident that the retroversion angles,
RATs, for the right shoulders of SA men were significantly higher,
on average, than those of their Swiss counterparts. Figure 4 con-
tains boxplots that illustrate how the shoulder specimen variables
compare between sexes within country as a function of shoulder
side. The P values were obtained from unpaired Student ¢ tests that
were independently conducted to verify the null hypothesis that
variables do not differ between sexes within country for a specific
shoulder side. It is apparent from the plots that on average the HHD,
ASD, AST, and IA parameters differ significantly between Swiss
male and female shoulders, provided that shoulder side and na-
tionality were kept unchanged. Unlike the Swiss, there were sig-
nificant differences between male and female MO and RA1
measurements at the right shoulders of SAs. The difference in the
estimated averages of MO and RA1 were higher for right shoulders
of SA males. Figure 5 was generated in order to illustrate the
comparisons between shoulder sides within the subjects when sex
and country of origin were kept constant. It can be observed that, as
expected, the interquartile boxes all overlap, except for a few var-
iable scenarios. Generally, the P values were greater than .05, and
this agrees with the implications of the overlaps observed with the
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Figure 3 Box plots illustrating how the measured variables compare between South Africans and Swiss subjects. The P values were obtained from unpaired ¢ tests to verify the

hypotheses of equal mean values. SA, South African.

boxes. Therefore, it can be clearly seen that all the parameters tend
to be the same for both left and right shoulders for a randomly
chosen male or female sample from either SA or Switzerland. The
small P values obtained for HHD and ASD within-subject compar-
isons for SA women contradict expectations and are interesting for
future investigations.

A graphical exploratory summary of the degree of linear rela-
tionship between pairs of the shoulder parameters is presented in
Fig. 6. It is evident that the HHD-ASD, RA1-RA2, ASD-AST, and AST-
HHD pairs were strongly correlated. Of the identified pairs, the
HHD-ASD pair has the strongest correlation (=0.99). Consequently,
and without loss of generality, the HHD variable was omitted from
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Figure 4 Summaries of interpopulation comparisons with respect to sex. The P values were obtained from t tests to verify the hypothesis of equal mean values. F, female; M, male.

the regression analysis. The strength of correlation of the other
identified pairs could be accommodated in the model and were
therefore retained. Results from the logistic regression models are
summarized in Table IIl. The baseline for the sex and nationality
models were male and South Africa, respectively. In all parameters
measured, AST, IA, RA1, and RA2 contribute significantly to

differentiating between humeri of separate nations or sexes
(Table III). Interestingly, the analysis on sex relating to the left
shoulder indicated significant differences with respect to AST, IA,
RA1, and RA2, whereas on the right shoulder the differences were
related to IA and RA1. In contrast, on the left shoulder, significant
differences were observed between South African and Swiss data
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with regard to AST and RA2, whereas on the right shoulder, AST, IA,

and RA1 were significantly different.

Discussion

The results obtained from this study reveal interesting differ-
ences in sex and sides in the proximal humeral morphometric

parameters. Although many studies have been conducted earlier on

the 3D morphometric analysis of the proximal humerus,

4,16,27,32,35

most of them have focused on Western populations; of these, a

few have considered either sides or sex differences

6.718.26 and a few

have compared populations involving an African origin.'” One of
the strong points of this study is that the comparison was made

across continents—the SA population having

rarely been
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Figure 6 Correlation plot of the linear relationship between all pairs of the continuous measurements. HHD, humeral head diameter; ASD, articular surface diameter; AST, articular
surface thickness; IA, inclination angle; RA1, retroversion angle 1; RA2, retroversion angle 2; PO, posterior offset; MO, medial offset.

studied—with the 2 populations having a statistically comparable variable than the SA population in most of the measured parame-

age and sex distribution.

ters. In general, the left and right shoulders of same individuals for

These results revealed variations in the proximal humeral both SAs and Swiss were not different in all the measured variables
morphology, with the Swiss population being larger or more irrespective of sex. This is consistent with the findings of Delude

Table III
Summarized outputs from logistic regression models fitted for the shoulder morphometric data
Left shoulder Right shoulder
OR (95% CI) P value OR (95% CI) P value
Sex
Age 1.017 (0.968, 1.072) .503 0.991 (0.943, 1.039) 718
ASD 1.017 (0.987, 1.053) 282 1.008 (0.984, 1.036) 529
AST 0.019 (0.000, 0.288) .032 0.206 (0.009, 1.584) .264
1A 0.946 (0.891, 0.992) .039 0.957 (0.915, 0.990) .028
RA1 4.058 (1.662, 15.924) .020 2.564 (1.319, 6.587) .020
RA2 1.038 (1.006, 1.080) .035 0.993 (0.968, 1.017) .566
PO 1.003 (0.884, 1.082) 953 0.962 (0.863, 1.082) 445
MO 1.013 (0.987, 1.043) 346 1.002 (0.976, 1.029) .889
Nationality
Age 1.013 (0.966, 1.065) .600 0.987 (0.940, 1.033) 578
ASD 1.004 (0.977, 1.032) 772 1.003 (0.982, 1.025) 756
AST 0.489 (0.246, 0.809) .015 0.533 (0.342, 0.745) .001
1A 0.975 (0.938, 1.008) .169 0.965 (0.93, 0.992) .020
RA1 1.724 (0.969, 3.589) .093 2.130 (1.292, 3.969) .007
RA2 1.036 (1.004, 1.074) .037 0.993 (0.968, 1.016) 543
PO 1.002 (0.898, 1.069) 963 0.990 (0.948, 1.094) 712
MO 1.013 (0.988, 1.042) 316 1.002 (0.976, 1.028) 901

ASD, articular surface diameter; AST, articular surface thickness; IA, inclination angle; RA1, retroversion angle 1; RA2, retroversion angle 2; PO, posterior offset; MO, medial
offset; OR, odds ratio; CI, confidence interval.
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Table IV
Comparison of the morphometric measurements with previous published studies

Parameter Present study, mean + SD Previous studies, mean + SD
SA (n =42) Swiss (n = 58)
HHD 44.83 + 4.09 47.53 + 4.04 46.0 + 4.00% 46.2 + 5.40% 45.0 + 3.60'°
47.8 +2.80"" 48.8 + 5.00%° 42.8 + 5.80%
50.6 + 4.60* 48.0 +4.20'° 44.0 + NR?
50.3 + 0.00** 429 + 3.60%° 442 + 3.80%
44.6 + 4.40%°
ASD 44.44 + 4.06 47.04 + 4.06 433 + 430" 414 +3.70°° 42.9 + 3.60"
AST 20.22 + 2.82 20.54 + 2.33 15.2 + 1.60* 19.0 + 2.00°° 18.7 + 2.10°
18.5 + 2.00** 20.0 +2.00"° 13.2 + 1.70%°
17.0 £ 1.70"3 16.9 + 1.50%! 16.7 + 1.90%°
IA 131.58 + 5.54 135.02 + 5.47 129.6 + 2.90° 131.0 + 3.00%° 135.0 + 3.00%7
137.0 + 3.62%° 133.0 + 3.10%° 132.0 + 4.70%°
RA1 26.41 +9.72 24.41 + 13.89 17.9 + 13.70* 19.0 + 6.00°° 21.4 + NR*
32.0 £ 11.00" 22.6 + 10.20*! 21.1 + 12.20%°
RA2 28.97 + 9.68 26.83 + 14.80 21.5 + 15.10% 233 +11.75%
PO 1.58 + 1.49 1.96 + 1.82 2.6 + 1.80" 2.0 +2.00% 4.7 £ NR**
2.0 + NR? 0.9 + 1.10%° 14 +143"
0.40 + 0.8*' 3.5+ 1.6%
MO 6.41 + 1.53 6.46 + 1.88 6.9 + 2.00" 7.0 + 2.00*° 11.0 + NR?
6.2 + 1.40%° 6.0+181" 6.3 + 0.90"!
5.0 + 1.60*°

HHD, humeral head diameter; ASD, articular surface diameter; AST, articular surface thickness; IA, inclination angle; RA1, retroversion angle 1; RA2, retroversion angle 2; PO,

posterior offset; MO, medial offset; SD, standard deviation; NR, not reported.

and coauthors,” where the study was carried out on specimens
obtained from Canada. The male shoulders of Swiss and SAs were
observed to significantly vary in 4 of the parameters measured. In
these parameters, male Swiss were found to be larger on average
than their female counterparts while considering the same shoul-
der sides. This follows a similar trend as in earlier studies.'® Spe-
cifically, a considerable amount of variations was noticed between
the SA male and female right shoulders in one-fourth of the
measured shoulder variables, the males being distinctly larger than
the females. It was observed that a wide variation in the side dif-
ferences exists between different persons and between different
population groups.’

The means and standard deviations of most morphologic mea-
surements for both population groups computed in the present
study were analogous both in magnitude and variations to those
previously reported in literature (Table IV). The average HHD for SA
(44.83 mm) compares favorably with that reported by Zhang et al
(44.6 mm),*° whereas the HHD for Swiss (47.53 mm) compares
with the findings of Harrold and Wigderowitz (47.8 mm)."" Our
result for the ASD for SA (44.44 mm) is identical with that of pre-
vious work reported by Boileau and colleagues (43.3 mm).*
Although Swiss ASD was slightly higher than the available pub-
lished data,*?° it was closer to the value obtained by Boileau and
Walch. This could be because their data were from similar popu-
lation groups. Also, our results for AST for both populations were
quite similar both in magnitude and variation to that of Iannoti
et al.' Likewise, the IA for both population groups agrees well with
earlier published work.”®* In addition, SA and Swiss PO values
were comparable to those of previous studies,'>> despite the fact
that there was a high variation in the values obtained in earlier
studies.?®344041 Similarly, the values of MO for both population
groups were comparable to the published data.?®*! The association
found between these results corroborate our results and establish
that the mean values obtained cannot be used on their own as they
can misinform because quite a number of the measured humeral
parameters were influenced by sex.

On the other hand, the average values recorded for RA1 and RA2
for both population groups were distinct from the available values
in literature, where a wide variation also existed.*!>26:34.3540.41 The
RA1 did not exceed the combined range recorded in the literature,

but the RA2 exceeded those previously reported. This disparity
could be related to the different methods of measurement; for
instance, Hertel et al'® used measurements based on photographic
projection. In general, the discordance among studies could be
related to the differences in sample size, methodology, and mea-
surement approach. In addition, the differences in the population
groups can also influence the results because the studied popula-
tion cannot be a characteristic sample of the other ethnic groups.

It was observed that there is a strong linear correlation be-
tween ASD and HHD for bilateral shoulders. This implies that we
could accurately predict HHD values from their corresponding
ASD measures. The regression outputs highlight that there are
statistically significant differences in the shoulder sides between
male and female samples, and between the Swiss and SAs, in
the shoulder characteristic measurements, except for age, ASD,
PO, and MO (Table III). Considering the left shoulder, men tend
to have a larger AST compared with women of otherwise similar
shoulder specimens. Besides, women were inferred to have
larger retroversion angles, Al, irrespective of the shoulder side.
In terms of nationality, the Swiss tend to have larger RA1 and
RA2 on the right and left sides, respectively, and smaller AST
regardless of shoulder side. Because there are limited data on
the shoulder morphometry of the SA population, the result of
the humeral analyses conducted in this study will be beneficial
to the understanding of the failure associated with TSA using
imported prostheses in SA. It will assist with the determination
of the size and dimensions required for a new shoulder pros-
thesis design targeted for the SA population.

Furthermore, this could be applicable in biomechanical joint
modeling. It is expected to have an influence on computer-aided
navigation during TSA in ensuring accurate positioning of the
component and, as a result, prevent instability and loosening,
leading to nil postoperative complications.'**® Because the goal of
TSA is to restore shoulder biomechanics, relieve pain, and improve
function, this study will contribute to shoulder anatomic recon-
struction that closely mimics that of a healthy contralateral
shoulder and hence improved patient experience.?*°

Future studies will look at incorporating the findings of this
study into a new prosthesis design putting into consideration
the variations with respect to sex, sides, and population. The
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following limitations are associated with this study. The sample
size is relatively small. More data would have improved the
precision of the inferences. For example, the inconclusiveness of
the RA2 comparison of the right shoulder between nationalities
and the unexplainable differences inferred for HHD and ASD
within-subject comparisons for SA female specimens could be
resolved. Another limitation is that the left and right sides were
chosen based on position and not on handedness. A follow-up
study could investigate the influence of this choice on the in-
ferences, if any. Also, the height of the subject, which is related
to bone dimensions, is not included in this study because this
information was not available in the data. Lastly, extension of
the regression analyses could be undertaken by considering, for
example, other discriminant analysis varieties. Because the SA
population inherently comprises heterogeneous ethnic groups,
further analyses should interrogate the population more thor-
oughly in terms of race—black, mixed, and white—and allow an
intrapopulation analysis in comparison with the Swiss. Such an
analysis would provide information as to which of the ethnic
groups in SA influence the results, if any.

Conclusions

This work has focused on investigating the morphologic
measurements from a 3D analysis of the proximal humerus
based on an interpopulation comparison between SA and
Swiss shoulders. The study has shown that some humeral
parameters are nationality- and sex-biased in morphology. The
distinctiveness of this all-encompassing study stemmed from
the fact that it has incorporated a number of variables
including sex and bilateral humeri as well as conducting
morphologic differences between different ethnicities. This
inimitable approach provides valuable information for both
biomedical engineers and clinicians. It could provide useful
information during surgery or for prosthesis design by using
the contralateral healthy shoulder as a basis for the affected
shoulder.

The morphometric data on the African shoulder are very
limited, and this study will significantly contribute to the shoulder
data repository for the SA population. The findings of this work can
be adapted clinically to provide analog humeral implants that
would favorably suit the SA patients and hence serve as an exten-
sion to the African population in the near future, consequently
minimizing postsurgical complications. In conclusion, it is envis-
aged that the findings from this study will facilitate the design of a
new shoulder prosthesis for the African populace.
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