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Background: The literature suggests implantation of the humeral component in reverse total shoulder arthroplasty (RTSA) in 0°-40° of
retrotorsion without further specification. We hypothesized that optimal humeral component retrotorsion to avoid notching and gain
balanced rotational capacity would depend on scapular position and posture.

Methods: We investigated 200 shoulders in 100 patients with available whole-body computed tomography scans and created 3-
dimensional models. Implantation of a humeral component in 20° of retrotorsion was simulated, and a correction angle (CA) to
yield perfect opposition to the glenosphere was calculated. Patient-specific variables such as age, sex, posture, and scapular orientation
parameters were correlated with this CA.

Results: Scapular orientation showed large interindividual differences. A highly significant correlation was seen between the CA and
scapular internal rotation (R = 0.71, P <.001) and protraction (R = 0.39, P <.001). When the CA was adjusted for glenoid retroversion,
the correlation coefficient of scapular internal rotation increased even further (R = 0.91, P < .001). Scapular internal rotation itself
showed a correlation with thoracic kyphosis (R = 0.27, P < .001), protraction (R = 0.57, P < .001), tilt (R = 0.29, P < .001), and
scapular translation (R = —0.23, P < .001).

Conclusion: Scapular orientation and posture should be integrated into the determination process of humeral component retrotorsion in
RTSA. In theory, implantation of the humeral component with increased retrotorsion leads to improved neutral opposition of the RTSA
components in patients with extensive internal rotation of the scapula. On the basis of varying scapular internal rotation, we propose the
distinction of 3 different posture types (A-C) for enhanced appraisal of scapulothoracic orientation.
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Posture influences torsion placement in RTSA
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Although active abduction and elevation can often suc-
cessfully be improved by means of reverse total shoulder
arthroplasty (RTSA), many patients experience limitations
in internal and external rotation with subsequent restriction
in daily life activities.”'*'*'**>?* In Grammont-style
RTSA, the center of rotation is shifted medially and infe-
riorly and stabilized by the more constrained design
compared with the native anatomy. As a result, the
biomechanics not only of arm elevation but also of rotation
are affected.*'” The humeral component rotates in semi-
circular movements around the glenosphere.'’ Therefore, a
neutral opposition of the humeral component to the gle-
nosphere in neutral rotation of the arm is favorable for
optimal rotational capacity (Fig. 1). By choosing the angle
of humeral component retrotorsion, we directly influence
component opposition and therefore impingement-free
rotation range of the humeral component.

On the basis of biomechanical studies and surgeons’
expert opinion, a retrotorsion angle between 0° and 40° is
recommended. %" However, to date, there are no clear
guidelines for selection of humeral component retrotorsion
in RTSA. As physiological humeral torsion and scapular
orientation are variable among individuals, it is unclear
whether a uniform torsion angle should be applied for all
patients.™® In an aging population, patients often present
with increased thoracic kyphosis, combined with protrac-
tion and internal rotation of the scapula. These changes in
scapular orientation could consequently alter the opposition
of the humeral component to the glenosphere.

We hypothesize that the optimal retrotorsion angle to
achieve neutral opposition in RTSA would be highly vari-
able and increase with progressive scapular protraction.
Furthermore, we hypothesized that posture and thoracic
dimensions would influence scapular orientation and
therefore would influence the angle of optimal humeral
component retrotorsion.

Materials and methods

We searched our institutional radiology database for patients who
had received a positron emission tomography (PET)-computed
tomography (CT) backward from May 2019 until we had iden-
tified 100 patients who met the following inclusion criteria: (1)
age 18 years or older; (2) supine positioning of the patient with
arms at the side and elbows resting on the examination table; (3)
complete depiction of the trunk from the base of the skull to the
proximal femora including both humeri; and (4) sufficient CT
quality for 3-dimensional rendering. Patients with visual pa-
thologies of the upper extremities or thorax that potentially could
alter humeral torsion, scapular orientation, or scapulothoracic
dimensions (eg, fractures, prostheses, or dysplasia) were
excluded. For each patient, both shoulders were analyzed as in-
dividual cases, which led to a total of 200 shoulders. CT imaging
was performed with identical scan parameters in all patients as
either low- or full-dose imaging (field of view, 70 cm; tube
voltage, 120 kV; automatic tube current modulation with

maximum threshold, 100 mA [low dose] or 200 mA [full dose];
and primary slice thickness, 1.25 mm [both low and dose]) using
a single scanner (Discovery MI; GE Healthcare, Chalfont St
Giles, UK). The resulting study cohort consisted of 74 male and
26 female patients with a mean age of 61.1 years (range, 18-89
years). All patients had undergone PET-CT with fludeoxyglucose
("®F) for suspected or proven malignant, infectious, or inflam-
matory disease.

Measurements

For all measurements except thorax dimensions (which were
determined with 2-dimensional CT scans), CT data were rendered
into 3-dimensional models using Visage software (version 7.1;
Visage Imaging, Berlin, Germany).

Correction angle for perfect opposition

To determine the angle at which the humeral component would be
in neutral opposition to the glenosphere with the arm in neutral
rotation, we virtually simulated a humeral component implanta-
tion on both sides in each patient. First, a perpendicular line to the
epicondyle axis (forearm axis line) in the transverse plane was
drawn; then, a line (humeral osteotomy line [HOL]) with 20° of
retroversion compared with the first line was drawn to simulate a
humeral head osteotomy. The forearm axis line was then aligned
with the sagittal vertebral axis to simulate neutral arm position.
The HOL was adjusted to the same degree. The angle between the
adjusted HOL and a tangential line on the glenoid (glenoid version
line [GVL]) was calculated to determine the correction angle (CA)
for neutral opposition (Fig. 2). In addition, the GVL was adjusted
to a glenoid version of 0° to account for possible correction of
glenoid version during implantation of the glenosphere (ie,
adjusted GVL) and an adjusted correction angle (ACA) was
calculated.

Scapular orientation and posture

According to Park et al,'® we determined the scapular orientation
by means of various angles to counteract anatomic bias, such as
scapular size and shape. Divergent from their study, we used the
3 following bony landmarks: glenoid (deepest point of the con-
cavity), inferior scapular angle, and medial root of the scapular
spine. For accurate measurement, landmarks were set in the
respected plane, scouting layer through layer. Protraction was
measured as the angle between the sagittal vertebral axis and a
line from the glenoid to the center of vertebral body T1 in the
transverse plane. Scapular internal rotation was measured as the
angle between the perpendicular line to the sagittal vertebral axis
through the glenoid and the line from the glenoid to the root of
the scapular spine in the transverse plane. Scapular upward
rotation was measured as the angle between the longitudinal
vertebral axis and the line from the root of the scapular spine to
the inferior scapular angle in the frontal plane. Scapular
translation was determined as the angle between the longitudinal
vertebral axis and the line from the tip of the spinous process of
the T1 vertebra to the glenoid in the frontal plane. We measured
scapular tilt as the angle between a perpendicular line to the
upper baseplate of vertebral body T1 and the line from the
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Figure 1 Hemithorax after reverse total shoulder arthroplasty implantation and theoretical range of rotation. (a) Placement of humeral

component with perfect opposition to glenosphere. (b) With less retrotorsion, the component is placed dorsally with respect to the gle-
nosphere, which leads to early impingement («—) during external rotation (ER) and a shift toward internal rotation (/R). (¢) With more
retrotorsion, rotation is shifted toward ER with early impingement («—) on IR.

medial root of the scapular spine to the inferior scapular angle in
the sagittal plane. An index of transverse thorax diameter at the
greatest thoracic expansion divided by the anteroposterior
diameter was calculated (thoracic index). Humeral torsion was
measured as the angle between the epicondyle axis and the line
perpendicular to the anatomic neck of the humeral head in the
transverse plane.'® Global thoracic kyphosis was measured as the
Cobb angle between the upper baseplate of vertebral body T2
and lower baseplate of T12 in the sagittal plane.' Glenoid
version was measured as the angle between a line from the
medial border of the scapula through the glenoid center and a
tangent line to the glenoid surface in the transverse plane
(Fig. 3).

Statistical analyses

Statistical analyses including descriptive statistics were performed
with IBM SPSS Statistics software (version 24.0; IBM, Armonk,
NY, USA). P < .05 was considered significant. Two orthopedic
residents (P.S. and D.A.) independently conducted the measure-
ments. Intraclass correlation coefficients with 95% confidence
interval were calculated and interpreted according to Landis and
Koch.'"* An intraclass correlation coefficient of 0.20 or less in-
dicates slight agreement; 0.21 to 0.40, fair agreement; 0.41 to
0.60, moderate agreement; 0.61 to 0.80, substantial agreement;
and 0.81 or greater, almost perfect agreement. The means of both
raters were calculated. Correlations between parameters were
analyzed using the Pearson correlation coefficient. Sex differences
were calculated by means of the independent ¢ test; differences
between both shoulders, invariant analysis of variance; and dif-
ferences between posture types (A-C), invariant analysis of vari-
ance and the post hoc Tukey test.

Results

All measurements showed substantial to almost perfect
agreement between the 2 raters (Table I). Measurement
results for all parameters are summarized in Table II.

No significant differences were found between both
shoulders in each patient for internal rotation, protraction,
upward rotation, scapular translation, tilt, CA, and ACA.
Humeral torsion and glenoid version showed significant
differences between right and left shoulders. Mean humeral
torsion measured 32.7° 4= 9.8° on the right and 26.3° + 8.7°
on the left (P < .001). Glenoid version was —1.3° + 4.4°
and 0° £ 4.4°, respectively (P = .04).

Correlations between the CA and scapular internal
rotation (P < .001), as well as protraction (P < .001), were
highly significant. Correlations with thoracic kyphosis (P =
.04), upward rotation (P = .03), scapular translation (P =
.04), and tilt (P = .02) were also significant. However, the
CA did not correlate with age, humeral torsion, or the
thoracic index (Fig. 4). The mean CA was 23.1° £ 5.9° in
female patients and 20.7° + 7.1° in male patients, with a
significant difference between sexes (P = .03).

The highest correlation coefficient (R = 0.71) was
seen between the CA and scapular internal rotation.
When the CA was adjusted to a glenoid with 0° of
version (ACA) by subtracting glenoid anteversion—or
adding respective retroversion—an even increased cor-
relation with scapular internal rotation was seen (R =
091, P < .001) (Fig. 5). Scapular internal rotation
showed a correlation with thoracic kyphosis (R = 0.27, P
< .001), protraction (R = 0.57, P < .001), tilt (R = 0.29,
P < .001), and scapular translation (R = —0.23, P <
.001) (Fig. 6).

As scapular internal rotation is a measurable variable,
we categorized patients into 1 of 3 groups according to
scapular internal rotation. By means of a Gaussian distri-
bution, type B was defined as mean scapular internal
rotation * 1 standard deviation, type A was set at the lower
bound (<36.2°), and type C was set at the upper bound
(>46.6°) (Fig. 7). Values for all parameters of each type are
summarized in Table III.
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Determination of correction angle (CA) and adjusted correction angle (ACA). (a) A perpendicular line to the epicondyle axis

(forearm axis line [FAL]) is drawn. (b) A line (humeral osteotomy line [HOL]) with 20° of retroversion is drawn to simulate a humeral head
osteotomy (—). (¢) The FAL is aligned (—) with the sagittal vertebral axis (SVA). (d) The CA to yield perfect opposition between the HOL
and the glenoid version line (GVL) (—) is measured. (e) The GVL is adjusted to a glenoid version of 0° (—) (adjusted glenoid version line

[AGVLY)), and the ACA is calculated.

Discussion

The aim of this study was to evaluate the influence of
scapular orientation and posture on the choice of humeral
component retrotorsion in RTSA. Our data show that
scapular orientation—and, in more general terms,
posture—directly affects the required retrotorsion to obtain
neutral opposition of the humeral component.

Karelse et al'’ described the relationship of prosthetic
components in RTSA in the transverse plane. They
confirmed the original hypothesis of Grammont and
Baulot® that an increase in humeral component retrotorsion
could favor external rotation. In this study, we used a CA to
identify the degree of retrotorsion needed to achieve neutral
opposition of the humeral component and the glenosphere

with the arm in neutral rotation. The CA showed a strong
correlation with scapular internal rotation. When internal
rotation of the scapula increases, we observe that the gle-
noid surface is progressively turned into anteversion
regarding the thoracic axes, which consequently increases
the CA. A modifiable variable of this correlation is the
version of the glenoid. To account for varying glenoid
version (eg, type B glenoids), we subtracted the glenoid
version measurement and subsequently reached almost
perfect correlation of the CA to scapular internal rotation.
This result is to be expected, as scapular internal rotation in-
dicates the orientation of the latter implanted glenosphere in the
transverse plane if glenoid version is corrected to approxi-
mately 0° during surgery. It is interesting to note that scapular
internal rotation can easily be measured either on imaging
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Figure 3  Measurements (—) for scapular protraction (PRO), scapular internal rotation (/R) (—, sagittal and coronal body axes), thoracic
index (T1), scapular upward rotation (UR), scapular translation (S7), global thoracic kyphosis (K), humeral torsion (HT) (—, anatomical
neck), glenoid version (GV), and scapular tilt (7).

Table II  Mean values of all measurement parameters with

3 0,
Table I  ICCs for all measurement parameters with 95% CIs SDs and ranges (N — 200)

ICC 95% (I Agreement Mean + SD Range

Lower bound _ Upper bound PRO, © 88.4 + 4.7 74.6 to 100.4
CA 0.87 0.850 0.911 Almost perfect IR, ° 41.4 + 5.2 22.7 to 56.6
PRO 0.85 0.809 0.886 Almost perfect UR, ° 13.3 £ 5.1 0.4 to 25.9
IR 0.87 0.826 0.897 Almost perfect T, ° 19.4 £ 8.6 0.7 to 42.1
UR 0.91 0.877 0.928 Almost perfect ST, °© 78.8 + 5.8 65.1 to 98.6
T 0.89 0.854 0.914 Almost perfect TI 2.2 £0.3 1.4 to 3.2
ST 0.76  0.697 0.814 Substantial HT, ° 29.5 + 9.8 5.6 to 58.8
TI 0.95 0.930 0.959 Almost perfect K, ° 44.2 + 11.2 18.1 to 83.4
HT 0.78 0.723 0.831 Substantial GV, ° —0.7 £ 4.4 —15.0 to 9.9
K 0.86 0.817 0.891 Almost perfect CA, ° 21.3 £ 6.9 —3.0 to 38.5
GV 0.81 0.755 0.852 Almost perfect ACA, ° 22.0 £+ 5.6 5.5 to 37.2

ICC, intraclass correlation coefficient; CI, confidence interval; CA,
correction angle; PRO, scapular protraction; IR, scapular internal
rotation; UR, scapular upward rotation; T, scapular tilt; ST, scapular
translation; TI, thoracic index; HT, humeral torsion; K, global thoracic
kyphosis; GV, glenoid version.

SD, standard deviation; PRO, scapular protraction; IR, scapular in-
ternal rotation; UR, scapular upward rotation; 7, scapular tilt; ST,
scapular translation; TI, thoracic index; HT, humeral torsion; K, global
thoracic kyphosis; GV, glenoid version; CA, correction angle; ACA,
adjusted correction angle.
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Figure 4 Correlations between correction angle and patient characteristics, posture, and scapular position. Correlation coefficients (R)
with corresponding P values are indicated. A linear correlation line is illustrated, with the 95% confidence interval. *Significant

correlations.

studies or even using simple and more dynamic clinical mea-
surements in standing patients in all arm positions.™" "’

We further investigated the influence of patients’ de-
mographic characteristics and posture on scapular internal
rotation. Our results show that an increase in scapular in-
ternal rotation is attributed to posture rather than age. Even
though we found no correlation with thoracic dimension,
there was a significant positive correlation with kyphosis,
scapular protraction, and scapular tilt, as well as a negative
correlation with scapular translation. It seems that patients
with increased scapular internal rotation present with an
anterior shift and tilt of the scapula and with progressive
thoracic kyphosis but with lowering of the scapula with
respect to the thorax. These findings suggest that an ex-
amination of the patient’s posture could provide an esti-
mation for the choice of optimal retrotorsion angle for the
humeral component in RTSA.

To integrate our model into clinical use, we propose the
categorization of 3 different posture types: patients with
physiological thoracic posture and retracted shoulders (type
A); average patients with moderate hyperkyphosis, scapular
protraction, tilt, and internal rotation, as well as moderate
scapular drooping (type B); and patients with severe

hyperkyphosis, scapular protraction, tilt, and internal rota-
tion, as well as severe scapular drooping (type C) (Fig. 8).
We observed significant differences in the CA and ACA
between all types, which underlines the importance of
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Figure 5 Correlation between scapular internal rotation and

adjusted correction angle (ACA), with correlation coefficient (R) and
corresponding P value indicated. A linear correlation line is illus-
trated, with the 95% confidence interval. *Significant correlations.
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considering individualized humeral component retrotorsion
angles.

Our study results suggest that implanting the humeral
component at the same torsion angle for all 3 posture types
would lead to different degrees of opposition to the
glenosphere when holding the arm in neutral rotation. This
would result in early impingement on external or internal
rotation depending on the type. When we consider the 3
types, we can calculate the theoretical torsion angle of
humeral component placement with glenosphere opposition
in neutral arm rotation that will match the angle of internal
rotation of the scapula when glenoid version is 0° (Fig. 9).
We can infer that type C patients would probably benefit
most from an increase in the retrotorsion angle of the hu-
meral component.

A biomechanical cadaveric study by Stephenson et al*’
considered a retrotorsion angle between 20° and 40° to be
optimal for impingement-free range of motion with an
adducted arm. In another biomechanical study, Berhouet
et al” found that rotational capacity in RTSA is best balanced
by matching the angle of native humeral retrotorsion. Both
studies, however, evaluated range of motion and

impingement with a fixed scapular position, not accounting
for anatomic scapular changes regarding the thoracic axes.

40 Type A Type B Type C
301
»
?
g 207
o
104
0 v r T T .
20 30 40 50 60
Scapula Internal Rotation (IR) [°]
Figure 7 Gaussian distribution of 3 posture types. Standard

deviations are illustrated by ----
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Table III  Comparison of mean values with standard deviations and ranges of all measurement parameters between 3 different posture
types, with corresponding P values

Type A (n = 34) Type B (n = 132) Type C (n = 34) P value

Mean £+ SD Range Mean + SD  Range Mean = SD  Range Type A vs. Type B Type C

type B vs. type C vs. type A

PRO, ° 84.7 + 4.0 74.61t092.0 88.6 +4.1 751t098.1 91.6+ 4.7 79.6to 100.4 <.001" .001" <.001"
IR, ° 339426 227t036.1 41.3+2.8 36.6t046.5 49.2+2.3 46.7t056.6 <.001°  <.001°  <.001"
UR, ° 12.0 £ 5.2 1.2 to 21.7 13.5 £ 5.0 1.5to 25.9 13.4 £ 5.3 0.4 to 24.1 .32 .99 .53
T,° 14.9 £ 8.2 1.4 to 34.9 19.5 £ 8.2 0.7 to 42.1 23.5 £ 8.8 6.1to41.1 .01" .03" <.001"
ST, °© 79.8 £ 53 71.6t092.6 79.4+5.4 67.2t093.7 75.7£6.7 65.1t098.6 .92 .002" <.001"
TI 2.3+ 0.3 1.8to 3.2 2.1 £ 0.3 1.4 to 3.2 2.2+ 03 1.6to2.9 .03* .24 71
HT, © 26.9 £ 9.7 6.0 to 46.2 29.6 £ 9.9 7.5 to 58.8 31.7 £ 9.5 5.6 to 49.5 .33 .51 11
K, ° 39.9 + 9.4 18.1to55.0 43.8 £ 11.1 24.7 to 83.4 49.5 £ 11.2 30.5 to 68.9 .16 .02" .001"
GV,° —-0.7+49 -—-11.8t089 —-0.4+4.0 —144t09.9 —1.7+53 —15t06.3 .97 .23 .56
CA, ° 14.2 £ 59 —3.0to23.4 21.4+5.4 0.7 to 34.8 28.5 + 5.4 18.2t038.5 <.001" <.001" <.001"
ACA,° 148 +3.2 55t020.3 21.8+3.5 9.9t029.7 30.2+3.1 22.6t037.3 <.000° <.001° <.001"

SD, standard deviation; PRO, scapular protraction; IR, scapular internal rotation; UR, scapular upward rotation; T, scapular tilt; ST, scapular translation;
TI, thoracic index; HT, humeral torsion; K, global thoracic kyphosis; GV, glenoid version; CA, correction angle; ACA, adjusted correction angle.

* Significant difference.

In theory, the native humeral torsion should closely
match scapular internal rotation to achieve neutral opposi-
tion of the humeral head and the glenoid in a neutral arm
rotation. Even though, similarly to former studies,”'® our
measurements show highly variable humeral torsion angles
among individuals, we did not find a correlation between
physiological humeral torsion and the CA. The reason
for this unexpected mismatch might be the fact that
native humeral torsion is determined during childhood
and adolescence’”'*** whereas scapular internal rotation
increases over time in some elderly patients (types B and
C) as thoracic kyphosis increases and the scapula shifts
into a more protracted position. Accordingly, the
observed mismatch between native humeral torsion and
scapular internal rotation was 7° in posture type A, 12°
in type B, and 18° in type C (even in the supine posi-
tion). With respect to musculotendinous balance, this
progressive mismatch between native humeral torsion
and scapular internal rotation leads to increased internal
rotation of the arm in a standing position with the arms
resting at the side, as seen clinically in many type C
patients.

Even if matching the humeral component retrotorsion to
scapular internal rotation seems biomechanically feasible,
the resulting retrotorsion angle in some type C patients with
high scapular internal rotation over 50° would, however, be
arguably high. The question arises whether the retrotorsion
in patients with posture type C should be set to obtain
neutral opposition of the components in neutral rotation of
the arm (however, this is not a physiological rotation for
these patients) or in the ‘“‘resting position rotation” present
before surgery (however, this might be a pathologic internal
rotation caused by hyperkyphosis, scapular protraction, and
the inability of the humeral torsion to compensate at an

older age). Furthermore, we need to account for a shift from
required balanced rotation toward more required internal
rotation in elderly patients as rotation generally diminishes
and basic activities such as perineal hygiene become a
challenge."'

Nonetheless, on the basis of the findings of this study
and on geometrical considerations, we can calculate the
humeral component retrotorsion required to achieve neutral
opposition of the components in a desired resting rotation
of the arm: Humeral component retrotorsion angle =
Scapular internal rotation — Resting position rotation. This
new insight allows for a more patient-specific choice of
optimal humeral component retrotorsion and potentially
can even be included in future arthroplasty planning sys-
tems, which currently do not account for scapulothoracic
orientation or posture. However, more extensive studies
need to be conducted for clinical evaluation of these
principles.

This study has some limitations. First, our theoretical
model only accounts for opposition of the prosthetic
components. The study did not consider soft-tissue
structures, which might or might not contribute to
rotational capacity (eg, torn rotator cuff); prosthetic
variations such as glenosphere size or eccentricity; hu-
meral component inclination; or patient-specific factors
such as obesity and stiffness. Nonetheless, in terms of
component opposition, the proposed principles seem
valid. Second, the scapular orientation angles measured
in this study were obtained with the patients in the su-
pine position, which shifts the scapula toward retraction
and attenuates kyphosis. Therefore, average kyphosis, as
well as protraction and scapular internal rotation,
measured in this study is likely lower than what would
be expected in standing patients. However, the main
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Figure 8 Three different native or acquired posture types (A-C), with progressive scapular protraction, tilt, and internal rotation, as well
as drooping. The center of rotation of the shoulder joint is indicated by the @, ®, and @.

findings of this study in terms of the relations among affected by this methodologic limitation as the general
scapular internal rotation, humeral component retro- principle can be transferred to the standing position and
torsion, component opposition, and arm rotation are not even different degrees of arm elevation. Finally, patients

Figure 9 Schema of reverse total shoulder arthroplasty implantation in 3 different posture types (A-C). If the arm is kept in neutral
rotation, the humeral component retrotorsion (black rectangle with concave and convex sides) needs to match the scapular internal rotation
to reach perfect opposition to the glenosphere (type A, blue; type B, green; and type C, red). The displayed angle for each type reflects its
mean measurement in the study cohort.
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