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1. BaCkground

1.1 The cuff deficient shoulder

The general term “shoulder” often refers to the glenohumeral joint, only one of the 

four joints that form the shoulder complex. Traditionally, the glenohumeral joint is 

seen as the main joint of the shoulder. The complete shoulder complex, however, 

also comprises the acromioclavicular joint, sternoclavicular joint and the scapulo-

thoracic gliding plane. The proximal component of the glenohumeral joint is the 

scapula, which consists of a concave glenoid covered with a fibro-cartilage labrum 

to deepen the glenoid cavity 35,64. The distal component is the proximal humerus 

with its convex humeral head. Most of the thoraco-humeral motion, i.e. arm move-

ment with respect to the thorax, takes place in the glenohumeral joint, accounting 

for approximately 120° of the total arm elevation 65,86. The capability of exerting 

arm forces in any direction in each arm position, while preserving joint stability, 

demonstrates a complex interplay of the different shoulder muscles, bones and 

ligaments. Even in a healthy condition it is very remarkable that the glenohumeral 

joint remains stable during arm motion, because the shoulder does not have liga-

ments that are continuously under tension to preserve stability like in the knee, or 

have a deep socket like the hip joint.

The glenohumeral joint is considered mechanically stable when it is capable to 

withstand perturbations. This is the case if the sum of all internal (muscles, tendons, 

ligaments) and external (gravitational) forces working on the humerus, the resultant 

vector, is directed through the glenoid, which implies that the humeral head is com-

pressed against the glenoid surface. This force vector can then be fully compensated 

by the joint reaction force vector. This force balance is mainly controlled by muscle 

activity 66,73. When the resultant force vector is located outside the glenoid surface 

it cannot be fully counteracted by the joint reaction force, introducing a remaining 

destabilizing force vector leading to glenohumeral joint (sub)luxation. This scenario 

easily occurs in the situation of a massive cuff tear resulting in muscle force imbal-

ance in which the shear component of the deltoid muscle is no longer compensated 

by the rotator cuff muscle force components, producing proximal migration of the 

humeral head, instead of rotation (Figure 1), thus resulting in a loss of the fulcrum 

for elevation, leading to a loss of active elevation and a decreased functional use 

of the shoulder 19,54. Although this situation is quite common in clinical practice, 

there are also patients with a deficient rotator cuff who maintain a normal active 

elevation of the arm. At this moment, it is still not completely understood why some 

patients with an absent rotator cuff have normal elevation while others have not. 

It is possible that activity of other muscles, such as the latissimus dorsi and teres 

major, compensate for this cranially directed force 121-123. It may also be that some 
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patients have developed a slow process of “cuff wear” rather than a “cuff tear” 20. 

This gradual process allows adaptation of the humeral head, glenoid and acromion 

to one another, which is associated with gradual superior migration of the humeral 

head, maintaining the fulcrum for elevation against the acromion and upper part 

of the glenoid. This abnormal contact in the glenohumeral joint is likely to lead to 

arthritis, which entity was first described by Cotton et al. 36 and later defined as cuff 

tear arthropathy (CTA) 99,107. The associated radiological change is called “acetabu-

larisation” of the humeral head and acromion, and can be divided into five stages 

according to Hamada 60. It is also well accepted that patients can function well with 

a “balanced” massive cuff tear. These patients have enough muscular function of 

the remaining anterior and posterior cuff to maintain the fulcrum. Patients with a 

massive rotator cuff tear with an inability to elevate the arm either have an “unbal-

anced” rotator cuff tear or are limited by pain. The incongruent joint can cause 

this pain, but quite often the pain is related to the long head of the biceps, which 

has become pathologic (inflamed, partially ruptured, unstable or hypertrophic) due 

to direct contact with the acromion. Removing the intra-articular part of the long 

head of the biceps from the joint often resolves the pain and may allow restoration 

of active elevation 12,132. The pain can also mimic subacromial impingement, but 

Figure 1. Massive cuff tear, resulting in muscle force imbalance with the shear component of the 
deltoid muscle no longer being compensated by the rotator cuff muscle force components, pro-
ducing proximal migration of the humeral head, instead of rotation.
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performing an acromioplasty in those patients with an unbalanced rotator cuff tear 

is usually contra-indicated since this removes the proximal resistive structure that is 

needed as fulcrum for rotation. Resection of the coraco-acromial ligament in these 

patients will lead to antero-superior instability and a definitive loss of active eleva-

tion 141. Trying to repair the rotator cuff in order to rebalance the shoulder muscles 

would be a logical solution. However, due to the gradually changed anatomy and 

the slow process of “cuff wear”, this is often either technically impossible (because 

of severe tendon and muscle retraction), useless (because of severe and permanent 

atrophy and fatty infiltration of the cuff muscles), or contraindicated (because of 

associated osteoarthritis or osteolysis). And although muscle tendon transfers, such 

as latissimus dorsi 84,95 or teres major 61, for massive rotator cuff tears have been 

described, it is still not clear whether these operations can lower and relocate the 

humeral head once it has migrated upwards. Therefore, the challenging question 

remains: how to solve the problem of muscular insufficiency with a prosthesis?

1.2 History of shoulder replacement and its use for cuff tear arthropathy

Jules Emile Péan (Figure 2) has been credited to have published his results, of 

the first shoulder prosthesis (Figure 3) on the 11th of March 1893 in a 37-year-old 

Figure 2. Jean Emanuel Péan, 1830-1898 Figure 3. First reconstruction of the shoul-
der with artificial materials performed on 
the 11th of March, 1893, on a 37-year-old 
Parisian baker, Jules Pedoux
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baker suffering from tuberculosis of the proximal humerus and shoulder joint 85,106. 

However, in this classic paper Péan cites Themistocles Gluck (Figure 4) four times 106 

and basically was able to successfully apply Gluck’s ideas of arthroplasty of the 

shoulder using ivory as main material. After this publication, there were no further 

developments of this prosthesis and for almost 60 years the only other documented 

prosthetic shoulder replacement was another attempt to use ivory by Köning in 

1913 71. The first modern shoulder arthroplasty with an anatomic shape, including 

medial and posterior off-set, was implanted by Frederick Krueger on the 12th of 

December 1950 72. This stemmed design was made from vitallium with fenestra-

tions for bone intrusion. The modern era of shoulder replacement starts with the 

pioneering work of Dr. Charles S. Neer II. In 1953, probably due to the success of 

hemiarthroplasty for hip fractures, he devised a hemiarthroplasty for fractures of the 

neck of the humerus with dislocation of the head fragment which would have previ-

ously been treated by simple excision 100. Two years later some modifications were 

made, including non-anatomical flattening of the humeral head to permit seating 

in to the greater tuberosity and characteristic holes that not only allow permeation 

of bone but also the reattachment of tuberosities to each other 98. This and the 

subsequent work by Neer laid the foundations for our current knowledge of the 

indications, surgical technique, rehabilitation and results of shoulder replacement.

Figure 4. Themistocles Gluck, 1853-1942

Figure 5. Bipolar design, ball-and-socket 
shoulder prosthesis
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For the treatment of patients with massive unbalanced rotator cuff tears and 

arthritis, for a long time unconstrained shoulder arthroplasty has been the standard 

surgical option 3,43,49,50,108,114,138,143. Total shoulder replacement, however, has been 

abandoned because of the excessive shearing forces produced when the arm is 

elevated, what is known as the “rocking horse” phenomenon, leading to superior 

eccentric loading of the glenoid, which results in glenoid component loosening 54. 

Therefore, for a long time hemi-arthroplasty has been the recommended treat-

ment option in patients with an arthritic shoulder with severe cuff deficiency, but 

the results have been less predictable, in terms of mobility as well as pain re-

lief 3,43,49,50,108,114,138,143. Active elevation occasionally exceeds the horizontal level, but 

early good results can deteriorate because of secondary glenoid and/or acromial 

erosion. This is why Charles Neer proposed the term “limited goal rehabilitation” 

for these patients with a hemi-arthroplasty 97. Constrained and “semi-constrained” 

shoulder prostheses were adopted as a logical solution for the cuff-deficient ar-

thritic shoulder. The idea was to provide a fixed center of rotation relative to the 

scapula, and trying to convert the upward directed force of the deltoid muscle 

into a rotational movement, enabling elevation. The first constrained prostheses, 

developed in the 1970s, were adapted from the hip joint, and therefore the design 

was based on a ball-and-socket (Stanmore, Michael-Reese, Macnab-English, Bipolar 

design) 37,75,78,90,109,124,140 (Figure 5). Subsequently, a number of prostheses were intro-

duced based on a reverse ball-and-socket design (Fenlin, Gerard (Figure 6), Kessel 

(Figure 7), Kölbel (Figure 8), Liverpool (Figure 9), Neer and Averyll) 7,22,49,68,70,97. Many 

prostheses never really went beyond the experimental stage. Only two series were 

Figure 6. Gerard reverse shoulder prosthesis
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published 7,22,68, providing good pain relief, but with poor active elevation (35°) and 

a high reoperation rate. These constrained prostheses tended to fail because their 

design resulted in excessive torque and shear forces at the glenoid component - 

glenoid bone interface. Furthermore, they usually allowed some active elevation 

which most of the time consisted of only scapulathoracic motion. Moreover, pros-

thetic instability was frequently occurring as well.

Figure 7. Kessel reverse shoulder prosthesis Figure 8. Kölbel reverse shoulder prosthesis

Figure 9. Liverpool reverse shoulder prosthesis Figure 10. Professor Paul Grammont, 1940-2013
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1.3 Principles of the Grammont reverse prosthesis

The Delta™ reverse prosthesis was designed by Professor Paul Grammont (Figure 

10) from Dijon, France, in 1985 11. The idea of his newly invented prosthesis relied 

on the deltoid muscle to provide movement as well as stability 57,58 (Figure 11). 

The three principles that differ from the previous mentioned failed reverse semi-

constrained prostheses are:

1. a fi xed center of rotation with congruent large joint surfaces (cup on sphere 

instead of sphere on a “fl at” surface as in standard total shoulder arthroplasty) 

to compensate for the defi cient rotator cuff muscles and increase stability

2. a medialized center of rotation (located at the glenoid bone – prosthesis inter-

face) in order to increase the deltoid lever arm and to reduce the torque at the 

interface of prosthesis and glenoid

3. lowering of the humerus relative to the glenoid to increase the deltoid muscle 

tension 19,20.

To be able to achieve those principles, Grammont introduced two innovations:

1. The glenoid component is a large ball (a diameter of 36 or 42 mm) without a 

neck, which places the basis of the hemisphere in direct contact with the pre-

Figure 11. The principle of the Grammont reverse shoulder prosthesis: relying on the deltoid mus-
cle to provide movement as well as stability by conversion of the centrifugal into centripetal forces 
on the glenoid sphere, with the medialized center of rotation.
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pared glenoid surface. This has the advantage of placing the center of rotation 

of the joint in contact with the glenoid instead of in the center of the humeral 

head, thus providing a fixed center of rotation. Furthermore, the large diameter 

allows a greater range of motion to occur before the components of the implant 

impinge.

2. The humeral component has a small cup, oriented with a non-anatomical inclina-

tion of 155°, covering less than half of the hemisphere. This has the advantage 

of lowering the humerus and consequently placing more tension on the deltoid 

muscle. This also allows a greater range of motion to occur before component-

bone impingement takes place 19,20.

The first model of the Grammont reverse prosthesis, designed in 1985, consisted 

of only two components (Figure 12). The glenoid component was a metallic or 

ceramic ball, initially 2/3 of a sphere and with a 42-mm diameter. It was designed 

to fit over the glenoid like a glove and fixed with cement. The humeral component 

was a polyethylene socket. Its concave surface was a third of a sphere and its stem 

was trumpet shaped for cementing into the humeral medullary canal 19,20. Although 

the first patients all were pain free, the mobility however, was very variable and 

since he experienced several failures with the cemented glenoid component he 

was unsatisfied with the early results 59. Grammont decided to change the glenoid 

Figure 12. The first Grammont 
reverse shoulder prosthesis de-
sign in 1985, with the 2/3 of a 
circle glenosphere and a polyeth-
ylene humeral component.

Figure 13. The 2nd model of the Grammont reverse shoulder 
prosthesis, the Delta-3™ in 1991
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to an uncemented system fixed with a central peg and some screws of divergent 

directions to counteract the initial shearing forces 58. He also abandoned the idea 

of having a 2/3 of a sphere, and made a design based on half of a sphere in order 

to place the center of rotation directly in contact with the glenoid surface, decreas-

ing the lateral off-set at the gleno-humeral articulation, and thus decreasing the 

shearing forces 19,20. The second model of the Grammont reverse prosthesis, the 

Delta-3™ (Figure 13), became available in 1991 with uncemented fixation of the 

glenoid component and either a cemented or uncemented humeral component. It 

consists of five parts: the glenoid base plate (metaglenoid), the glenosphere, the 

polyethylene humeral cup, the humeral neck and the humeral stem.

1.4 Unsolved mechanical problems with the reverse prosthesis

The Grammont reverse prosthesis still struggles with three major unsolved prob-

lems:

1. Deltoid tensioning and potential prosthetic instability,

2. Scapular notching and polyethylene wear, and

3. The problem of deficient or absent (active) external and internal rotation.

Intra-operative determination of the deltoid tension is difficult and guided mostly 

by surgical experience. The only guide one can really trust is that after the reduction 

the shoulder does not dislocate in full extension and external rotation and should 

feel quite tight. The conjoint tendon of the short head of the biceps muscle and 

the coracobrachial muscle should feel tight as well after reduction of the prosthesis, 

with the arm at the side and the elbow extended. Prosthetic instability may be 

the result of insufficient tension of the deltoid and medial impingement of the 

humeral cup on the inferior border of the scapular neck. It is also facilitated by the 

medialization of the humerus, which leads to slacking of the remaining rotator cuff 

muscles 19,20. However, over-tensioning of the deltoid muscle may lead to a fracture 

of the acromion or spine of the scapular 104, especially in patients with severe osteo-

porosis and an already eroded bone: these can be considered as fatigue fractures. 

Over-tensioning of the deltoid muscle may also result in elongation and tears of 

the axillary nerve, resulting in an inactive deltoid muscle, with loss of the benefits 

of the surgical procedure. Looking at a more microscopically level, there is not 

much information on the optimal length of the deltoid muscle and the effect on 

sarcomere lengths. De Wilde et al. 40 concluded in a computer model that at 10% 

increase of the deltoid length results in a better ability to elevate the arm. And in a 

cadaver model, Langenderfer et al. 74 measured the optimal muscle length based on 

sarcomere lengths, demonstrating that the different parts of the deltoid have differ-

ent optimal lengths ranging from −4% to 19% of increase. Stretching beyond the 

physiological limits of a muscle, creates unphysiologically large sarcomere lengths 5 
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which will induce serial formation of sarcomere units 26. As a result of this increase 

in sarcomere number, a chronic restoration of the initial sarcomere length takes 

place 62 and this process is termed “sarcomerogenesis”. Zöllner et al. 142 showed 

that this process takes about 2 weeks in the extensor digitorum lateralis muscle of 

rabbits and less damage to the sarcomeres is being induced when a gradual muscle 

lengthening technique is performed compared to a single-step lengthening. How-

ever, this information is not available for humans, let alone, in particular the deltoid 

muscle. The effect of the over-tensioning and adaptation of the sarcomeres of the 

deltoid on the long-term (8 to 10 years) is not clear at this moment, but general 

“fatigue” of the muscle fibers is a point of concern, which potentially could decline 

the patients ability to actively elevate the arm.

Scapular notching is the impingement of the medial aspect of the polyethylene 

humeral cup on the scapular neck inferiorly with the arm in an adducted position. 

From a biomechanical point of view, this impingement is a logical result from the 

absence of a prosthetic neck on the glenoid side together with the lowering of the 

humerus. Whether this scapular notching really is a problem remains to be seen. Up 

till now, the longest series with reverse shoulder arthoplasty, does not demonstrate 

a significant correlation between notching and clinical outcome or earlier glenoid 

component loosening 79. To minimize the scapular notching it is generally advised 

to place the glenoid component as low as possible and place the humerus stem in 

a neutral version or a low retroversion of 10 to 20° 20,79. New prosthetic designs also 

show adjustments to the glenoid component to prevent scapular notching, such as 

an eccentric (elliptical shaped) component 39,93 or a return to the previous design 

of the Grammont prosthesis, creating a 2/3 of a sphere, in this way increasing the 

offset of the prosthesis (termed “metallic” lateralization) and placing the center of 

rotation outside the bone 53, with the potential increased risk of glenoid loosening. 

Another solution could be found in creating a long-necked scapula, still leaving the 

center of rotation within the bone, which is called Bony Increased-Offset Reverse 

Shoulder Arthroplasty (BIO-RSA) 14. However, for all those new developments it 

remains to be seen whether this will reduce scapular notching and if this has any 

relevance with clinical outcome at the long-term follow-up.

Active external rotation is not always restored by the reverse shoulder prosthesis. 

The major, biomechanical, reason is related to the medialization of the center of 

rotation, which has two effects; 1) the part of the posterior deltoid that can be 

used to compensate for the absence of the external rotators is decreased; 2) the 

remaining external rotator muscles (teres minor and infraspinatus, if present) are 

shortened by the medialization and therefore less effective in their contraction. 

Next to this biomechanical reason, there can be a biological reason, namely fatty 

infiltration or severe atrophy of the teres minor muscle. The clinical signs, which 
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are termed the “horn blower’s” sign (inability of the patient to place the hand in 

front of their mouth without lifting up the elbow) and “dropping” sign (inability of 

the patient to maintain the hand in an externally rotated position with the elbow 

at the side) 131, demonstrate this insufficiency of the teres minor muscle. A solution 

to improve external rotation, which was suggested by Grammont, is the already 

above mentioned increased retroversion of the humeral component at the time of 

surgery 19,58. This would have the potential disadvantage of reducing the internal 

rotation, making it difficult for the patient to place their hand at their back and it 

would not restore the active external rotation in case of an insufficient teres minor 

muscle. Therefore, the current advice in this situation is to combine the reverse 

prosthesis with a transfer of the latissimus dorsi to the greater tuberosity 56 or the 

teres major and latissimus dorsi to the posterolateral aspect of the humerus (modi-

fied L’Episcopo) 13,16, in order to change the function of those muscles into external 

rotators. For active internal rotation the same biomechanical reason applies. The 

displaced center of rotation decreases the opportunity to use the anterior deltoid 

to compensate for the absent internal rotators and slackens the (possibly) remaining 

part of the subscapularis muscle, in that way rarely restoring active internal rotation. 

A possible solution, again, could be the either metallic 53 or bony 14 lateralization of 

the center of rotation.

1.5 Clinical outcome after reverse shoulder prosthesis

Clinical outcome after shoulder interventions consists of different parts and are 

either subjective or objective. That is why one of the most widely accepted scoring 

system in Europe and increasingly so in other parts of the world, the Constant-

Murley score 33,34, is divided into 4 parts and is measuring both subjective and 

objective parameters: Pain, Activities of Daily Living, Movement (Range of Motion) 

and Strength. Each part is given a maximum amount of points (15 points to pain, 

20 for activities in daily living, 40 for active and painless movement and 25 points 

for strength) with a maximum score of 100 points, the absolute Constant-Murley. 

A higher value is indicating a better overall functional state of the shoulder. The 

relative Constant-Murley score is a correction for age and sex related decline in 

force generating capacity.

In terms of pain reduction, in the majority of patients, the reverse shoulder pros-

thesis effectively decreases pain 48,53,89,135,137. However, restoration of ADL, which is 

closely related to active RoM (as described in paragraph 1.4), is most of the time 

only reported as part of the Constant-Murley score or an other outcome score, but 

not many studies specifically described the restoration of performed ADL tasks 

after a RSA 88,125. Boileau et al. recognized that there is a need for a scoring system 

to be able to define the ADL function in combination with the associated active 
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external rotation better and therefore recently described the ADLER score 15, but 

this scoring system is not widely used yet. Published data on the active elevation 

following reverse shoulder replacement have a wide variation, ranging from a mean 

of 88° to 138° 8,116. The mean active external rotation reaches between 7° and 

14° 102,135, but is showing large variations from −44° to +60° 102. The median internal 

rotations reported are around L3 102,135, but again show large variations ranging from 

the greater trochanter to Th12 96. For the reported force generating capacity after a 

reverse shoulder arthroplasty applies that most of the time this is only reported as 

part of the Constant-Murley score. Not much specific data is available of joint torque 

generation after reverse shoulder arthroplasty, only Puskas et al.110 described the 

improvement in isometric strength expressed in Nm after total and reverse shoul-

der arthroplasty. Thus, to be able to better understand the kinematical properties 

of the reverse shoulder prosthesis and relate them to the clinical outcome, there is a 

need for more specific data on especially shoulder kinematics and force generating 

capacity of patients with a reverse prosthesis.

2. tools

2.1 Kinematic shoulder motion analysis

As discussed in the previous chapter, an essential part of evaluating the clinical 

outcome after an intervention is recording the movement of the shoulder and arm. 

Common clinical practice consists of measuring the motion of the arm relative to 

the thorax, measured either by “eyeballing” and estimating or with a goniometer 

by the therapist or physician. This method will be sufficient for monitoring outcome 

in every day clinical practice, however, is not very precise and consistent. It also 

does not rule out lumbar spine movement, which easily could be interpreted as 

thoracohumeral movement. Furthermore, this method is only measuring the thora-

comhumeral motion (TH) (the arm relative to the thorax) and does not provide infor-

mation on the glenohumeralmotion (GH) (the humeral head relative to the scapula) 

and scapulothoracic motion (ST) (the scapula relative to the thorax). Therefore, since 

shoulder movements are mainly three-dimensional and consists of different parts, 

to be able to get more insight in the motion pattern of shoulders with a prosthesis, 

using a motion analysis system is more accurate. There are several systems avail-

able, but an electromagnetic system seems to be most suitable, because the view 

of the sensors cannot be blocked like in most other (camera-based) systems. The 

“Flock of Birds” (FoB) is a six-degree of freedom electromagnetic tracking device 

(Ascension Technology Corp, Burlington, VT, USA), which can obtain 3D kinematical 

data in a non-invasive way. It consists of an extended range of motion transmitter 
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and several wired receivers, which, for shoulder kinematic recordings are attached 

to the thorax, scapula and both upper and lower arms. A freely movable pointer is 

used to point out and digitize 13 different bony landmarks. The position and orien-

tation of the pointer are recorded together with the position and orientation of the 

segment receivers, which is required to define the position of the receivers relative 

to the bony segments of interest. The bony landmarks of the thorax can be related 

to the thorax receiver, the bony landmarks of the scapula to the scapula receiver 

and the humerus bony landmarks to either the upper-or forearm receiver. Using the 

MotionMonitor software (Innovative Sports Training Inc., Chicago, Illinois, USA) the 

3D positions of the bony landmarks can be reconstructed in every recorded arm 

position from the orientation an position of the bone receivers 92. This provides the 

possibility to measure shoulder motion expressed as TH motion, but also in the two 

components GH motion and ST motion.

2.2 Shoulder strength measurements

Another part of measuring clinical outcome after an intervention is recording the 

force generating capacity of the shoulder and arm. To obtain those values, most 

common clinical practice consists of measuring shoulder strength using methods 

such as traditional manual muscle testing and handheld dynamometry, which mainly 

focus on isometric muscle strength. Because most functional activities in daily life 

are dynamic, evaluating isokinetic shoulder strength seems to be more appropri-

ate. The Biodex System 3 Pro dynamometer (Biodex Medical Systems, New York, 

NY, USA) is an isokinetic dynamometer, which can provide a constant velocity with 

accommodating resistance throughout a joint’s Range of Motion (ROM). This re-

sistance is provided using an electric or hydraulic servo-controlled mechanism at 

a user-defined constant velocity 44. Measurements can be performed at a variety 

of different velocities, reported in the literature ranging from 30° per second to 

300° per second, with a minimum standard threshold of 15° per second to start the 

measurements defined by the Biodex System. The joint torque needs to increase 

to be able to successfully perform a certain task at higher speeds and the average 

maximal torque over a joints ROM at a certain velocity is expressed in Newton-

meters (Nm). This provides the possibility to measure shoulder strength throughout 

the whole ROM of the joint and not only at a fixed position (i.e. in 90° of scapular 

abduction strength measurements as part of the Constant-Murley score). However, 

the available data for isokinetic strength measurements around the shoulder joint 

relates to normal healthy and relatively young subjects 31, patients after open fixa-

tion of glenoid rim fractures 111, open 1,38 and arthroscopic anterior stabilization 46,63, 

rotator cuff surgery 9,41,45,113,134, with adhesive capsulitis 82,83,128, subacromial impinge-

ment 47,77,94 and pectoralis major muscle rupture 51. There is not much isokinetic 
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strength data available in elderly patients (only Verney et al. 130 measured ten male 

volunteers with an average age of 73 years) and because of the physiologic changes 

at older age, which will lead to a decline in force-generating capacity, this could 

easily result in testing situations at too high velocities.

3. thesis outline

Following the description of the background and the available measurement tools 

in this chapter, in Chapter 2 we set out to compare Reverse Shoulder Arthroplasty 

(RSA) and Total Shoulder Arthroplasty (TSA). As already previously discussed in 

paragraph 1.5 both RSA and TSA, effectively decrease pain and improve clinical out-

come in patients with a wide variety of glenohumeral pathology 23,42,48,53,89,115,127,135,137. 

However, the indications for these two different procedures vary greatly, as well as 

the biomechanical properties of the two prostheses. By using the “Flock of Birds” 

(FoB) Motion Monitor, Bergmann et al. 8 already demonstrated that the passive 

ROM in RSA patients is better than the active ROM, for both the TH as well as the 

GH motion. And, similar differences in ROM were found for anatomical shoulder re-

placements by Veeger et al. 129. Nonetheless, the kinematical comparison between 

those two types of prosthesis, using a precise measurement tool, has not yet been 

made. Therefore, by using the FoB, the active and passive ROM of both types of 

shoulder prosthesis are obtained and the differences in TH, GH and ST motion as 

well as the differences in GH and ST contribution to the total TH movement (the 

GH/ST ratio), are compared.

QUESTION 1: Is there a difference in ROM between RSA and TSA patients and 

where does this difference take place?

In the same study from Bergmann et al. 8 it was suggested that the limited active 

ROM is a result from a lack of joint torque generation rather than a structural limita-

tion caused by the prosthetic design of the RSA. A similar suggestion probably can 

be made for the TSA patients and since functional activities are dynamic in nature, 

in Chapter 3, using the Biodex System 3 Pro dynamometer, the isokinetic joint 

torques of both patient groups (RSA and TSA) are compared and correlated to their 

functional outcome (measured with the Constant-Murley score).

QUESTION 2: Is the force generating capacity of RSA patients compared to TSA 

patients altered?

After implantation of a shoulder prosthesis, a well-planned postoperative rehabilita-

tion program will optimize a patient’s response to the arthroplasty. The challenges 
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lie in establishing normal motion, as well as dynamic stability and strength, which 

require an adaptive and progressive system of rehabilitation consisting of appropri-

ate applications of range of motion and strengthening 6,10,21. Since it is not com-

pletely clear how different external loads influence shoulder kinematics, Chapter 4 

is describing shoulder kinematics as well as the ST contribution to the total shoulder 

motion of patients with TSA and RSA and healthy individuals during rehabilitation 

exercises (anteflexion and elevation in the scapular plane) using different loading 

conditions (without external load, 1kg and elastic resistance).

QUESTION 3: Does the application of external loads to the arm during rehabilita-

tion exercises influence shoulder kinematics in RSA and TSA patients?

Survival rates for hemi-arthroplasty are 82% at 10 years and 75% at 20 years 120 and 

comparably, the survival rates for TSA are exceeding 93% at 10 years and 87% at 15 

years 120,127. With a rapid increase in the total number of shoulder prosthesis (in the 

Netherlands in 2008: 1734 and in 2012: 2198 (Eucomed)), inevitably this will lead to 

a larger number of complications and probably more revision procedures. The main 

reasons for revision shoulder arthroplasty can be classified as osseous deficiencies, 

component wear or malposition, infection and soft-tissue deficiencies 32,139. Soft-

tissue problems are mainly related to a deficient or absent rotator cuff and with the 

introduction of the reversed-geometry design by Grammont and the evolvement 

of RSA in the last two decades, this has led to an increase in its use in revision 

shoulder arthroplasty 4,18,24,52,67,81,91,103,105,133. Chapter 5 is providing an overview of the 

differences in clinical outcome between RSA and TSA used for revision surgery per-

formed in one hospital (Onze Lieve Vrouwe Gasthuis, Amsterdam, The Netherlands) 

by a single surgeon. It is well known that revision shoulder arthroplasty has been 

associated with worse outcomes compared to primary shoulder arthroplasty 2,119 

with the use of TSA. Using RSA for revision surgery, less functional improvement 81 

and a higher complication rate 135 are reported. To be able to better understand 

the difference in clinical outcome in primary and revision RSA patients, in Chapter 

6 the kinematical behaviour (using the FoB) of these two groups is analysed and in 

Chapter 7 the difference in force generating capacity (using the Biodex System 3 

Pro dynamometer) is measured.

QUESTION 4: Is revision surgery influencing the kinematics of the shoulder in RSA 

patients and where does this influence take place?

QUESTION 5: Does revision surgery alter the force generating capacity of RSA 

patients?
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Recently, the reverse prosthesis has been proposed as a potential therapeutic option 

in the setting of acute displaced 3 and 4-part proximal humeral fractures in the el-

derly population 25,27-30,55,69,76,80,87,101,112,117,118,126,136. Published results of this intervention 

have demonstrated satisfactory active elevation of the arm. Unfortunately regaining 

mobility in rotation has been less successful due to humeral tuberosity migration 

and resorption 25,27-30,55. Previous authors have found that functional outcomes are 

superior and active external rotation is restored, only when the greater tuberosity 

has healed around the humeral prosthesis 69,117,118. Based on improved clinical and 

anatomical outcomes observed using a hemi-arthroplasty fracture stem 17, similar 

design principles were applied in developing a novel reverse geometry humeral 

component for implantation in the setting of acute proximal humeral fractures. In 

Chapter 8 a multi-centre prospective cohort study is described to evaluate the 

clinical and radiological outcomes at a minimum follow-up of two years, following 

implantation of this specific reverse shoulder fracture-prosthesis (RSFP), in elderly 

patients with displaced proximal humeral fractures.

QUESTION 6: Is greater tuberosity healing facilitated by the use of a specific reverse 

shoulder fracture-prosthesis and does this provide better active external rotation?

In the final chapter (Chapter 9), the main findings of this thesis are discussed 

alongside with further potential prosthetic changes/developments and research 

suggestions.

4. aim of the thesis and questions

The aim of this thesis is to obtain more detailed information of the motion pattern 

and force-generating capacity of shoulders in patients with a Reverse Shoulder 

Arthroplasty (RSA), correlate those findings to the clinical outcome and discuss the 

new developments and future potentials of this relatively new and still evolving 

prosthetic design. This information could be used to improve clinical outcome and 

possible future prosthetic changes to create a more stable, better predictable and 

more consistent result in these patients. To achieve this, the aim is to answer the 

following research questions:

1. Is there a difference in ROM between RSA and TSA patients and where does this 

difference take place?

2. Is the force generating capacity of RSA patients compared to TSA patients 

altered?

3. Does the application of external loads to the arm during rehabilitation exercises 

influence shoulder kinematics in RSA and TSA patients?
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4. Is revision surgery infl uencing the kinematics of the shoulder in RSA patients and 

where does this infl uence take place?

5. Does revision surgery alter the force generating capacity of RSA patients?

6. Is greater tuberosity healing facilitated by the use of a specifi c reverse shoulder 

fracture-prosthesis and does this provide better active external rotation?

There are many different shoulder prosthetic designs and manufacturers. In this 

thesis the Aequalis™ Anatomical (Figure 14), Aequalis™ Reverse (Figure 15) and 

Aequalis™ Reverse Fracture (Figure 16) prosthesis (Tornier®; Edina, MN, USA) 

were used.

Figure 14. Aequalis™ Anatomical 
Shoulder Prosthesis (Tornier®; 
Edina, MN, USA)

Figure 15. Aequalis™ Reverse 
Shoulder Prosthesis (Tornier®; 
Edina, MN, USA)

Figure 16. Aequalis™ 
Reverse Fracture Shoulder 
Prosthesis (Tornier®; Edina, 
MN, USA)
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aBstraCt

BACKGROUND: Reverse Shoulder Arthroplasty (RSA) and Total Shoulder Arthro-

plasty (TSA) effectively decrease pain and improve clinical outcome. However, 

indications and biomechanical properties vary greatly. Aim: analyze both active and 

passive shoulder motion (ToracoHumeral, GlenoHumeral and ScapuloThoracic) and 

determine the kinematical differences between RSAs and TSAs.

METHODS: During three ROM tasks (forward flexion, abduction, axial rotation) the 

motion patterns of 16 RSA patients (19 shoulders), average age 69±8 years (range 

58-84 years) and 17 TSA patients (20 shoulders), average age 72±10 years (53-87), 

were measured. Average follow-up: RSAs 22±10 months (6-41), TSAs 33±18 months 

(12-87). Kinematic measurements were performed with a 3D electromagnetic track-

ing device.

RESULTS: All patients demonstrated better passive than active ROM. This differ-

ence is significantly larger for RSAs than TSAs (sagittal plane TH: 20 vs. 8°, GH: 16 

vs. 7°, p=0.001, p=0.003; scapular plane TH: 15 vs. 2°, GH: 12 vs. 0° and ST: 3 vs. 

−2°, p<0.001, p<0.001, p=0.032). This also demonstrates that in the scapular plane 

TSAs hardly have any difference between active and passive ROM. Furthermore, 

TSAs have a 16 to 17° larger active TH motion, 15° GH motion and 8° ST motion 

compared to RSAs. The GH/ST ratio’s demonstrated similar figures for both types 

of prosthesis.

CONCLUSION: TSA patients have a larger active TH motion because in the scapular 

plane, they completely utilize the possible GH motion provided by the prosthetic 

design. This larger active ROM in TSA patients only applies for elevation and ab-

duction, not for axial rotations or the passive ROMs.
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introduCtion

In the majority of patients with advanced shoulder arthritis who have failed 

non-operative treatment, both Reverse Shoulder Arthroplasty (RSA) and Total 

Shoulder Arthroplasty (TSA) effectively decrease pain and improve clinical out-

come 6,8,10,11,15,22,25,29,30. However, the indications for these two different procedures 

and the biomechanical properties of the two prostheses vary greatly, which likely 

will influence the kinematics of the shoulder girdle. A recent comparison of RSA 

and TSA patients 20 indeed demonstrated a better post-operative active range of 

motion (ROM) in TSA patients, but those ROM measurements were performed 

using a digital goniometer on a video-recorded physical examination, thus only 

measuring the movement of the arm relative to the thorax (thoracohumeral 

(TH) motion). Since the total TH motion consists of both glenohumeral (GH) and 

scapulothoracic (ST) motion, using a measurement tool that can measure both 

elements will provide more detailed and useful information on shoulder kinemat-

ics with these prostheses and give more insight into the differences between RSA 

and TSA.

Using an electromagnetic system (the ‘Flock of Birds’ with Motion Monitor soft-

ware), Bergmann et al. 3 found a better passive than active ROM in RSA patients, 

for both TH motion and GH motion. However, his group of patients consisted of 

primary RSAs as well as RSAs used for revision surgery and it is known that in RSAs 

in revision cases the GH motion is altered compared to primary cases 2. Similar 

differences in ROM, using the same measurement method, were found for ana-

tomical shoulder replacements by Veeger et al. 27, but half of this group consisted 

of patients with a hemi-arthroplasty. By measuring both active and passive ROM, 

it might be possible to find an explanation for the differences between the two 

types of prostheses. However, to our knowledge a more controlled comparison 

between RSA and TSA taking the indication (primary or revision) and active/passive 

contribution into account, is not yet available.

Some publications evaluated RSA function: Kwon et al. 13, also using the ‘Flock 

of Birds’, measured elevation, abduction and movement in the scapular plane 

between 30° and 120°, demonstrating that in RSA patients, compared to healthy 

subjects, the kinematics of the shoulder are altered with a larger ST contribution, in 

that way changing the scapulohumeral rhythm (GH/ST ratio). They also found that 

the ST contribution was even more pronounced when external loads to the arm 

were added. Similar results were obtained by de Toledo et al. 7 comparing healthy 

subjects with TSA and RSA patients, with and without external loads, also using 

the same electromagnetic measuring device. However, they only measured the 

movement of the arm until 90° of anteflexion and abduction and their RSA group 
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consisted of a large number of revision cases. To be able to analyze a possible 

difference in the way that RSAs and TSAs alter shoulder kinematics in combination 

with the ST contribution, a comparison of the GH and ST motion for the total TH 

motion, between primary placed RSA and TSA patients could provide this informa-

tion, but has not yet been made.

Therefore, the objective of this study was to obtain kinematical data (TH, GH and 

ST motion) in both patients groups and test the following hypotheses: (1) there is 

a difference in active and passive ROM between RSA and TSA patients, and (2) the 

GH/ST ratio is altered in TSA patients and in RSA patients.

materials and methods

Participants

To rule out other possible influencing factors we only included primary placed 

prostheses and excluded revision cases. Between May 2000 and September 2007, 

we treated 45 patients (49 shoulders) with a reverse shoulder prosthesis (Tornier®; 

Edina, MN, USA). Of these, 16 patients (10 women and 6 men) volunteered to 

participate in this study. Six patients had been operated on the left side, 7 on the 

right side, and three on both sides (total of 19 shoulders). In all patients, the indica-

tion for the reverse prosthesis was cuff tear arthropathy. The average time between 

surgery and measurement was 22 ± 10 months (range 6-41 months). Mean age of 

the patients was 69 ± 8 years (58-84 years). For the recruitment of TSA patients, we 

selected the period from August 2005 to November 2008 during which we treated 

99 patients (109 shoulders) with a total shoulder prosthesis (Aequalis, Tornier®; 

Edina, MN, USA). Of these, 17 consecutive patients (13 women and 4 men) par-

ticipated in this study. Seven patients had been operated on the left side, seven 

on the right side, and three on both sides (total of 20 shoulders). In all patients the 

indication for the TSA was primary osteoarthritis. The average time between sur-

gery and measurement was 33 ± 18 months (12-87). Mean age of the patients was 

72 ± 10 years (53-87 years). The institutional ethics committee (Onze Lieve Vrouwe 

Gasthuis, Amsterdam, The Netherlands, Study number: WO 05.027) approved the 

research protocol and all patients gave their written informed consent before the 

experiment.

All patients were operated under general anesthesia with an interscalene plexus 

block in beach-chair position. We used a standard deltopectoral approach in all 

patients. In the RSA patients all glenoid components had been placed inferior on 

the glenoid surface with no inferior or superior inclination. In eighteen shoulders a 

36-mm and in one a 42-mm glenosphere was implanted. The humeral components 
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had all been placed in 10° to 20° of retroversion and in 17 shoulders the teres minor 

muscle was still intact. In the TSA patients, both components of the 3rd generation 

modular prosthesis were cemented, with a curved keeled polyethylene glenoid 

prosthesis.

Post-operative management was the same for all patients, consisting of a sling 

and passive range of motion exercises for 6 weeks, followed by 6 weeks of active 

assisted range of motion exercises. At 3 months, strengthening exercises were 

added to the rehabilitation.

Kinematics

To obtain the kinematic data we used the Flock of Birds (Ascension Technology 

Inc., Burlington, Vermont, USA), which is a six-degree-of-freedom electromagnetic 

tracking device.

This system consists of an extended-range transmitter that creates a 3D magnetic 

field. Electromagnetic sensors were attached to the sternum, humerus, forearm arm 

and acromion 12. The sensor at the sternum was located at the upper part of the 

sternum, the sensor at the humerus was positioned at the middle part of the arm, 

the sensor at the forearm was located at the middle part of the forearm and the 

sensor on the acromion was placed at the flattest part of the acromion. The sen-

sor on the sternum and acromion were fixed with double-sided adhesive tape and 

covered with a Fixomull stretch self-adhesive bandage (Beiersdorf AG, Hamburg, 

Germany) and the sensors on the arm and forearm were fitted using a brace 16. An 

additional sensor, which was attached to a pointer was used to digitize 13 bony 

landmarks relative to their sensors. The pointer is a non-metal object with a fine 

point upon which a kinematic sensor can be secured and that assists in locating 

segment endpoints and other bony landmarks with greater precision. For tracking 

of the scapula, we used a scapula locator which has also been applied in other 

studies 2,3,14,27, in combination with the sensor on the acromion. The local vectors 

from the bony landmarks related to the sensors were calculated and were used to 

construct an anatomic local coordinate systems for the thorax, humerus, scapula 

and forearm, using the MotionMonitor™ software (Innovative Sports Training Inc., 

Chicago, Illinois, USA). Subsequently, the segments and joint rotations were calcu-

lated using the combination of these local anatomic coordinate systems and the 

sensor motions. For the humerus, the proximal landmark was assumed to be in 

the glenohumeral rotation center estimated by the rotation method 26. Local ana-

tomic coordinate systems, segment and joint rotations were all defined following 

the International Society of Biomechanics standardization proposal for the upper 

extremity 31.
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Three range of motion (ROM) tasks were actively and passively performed: 1) 

elevation in the sagittal plane (“forward flexion”); 2) abduction in the scapular plane 

(“abduction”) 17 and 3) (internal and external) rotation of the arm with 90° of abduc-

tion (“axial rotation”). We instructed the patients were to reach a maximal joint 

angle in each active ROM task. When performing forward flexion, patients were 

instructed to elevate the arm as high as possible. By using a semi-circular board, 

which the patients could follow as a reference during scapular abduction, the right 

plane of motion was maintained. This board was fixed in a 45° angle relative to the 

frontal plane. The passive ROM tasks were performed by one of the investigators, 

by moving the arm of the patient for them, until considerable resistance was met. 

Each task was performed 3 times. If all 3 attempts were available for analysis, the 

second attempt was used for further processing.

For all ROM task, the three different motions were calculated: 1) the motion 

of the humerus relative to the thorax (i.e. thoracohumeral motion); 2) the motion 

of the humerus to the scapula (i.e. glenohumeral motion) and 3) the motion of 

the scapula relative to the thorax (i.e.scapulothoracic motion). All motions were 

expressed in joint angles, defined based on the International Society of Biomechan-

ics standardization proposal of the International Shoulder Group 31. Data from the 

left shoulders were mirrored to the right before further data analysis took place, 

to ensure that consistent angle definitions were made. Differences between the 

thoracohumeral and glenohumeral angles, are representing the contribution of the 

scapular motion to the movement of the arm. For the thoracohumeral motion as 

well as the glenohumeral motion, the decomposition order was chosen following 

the globographic convention, which is the plane of elevation, elevation and axial 

rotation 9. External rotation is expressed as negative axial rotation and internal rota-

tion as positive axial rotation. The peak thoracohumeral elevation values for each 

shoulder were determined for the elevation tasks and for the axial rotation tasks, 

the peak external and internal thoracohumeral rotation values were measured. As 

has been shown in earlier research on the reverse prosthesis 3, there is no signifi-

cant difference between these axial rotations in the thoracohumeral rotations and 

glenohumeral rotations, suggesting that the axial rotations mainly take place in the 

glenohumeral joint. We calculated the minimum, maximum, mean and standard 

deviation for all shoulders for each of the previously mentioned angles. To asses the 

contribution of the scapula, we determined the GH/ST ratio by dividing (the change 

in) the peak of the thoracohumeral elevation angle by (the change in) the peak of 

the glenohumeral elevation angle.
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Statistical analysis

Using a 2 x 2 General Linear Model analysis of variance with repeated measures 

with Mode (active vs passive) as within-subject factor and Group (RSA vs TSA) as 

between-subject factor, the differences between active and passive ROM and be-

tween RSA and TSA as well as the interaction effect (Mode*Group) were evaluated. 

Subsequently, a paired sample t-test was performed to determine the difference 

between active and passive ROM within each group for the TH, GH and ST motion 

and the GH/ST ratio. To evaluate the differences between the RSA and TSA for 

all the ROM variables and the GH/ST ratio’s, a one-way ANOVA was performed. 

Significance level was set at 0.05.

Financial support

To be able to perform this study, funding was received from Tornier SA, France.

results

For the subject groups combined, the passive ROM was significantly larger than 

the active ROM for the TH and GH motion in both planes and for external rotation 

(Table 1), while no significant differences were found between active and passive 

ROM for ST motion and internal rotation. Only for the ST motion in the sagittal 

plane, a significant main effect for subject group was found, with a larger ROM in 

TSA than in RSA.

The difference between active and passive ROM was significantly larger for RSA 

than for TSA for TH and GH motion in the sagittal plane (20 vs. 8° and 16 vs. 7°; 

Table 1), for all three motions in the scapular plane (TH: 15 vs. 2°, GH: 12 vs. 0° 

and ST: 3 vs. −2°), and for internal rotation (5 vs. −11°, p=0.043), indicated by the 

significant interaction effects.

By comparing the active and passive ROM within the type of prosthesis, RSA 

had a significantly larger passive than active TH and GH ROM in both planes as 

well as a larger passive external rotation. TSA only demonstrated a larger passive 

than active TH and GH ROM in the sagittal plane and larger passive external- and 

internal rotations, but no significant difference in active vs passive TH and GH 

motion in the scapular plane (Table 1).

Evaluating the difference in active ROM between the two types of prostheses, 

we found that TSA had 16° more TH and 8° more ST motion in the sagittal plane 

(p=0.01 and p=0.018, respectively) than RSA. In the scapular plane, the TH motion 

was 17° and the GH motion 15° larger (p=0.016 and p=0.01). The passive ROM 

only demonstrated a difference in internal rotation of 18° in favor of the RSA cases 
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(p=0.049) (* in Table 1). Although the prostheses behaved differently, the GH to ST 

ratio’s, in contrast, demonstrated similar patterns for both types without significant 

differences (Table 2).

disCussion

Although Reverse Shoulder Arthroplasty (RSA) and Total Shoulder Arthroplasty 

(TSA) effectively decrease pain and improve clinical outcome 6,8,10,11,15,22,25,29,30, their 

biomechanical properties vary greatly. To better understand how these two types of 

prostheses affect shoulder kinematics, it seems appropriate to measure not only the 

total thoracohumeral (TH) motion (the movement of the arm relative to the thorax), 

but also the two separate parts of the excursion, i.e., the glenohumeral (GH) motion 

and the scapulothoracic (ST) motion. On top of the separate parts of the motion, 

measuring both active and passive ROM also could provide an explanation for a 

possible difference between the two types of prostheses. Since, earlier research 3,27 

already demonstrated differences in favor of the passive compared to the active 

ROM for RSA 3 and anatomical shoulder prostheses 27 in groups with a variety of 

types of prostheses and indications. Another point of interest is the larger ST 

contribution compared to the GH contribution, which Kwon et al. 13 recently dem-

onstrated in RSA patients and de Toledo et al. 7 in TSA and RSA patients. However, 

the last study only measured the movement of the arm until 90° of anteflexion and 

abduction. Therefore, we obtained active and passive kinematical data (TH, GH and 

ST motion) in both patients groups and demonstrated that: (1) there is a difference 

in active ROM between RSA and TSA patients for the TH motion in both planes, for 

the GH motion in the scapular plane and the ST motion in the sagittal plane in favor 

of the TSA patients, but not for the active axial rotations or any of the passive ROMs 

and (2) the GH/ST ratio is altered in TSA patients in a similar way as in RSA patients.

We note some limitations to our study. First, we had a wide range of follow-up 

times between the operation date and shoulder kinematical measurements, espe-

cially for the RSA patients. In the ideal situation, our measurements should have 

Table 2. Ratio GH/ST for the 19 RSA and 20 TSA shoulders for the active and passive elevation 
tasks in both planes. Mean ± standard deviation.

Plane of
Movement

Movement RSA TSA Oneway ANOVA
RSA vs TSA

Sagittal Active 1.34 ± 0.3 : 1 1.41 ± 0.3 : 1 0.437

Passive 1.32 ± 0.2 : 1 1.38 ± 0.2 : 1 0.423

Scapular Active 1.49 ± 0.3 : 1 1.44 ± 0.3 : 1 0.694

Passive 1.45 ± 0.3 : 1 1.48 ± 0.3 : 1 0.761
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been performed at the same time interval postoperatively for every patient with a 

minimum follow-up of 1 or 2 years. However, for logistics reasons it was not possible 

to include patients with the same follow-up period, as this would have required an 

inclusion period of several years. We therefore decided to include all patients avail-

able from our two pools (RSA and TSA) treated. The second limitation is the lack 

of proper control data of an age-matched control group without cuff pathology or 

glenohumeral arthritis. However, the prevalence of 31% of asymptomatic cuff tears 

in individuals between 70 and 79 years old 23 and 51% in individuals older than 80 

years 23, together with an increased risk of glenohumeral osteoarthritis with age, 

with an odds ratio (OR) of 2.20 in individuals between 70 and 74 years old 18 and 

3.42 in individuals older than 75 years 18, makes this hard to obtain. Another pos-

sibility would be to compare the outcomes with the contralateral side in the same 

patient. However, cuff pathology in the contralateral shoulder is not uncommon. 

The average age for patients with a bilateral cuff tear in the study by Yamaguchi et 

al. 32 was 67.8 years and logistic regression analysis indicated a 50% likelihood of a 

bilateral tear after the age of 66 years. Patients who had a full-thickness symptom-

atic tear had a 35.5% prevalence of a full-thickness tear on the contralateral side. In 

our patient population, 19% already had an RSA on both sides. A similar argument 

applies for glenohumeral arthritis. Oh et al. 18 found 47.7% of bilateral shoulder 

osteoarthritis in patients with primary shoulder osteoarthritis. In our patient popula-

tion, 17% already had a TSA on both sides.

Like Puskas et al. 20, we also demonstrated that TSA patients have a significantly 

better post-operative active ROM than RSA patients (* in Table 1). By also measur-

ing the passive ROM it could be possible to find an explanation for this difference. 

Bergmann et al. 3 reported a significant difference between the passive and active 

ROM for RSA patients and postulated that this difference could not be caused by a 

prosthetic design since the passive ROM was larger. A similar statement can now be 

made for TSA patients, because besides internal rotation, no other part of the mo-

tion between the two types of prostheses is demonstrating a significant difference 

for the passive ROM tasks (* in Table 1). Looking at the differences in passive and 

active ROM within the types of prosthesis, the fact that the RSAs show differences 

between passive and active ROM in both planes (sagittal and scapular) and the 

TSAs show this difference only in the sagittal plane, suggests that both prostheses 

do not mimic the normal shoulder motion. However, the absence of a difference 

between the active and passive motion in the scapular plane in the TSA patients 

suggests that the TSAs act more anatomically in the so-called zero position 21 and 

can better actively fully utilize the possible GH motion of the prosthesis in this 

plane, compared to the RSA patients (Table 1). Thus, the next question is, why the 

TSA patients can better actively utilize the GH motion compared to RSA patients.
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The ideal TSA prosthesis mimics the normal anatomy of the humerus as much as 

possible while leaving the center of rotation at its normal anatomical position. In 

the RSA, the center of rotation is displaced more medially. To prevent impingement 

occurring during ROM, new developments in different RSA designs have led to 

lateralization of the center of rotation, closer to its normal anatomical position. This 

lateralization can be obtained by returning to the previous design of the Grammont 

prosthesis and creating a 2/3 of a sphere 5, thus increasing the offset of the pros-

thesis, termed “metallic” lateralization 11. Another way is to create a long-necked 

scapula, still leaving the center of rotation within the bone, called Bony Increased-

Offset Reverse Shoulder Arthroplasty (BIO-RSA) 4. A recent computer model study 

from Virani et al. 28 demonstrated that a larger offset of the center-of-rotation of 

the glenosphere will lead to an increase in motion in all planes and not only of the 

axial rotations. The study from Kwon et al. 13 performed a kinematic analysis, with 

the same measurement technique we used, in patients with an RSA with a more 

“metallic” lateralized center of rotation. Unfortunately, they only reported their GH 

en ST motion as part of the scapulohumeral rhythm, expressed in figures and not 

in exact ROM angles. Therefore, we could only make an estimation of their results 

to be able to compare them. They demonstrated an active GH motion of 65 to 

70°, which is similar to ours (Table 1). Thus, a more lateralized center of rotation, 

in the direction of its normal position could possibly improve the active ROM of 

an RSA, as described in the computer model study 28 and possibly suggested by 

the comparison between the study from Kwon 13 et al. and ours. However, future 

research, obtaining GH kinematical data, comparing standard RSA patients with 

RSA patients with a more lateralized center of rotation, either bony or metallic, 

should be performed, to be able to conclude if the lateralized center of rotation 

really enables those patients to better utilize the complete GH motion.

Another explanation for the inability of RSA patients to maximally utilize the 

possible GH motion of the prosthesis for abduction could be a lack of force gen-

erating capacity, already suggested in earlier research 3. The study from Puskas et 

al. 20 demonstrated a significantly higher post-operative isometric force generating 

capacity of TSA patients compared to RSA patients. A recently submitted study 

from our group, evaluating the isokinetic force generating capacity also found 

significantly higher joint torques for TSA patients, for abduction/adduction and ex-/

internal rotation. Probably the most important reason for this difference is the pres-

ence of a functional rotator cuff. With the supraspinatus muscle being a synergist 

of the deltoid muscle during abduction 1, this will increase the abduction torque 

and force generating capacity, compared to RSA patients. In 2008 Terrier et al. 24 

already demonstrated in a shoulder model that during the entire range of abduc-

tion, the joint force amplitude was reduced by 50% in RSAs without any rotator 
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cuff muscles and by 30% when only the supraspinatus was deficient, compared 

to TSAs. They also found that the maximal contact force in the GH joint was 42% 

of the body weight when all rotator cuff muscles were missing, 62% only without 

the supraspinatus muscle and 86% for the TSAs. Furthermore, the direction of this 

force in combination with the corresponding contact force on the humeral surface 

was very different in both types of prosthesis. For the TSAs the contact area on 

the glenoid remained centered and on the humeral side moved from inferior to 

superior, utilizing the complete sphere of the humeral component. For the RSAs, 

however, the contact area on the humeral component remained approximately in 

the same location, at the inferior portion of the cup and only utilized half of the 

inferior part of the glenosphere at the glenoid side.

As earlier reported by Kwon et al. 13 and de Toledo et al. 7 we also found that 

the contribution of the scapula to the entire motion is larger for both types of 

prostheses, when compared to controls, but did not differ between the two types 

(Table 2). We expected the scapular contribution to the motion in the RSA patients 

to be larger, since the RSA is a semi-constrained prosthesis. The RSA patients can 

therefore fully utilize the scapula for elevation and abduction and do not need to 

use the scapula to also stabilize the humeral head during the motion, as is the case 

in a normal shoulder or in a TSA. We therefore expected to find a more altered 

GH/ST ratio in RSA patients, compared to TSA patients and healthy individuals 

(reported in the literature) 19, but for both tasks (active and passive) and both planes 

(sagittal and scapular) this was not the case. Therefore, we can conclude that TSAs 

do not mimic normal anatomy.

ConClusion

Primary TSA patients have more active ROM for the TH motion than primary RSA 

patients because in the scapular plane, they completely utilize the possible GH 

motion provided by the prosthetic design. This larger active ROM in TSA patients 

only applies for elevation and abduction, not for axial rotations or any of the passive 

ROMs.

For both types of prostheses we found that the scapular contribution to the 

complete motion was the same, but larger compared to data from healthy sub-

jects reported in the literature. Although we thought that the TSA mimics normal 

anatomy, we have to conclude that RSA and TSA not fully replicate a normal active 

shoulder motion.
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aBstraCt

BACKGROUND: Range of Motion (ROM) after total shoulder arthroplasty (TSA) is 

better than after reverse shoulder arthroplasty (RSA), however with similar clinical 

outcome. It is unclear if this difference is only caused by ROM or also by force 

generating capacity. Questions: (1) are isokinetically produced joint torques of RSA 

comparable to those of TSA, (2) does this force-generating capacity correlate with 

functional outcome?

METHODS: Eighteen RSA patients (71±9 years)(21 shoulders, followup 21±10 

months) were recruited, 12 TSA patients (69±9 years)(14 shoulders, followup 35±11 

months). Pre- and post-operative Constant-Murley scores obtained; two isokinetic 

protocols (ab-/adduction and ex-/internal rotation) at 60°/s performed.

RESULTS: Twelve of 18 RSA patients generated enough speed to perform the test 

(13 shoulders). Mean ab-/adduction torques 16.3±5.6 Nm and 20.4±11.8 Nm. All 

TSA patients generated enough speed (14 shoulders). Mean ab-/adduction torques 

32.1±13.3 Nm and 43.1±21.5 Nm. Only 8 RSA patients (9 shoulders) could perform 

ex-/internal rotation tasks and all TSA patients. Mean ex-/internal rotation torques 

9.3±4.7 Nm and 9.2±2.1 Nm for RSA, 17.9±7.7 Nm and 23.5±10.6 Nm for TSA. 

Significant correlations between sub-scores: activity, mobility and strength and 

external rotation torques for RSA. Moderate to strong correlation for sub-scores: 

strength in relation to abduction, adduction and internal rotation torques for TSA.

CONCLUSION: Shoulders with a TSA are stronger. Explained by the absent rota-

tor cuff muscles and (probably) medialized center of rotation in RSA. The strong 

correlation between external rotation torques and post-operative Constant-Murley 

sub-scores demonstrates that external rotation is essential for good clinical func-

tioning in RSA.
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introduCtion

It has been demonstrated that Total Shoulder Arthroplasty (TSA) is associated 

with good to excellent clinical outcome in the majority of patients with advanced 

shoulder arthritis who have failed non-operative treatment 14,20,22,26. In shoulder 

disorders characterized by rotator cuff dysfunction and glenohumeral joint arthritis, 

the Reverse Shoulder Arthroplasty (RSA) provides a good surgical alternative 10 with 

in addition to pain relief, in the majority of patients, also regain of their functional 

capacity 15,25. In bilateral shoulder arthroplasty performed with a TSA and RSA on 

the opposite shoulders, Latif et al. 21 found that the range of motion (ROM) follow-

ing TSA is better, but with no difference in final Constant-Murley score or subjective 

patient assessment. However, in this study no quantative strength measures were 

performed.

It is therefore still not completely clear if these differences are only caused by the 

ROM, or also by force generating capacity or a combination of both. Bergmann et 

al. 5 previously described a better passive than active ROM in patients with a RSA and 

presumed that the limited glenohumeral motion resulted from a lack of joint torque 

generation rather than a structural limitation caused by the prosthetic design. We 

recently demonstrated a correlation between the postoperative Constant-Murley 

score and the abduction and external rotation torques in RSA patients 4. Similar 

data for TSA patients are not available and the comparison between RSA and TSA 

patients has not yet been described.

Shoulder strength has mostly been evaluated using methods such as traditional 

manual muscle testing and handheld dynamometry, which mainly focus on isomet-

ric muscle strength. A very recent comparison of RSA and TSA patients 27 used a 

Biodex isokinetic system to measure strength and demonstrated a higher pre- and 

postoperative strength in TSA patients compared to RSA patient. However, the 

study focused on isometric shoulder strength, which is the same type of strength 

measure used in the Constant-Murley score 12,13. Because most functional activities 

are dynamic, evaluating isokinetic shoulder strength may be more appropriate 

when relating strength to functional performance and clinical outcome. In 2012, 

isokinetic strength measurements after RSA have been described 4, but similar data 

have not yet been reported for TSA patients.

Therefore, the objective of this pilot study was to determine isokinetic joint 

torques in both patients groups and answer the following questions: (1) are the 

isokinetically produced joint torques of patients with a RSA comparable to those 

of patients with a TSA, and (2) does this force-generating capacity of those two 

groups correlate with their functional outcome?
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materials and methods

To rule out other possible influencing factors we only included primary placed 

prostheses and excluded revision cases. Between May 2000 and September 2007, 

we treated 45 patients (49 shoulders) with a reverse shoulder prosthesis (Tornier®; 

Edina, MN, USA). Of these, 18 patients (11 women and 7 men) volunteered to 

participate in this study. Six patients had been operated on the left side, 9 on the 

right side, and three on both sides (total of 21 shoulders). In all patients, the indica-

tion for the reverse prosthesis was cuff tear arthropathy. The average time between 

surgery and measurement was 21 ± 10 months (range 6-41 months). Mean age of 

the patients was 71 ± 9 years (58-95 years). For the recruitment of TSA patients, 

we took the period from August 2005 to November 2008 in which we treated 99 

patients (109 shoulders) with a total shoulder prosthesis (Aequalis, Tornier®; Edina, 

MN, USA). Of these, 12 patients (8 women and 4 men) volunteered to participate in 

this study. Four patients had been operated on the left side, six on the left side, and 

two on both sides (total of 14 shoulders). In all patients the indication for the TSA 

was glenohumeral arthritis. The average time between surgery and measurement 

was 35 ± 11 months (23-63). Mean age of the patients was 69 ± 9 years (51-83 

years). The institutional ethics committee approved the research protocol and all 

patients gave their written informed consent before the experiment.

All patients were operated under general anaesthesia with an interscalene plexus 

block in beach-chair position. We used a standard deltopectoral approach in all 

patients. In the RSA patients all glenoid components had been placed inferior on 

the glenoid surface with no inferior or superior inclination. In nineteen shoulders a 

36-mm and in two a 42-mm glenosphere was implanted. The humeral components 

had all been placed in 10° to 20° of retroversion and in 19 shoulders the teres minor 

muscle was still intact. In the TSA patients, both components of the 3rd generation 

modular prosthesis were cemented, with a curved keeled polyethylene glenoid 

prosthesis.

Post-operative management was the same for all patients. It consisted of a sling 

and passive range of motion exercises for 6 weeks, followed by 6 weeks of active 

assisted range of motion exercises. At 3 months, strengthening exercises were 

added to the rehabilitation.

For clinical evaluation, we obtained pre- and post-operative (absolute and 

relative) Constant-Murley scores 12,13. The absolute Constant-Murley score assesses 

the overall shoulder function and has a maximum score of 100 points. The relative 

Constant-Murley score is corrected for the age- and sex-related decline in force-

generating capacity 32. It is expressed as a percentage of the respective reference 

values.
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Shoulder strength was measured with an isokinetic dynamometer, which provides 

constant velocity with accommodating resistance throughout a joint’s ROM. This 

resistance is provided using an electric or hydraulic servo-controlled mechanism 

at a user-defined constant velocity 16. Two isokinetic protocols were performed to 

measure the strength of the subjects’ shoulder muscles on the operated side using 

the Biodex System 3 Pro dynamometer (Biodex Medical Systems, New York, NY, 

USA). These protocols consisted of an abduction and adduction task and an exter-

nal and internal rotation task with the arm in 60° of abduction in a sitting position 

with securing bands around the subject’s chest and pelvis. For the abduction and 

adduction task, the chair was rotated 75° around the vertical axis with the dyna-

mometer in neutral position and 10° tilted. For the external and internal rotation 

task, the chair was in the neutral position with the dynamometer rotated 20° and 

50° tilted. After one session of the abduction/adduction or the external/internal 

rotation task, the subject had 60 seconds recovery time after which the same task 

was performed again. All tasks were repeated five times at 60° per second with a 

minimum standard threshold of 15° per second to start the measurements defined 

by the Biodex System. For each motion, the average maximal torque (Nm) was 

determined over the two sessions. The subjects were instructed and encouraged 

to reach the highest possible force level during these tasks. Negative axial rotation 

was defined as external rotation and positive axial rotation as internal rotation.

Statistical analysis was performed by carrying out a t-test to determine the differ-

ence between RSA and TSA cases for the mean maximum generated torque at 60° 

per second. The relationship between the Constant-Murley score (and it subscores) 

and strength data were evaluated on the basis of a Pearson product-moment cor-

relation. Significance level was set at 0.05.

Table 1. Mean maximum generated force (Nm), standard deviation and range at 60°/s for the RSA 
and TSA patients and the statistical difference between groups.

RSA TSA p-value
difference

Maximum Torque at 60°/s (N=13) (N=14)

Abduction 16.3 ± 5.6 (8.1-25.1) 32.1 ± 13.3 (17.2-67.3) p=0.001

Adduction 20.4 ± 11.8 (8.4-42.7) 43.1 ± 21.5 (14.4-89.4) p=0.018

(N=9) (N=14)

External rotation 9.3 ± 4.7 (2.4-15.1) 17.9 ± 7.7 (10.8-33.9) p=0.006

Internal rotation 9.2 ± 2.1 (6.2-12.6) 23.5 ± 10.6 (10.1-47.0) p=0.003
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results

Only 12 of 18 RSA patients were able to generate sufficient velocity to perform the 

test (13 shoulders), resulting in a mean abduction torque of 16.3 ± 5.6 Nm and a 

mean adduction torque of 20.4 ± 11.8 Nm (Table 1). In contrast to the RSA group, 

all 12 TSA patients were able to generate sufficient velocity to perform the test (14 

shoulders), resulting in a mean abduction torque of 32.1 ± 13.3 Nm and a mean ad-

duction torque of 43.1 ± 21.5 Nm (Table 1). The external and internal rotation tasks 

could only be performed by 8 RSA patients (9 shoulders) and by all TSA patients, 

demonstrating a mean external rotation torque of 9.3 ± 4.7 Nm compared to 17.9 

± 7.7 Nm, respectively, and 9.2 ± 2.1 Nm compared to 23.5 ± 10.6 Nm for internal 

rotation (Table 1).

Table 2. Pearson’s correlation between maximum torque at 60°/s for the RSA and TSA patients and 
the post-operative Constant-Murley scores

Maximum Torque at 60°/s Abduction Adduction External 
Rotation

Internal 
Rotation

Post-operative CS RSA

Pain −0.158
p=0.606

0.498
p=0.256

−0.192
p=0.621

0.088
p=0.851

Activity 0.313
p=0.297

0.127
p=0.785

0.774
p=0.014

0.615
p=0.141

Mobility 0.478
p=0.098

−0.349
p=0.443

0.826
p=0.006

0.367
p=0.418

Strength 0.399
p=0.177

0.012
p=0.979

0.689
p=0.04

0.578
p=0.174

Absolute score 0.193
p=0.528

0.604
p=0.151

0.539
p=0.134

0.617
p=0.14

Adjusted score 0.036
p=0.907

0.609
p=0.147

0.385
p=0.306

0.729
p=0.063

Post-operative CS TSA

Pain 0.172
p=0.558

0.176
p=0.548

−0.088
p=0.764

−0.067
p=0.82

Activity 0.293
p=0.309

0.169
p=0.565

−0.132
p=0.653

0.182
p=0.534

Mobility 0.201
p=0.491

0.160
p=0.585

−0.170
p=0.562

0.092
p=0.753

Strength 0.838
p<0.001

0.620
p=0.018

0.523
p=0.055

0.556
p=0.039

Absolute score 0.389
p=0.169

0.297
p=0.303

−0.032
p=0.914

0.190
p=0.515

Adjusted score 0.109
p=0.711

0.046
p=0.875

−0.276
p=0.34

−0.069
p=0.815



Are shoulders with a reverse shoulder prosthesis as strong as shoulders with a total shoulder prosthesis? 63

Strong correlations between the postoperative subscores activity, mobility and 

strength of the Constant-Murley score and the external rotation torques were found 

for the RSA group (Table 2). The TSA group showed moderate to strong correlations 

for the postoperative subscore strength in relation to abduction, adduction and 

internal rotation torques. (An overview of all the pre- and post-operative Constant-

Murley scores of the RSA and TSA patients is presented in Table 3).

disCussion

In general, the ROM following total shoulder arthroplasty (TSA) is better than after 

reverse shoulder arthroplasty (RSA) 21,27. It is not completely clear if this difference 

is only caused by type of prosthesis, or also by the (isokinetic) force generating 

capacity or a combination of both. Previous research 5 suggested that the limited 

glenohumeral motion of the RSA seems to be the result of a lack of joint torque 

generation, with moderate correlations between post-operative clinical outcome 

scores (Constant-Murley, DASH and SST) and the abduction and external rotation 

torques 4. Therefore, the evaluation of isokinetic shoulder strength after RSA in 

Table 3. Pre- and Post-operative Constant scores for the RSA and TSA patients and the differences 
between those two patient groups. Mean ± standard deviation (range). NS = Not Significant. (Of 
one RSA patient the pre-operative scores were not available).

RSA TSA p-value
difference

Constant Score

Pre-operative (N=20) (N=14)

Pain (of 15 points) 5 ± 3 (0-15) 5 ± 4 (0-10) NS

Activity (of 20 points) 5 ± 2 (2-10) 6 ± 1 (4-9) NS

Mobility (of 40 points) 15 ± 6 (6-28) 17 ± 5 (10-26) NS

Strength (of 25 points) 2 ± 2 (0-4) 6 ± 2 (2-9) p<0.001

Absolute score (of 100 points) 27 ± 9 (13-47) 34 ± 9 (21-53) p=0.04

Adjusted score (%) 38 ± 14 (19-68) 46 ± 12 (33-77) NS

Constant Score

Post-operative (N=21) (N=14)

Pain (of 15 points) 13 ± 3 (10-15) 13 ± 4 (0-15) NS

Activity (of 20 points) 13 ± 5 (5-20) 16 ± 3 (9-20) NS

Mobility (of 40 points) 22 ± 8 (8-34) 29 ± 10 (8-40) NS

Strength (of 25 points) 7 ± 7 (0-22) 9 ± 4 (5-19) NS

Absolute score (of 100 points) 59 ± 20 (8-87) 67 ± 18 (27-88) NS

Adjusted score (%) 83 ± 30 (9-124) 94 ± 25 (33-122) NS
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comparison to TSA patients may be of interest in modeling dynamic upper extrem-

ity function and may supply more specific information on the influence of the type 

of prosthesis on the force generating capacity, particularly where comparative data 

are only limited available 27 for those two clinical scenarios. We therefore (1) deter-

mined joint torques in patients with a RSA and TSA and (2) determined whether 

force-generating capacity correlated with clinical outcome.

There are some limitations of our study. First, we had a wide range of followup 

times for the force measurements and clinical outcome scores, especially for the RSA 

patients. Ideally, the measurements and clinical assessment should have been per-

formed at the same time postoperatively for every patient with a minimum followup 

of 1 year. For logistics reasons, it was not possible to include patients with the same 

followup period, as this would have required an inclusion period of several years. We 

therefore decided to include all patients available from our two pools (RSA and TSA) 

treated. Second, we limited our measurements to 60° per second. Isokinetic strength 

measurements have been performed at different velocities, mostly from 60° per 

second to 300° per second 4,11 with some exceptions at 30° per second 23,24. In these 

measurements, the applied torque needs to increase above a threshold value to suc-

cessfully perform a certain task at higher speeds. Because the physiologic changes 

at older age lead to a decline in force-generating capacity, we decided to apply a 

relatively low velocity of 60° per second. Considering our data and the number of pa-

tients unable to perform the test (Table 2), it appeared that even 60° per second was 

too high for most of the RSA patients, but not for the TSA patients. Future research 

investigating force production of those two patient populations should incorporate 

velocities less than 60° per second to enable a better comparison. A similar conclu-

sion can be drawn from the only available age-related series of Verney et al. 30 with 

ten male volunteers with an average age of 73 years. Those volunteers produced an 

abduction torque of 46.0 Nm at 60° per second, which increased to 50.0 Nm when 

the measurements were performed at 30° per second. Whether a lower velocity in 

our RSA patient group would lead to substantially more successful tests, however, is 

unknown; in our protocol a standard threshold of 15° per second was used to start 

measurements, which even proved to be too much for some of those patients.

TSA patients produced significantly higher joint torques, for both isokinetic 

protocols (abduction/adduction and external/internal rotation) compared to RSA 

patients. Probably the most important reason for this difference is the presence of 

a functioning rotator cuff in the TSA group. The supraspinatus muscle is a syner-

gist of the deltoid muscle during abduction in the scapular plane 3, thus increasing 

the abduction torque. During our measurements, the force generating capacity in 

abduction is recorded, including muscle activity of all abducting muscles. A second 

reason might be the lowering of the humerus after a RSA 10, providing more tension 
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to the deltoid muscle fibers. This increased lengthening of the sarcomeres of the 

deltoid muscle, possibly past their optimal force generating capacity, results in less 

abduction torque. The third reason, especially for internal and external rotation, is 

the change of deltoid function in RSA 10. By displacing the center of rotation medially, 

more fibers of the anterior and posterior parts of the deltoid muscle are recruited 

for anteflexion or abduction of the arm and therefore fewer fibers are available to 

internally or externally rotate the arm. The differences in adduction torques are more 

difficult to explain. A logical explanation could again be the absence of functional 

infraspinatus and subscapularis muscles, which leads to lower adduction strength. 

However, Reed et al. 28 found that in healthy subjects, at 100% load, the mean rota-

tor cuff activation levels (electromyographically recorded) for the supraspinatus (3% 

of its maximum voluntary contraction), infraspinatus (27%) and subscapularis (27%) 

were low and significantly less than the activation levels of the rhomboid major 

(81%), latissimus dorsi (103%), and teres major (76%) when performing adduction. 

They also found no significant (p > 0.89) difference in activity levels of the rotator cuff 

muscles when the isometric measurement was performed at 30°, 60°, or 90° abduc-

tion. This indicates that the missing rotator cuff muscles in the RSA patients are not 

the largest contributing factor during adduction and therefore are not the explana-

tion for the lower produced joint torques during adduction. Ackland et al. 2 found in 

a cadaveric study after RSA a substantial increase of the adductor moment arms of 

the teres major, latissimus dorsi subregions, and inferior and middle subregions of 

the pectoralis major, resulting in a similar joint torque as TSA patients. Since we did 

not perform our study together with electromyographical recording of those larger 

superficial muscles, we cannot confirm if this also happened in our patient group. 

Nevertheless, the fact remains that our study RSA patients could not reproduce 

similar joint torques as TSA patients during adduction as suggested by Auckland et 

al, for which we do not have a good explanation at the moment. Therefore, we can 

conclude that the difference in isokinetic force generating capacity between the RSA 

and TSA patients is partially explained by the more medialized center of rotation, for 

abduction, external and internal rotation, but not for adduction.

Looking at the correlations between the produced joint torques and clinical 

outcome, we found strong correlations between the external rotation torque of the 

RSA patients and 3 out of 4 subscores from the Constant-Murley score. This demon-

strates that a good clinical shoulder function not only requires active elevation, but 

also dynamic control of active external rotation. Earlier series have already shown 

that shoulder reconstruction with a RSA not always restores and may sometime 

compromise the usually deficient active external rotation 29,31, which was recently 

proven in a cadaveric study 1. This has led to new developments of combining a RSA 

with a latissimus dorsi transfer 6,7,9,17,19 and lateralizing the center of rotation of the 



66 Chapter 3

prosthesis, either bony (BIO-RSA) 8 or metallic 18. Future studies with isokinetic force 

generating measurements in those new patients groups need to be performed 

and it will be interesting to see if the surgical changes are actually providing an 

increase in the external rotation torques. Our TSA cases only showed a moderate 

to strong correlation with abduction, adduction and internal rotation joint torques 

and the post-operative subscore strength. This demonstrates that in those patients 

the isometrically obtained force measurements from the Constant-Murley score 

significantly correlate with the isokinetically measured joint torques. However, our 

RSA patients had a significant lower pre-operative strength and overall Constant-

Murley score compared to the TSA patients (Table 3). Post-operatively, there is still 

a difference in favor of the TSA patients, but this difference is no longer significant, 

indicating that the RSA patients demonstrated a greater improvement after their 

operation than TSA patients, in particular regarding the strength component. Thus, 

since there is a significant difference in post-operative isokinetically produced joint 

torques between the RSA and TSA patients but no longer in the isometrically mea-

sured strength, the strength measurements as part of the Constant-Murley score in 

RSA patients do not fully reflect the real strength in this group.

ConClusion

In conclusion, although the groups of patients are comparable in age, the shoulders 

with a TSA are stronger in both planes in which we measured the strength. This is 

best explained by the absence of the rotator cuff muscles but also by the more 

medially displaced center of rotation in RSA patients, although not for the adduc-

tion torques. External rotation torques are strongly correlated to the post-operative 

subscores of the Constant-Murley score activity, mobility and strength of RSA 

patients, demonstrating that active external rotation is essential for good clinical 

functioning. For TSA patients all joint torques (abduction/adduction and external/

internal rotation) are only moderately to strongly correlated to strength.
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aBstraCt

BACKGROUND: Following shoulder arthroplasty, any well-planned rehabilitation 

program should include muscle strengthening. However, it is not always clear how 

different external loads influence shoulder kinematics in patients with shoulder 

prostheses. The objective of this study was to describe shoulder kinematics and 

determine the contribution of the scapulothoracic joint to total shoulder motion 

of patients with total and reverse shoulder arthroplasties and of healthy individuals 

during rehabilitation exercises (anteflexion and elevation in the scapular plane) us-

ing different loading conditions (without external load, 1kg and elastic resistance).

METHODS: Shoulder motions were measured using an electromagnetic tracking 

device. A force transducer was used to record force signals during loaded condi-

tions using elastic resistance. Statistical comparisons were made using a three-way 

repeated-measures analysis of variance with a Bonferroni post hoc testing.

RESULTS: The scapula contributed more to movement of the arm in subjects with 

prostheses compared to healthy subjects. The same applies for loaded conditions 

(1 kg and elastic resistance) relative to unloaded tasks. For scapular internal rota-

tion, upward rotation and posterior tilt no significant differences among groups 

were found during both exercises. Glenohumeral elevation angles during anteflex-

ion were significantly higher in the total shoulder arthroplasty group compared to 

the reverse shoulder arthroplasty group.

CONCLUSION: Differences in contribution of the scapula to total shoulder motion 

between patients with different types of arthroplasties were not significant. How-

ever, compared to healthy subjects, they were. Furthermore, scapular kinematics of 

patients with shoulder arthroplasty was influenced by implementation of external 

loads, but not by the type of load.
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introduCtion

Shoulder arthroplasty constitutes a form of treatment for osteoarthritis in the 

shoulder and is currently widely used 8. The procedure is generally recognized as 

successful in terms of pain relief, while providing an improved, but nevertheless 

limited range of motion (ROM) 4,29. Although improvement in terms of ROM and 

function have been reported, it is not yet clear why optimal results are not always 

achieved or which factors influence these functional outcomes 22.

There are different types of shoulder arthroplasty. Total shoulder arthroplasty 

(TSA) and reverse shoulder arthroplasty (RSA) are considered to be the most com-

mon in use 8. TSA provides reliable pain relief and improves function in most arthritic 

shoulders with an intact or reparable rotator cuff 31. However, TSA results are less 

satisfactory in patients with glenohumeral arthritis combined with severe rotator 

cuff deficiency or in patients with a failed primary arthroplasty in whom the rotator 

cuff is deficient or absent. For these shoulder conditions, for which reconstruction 

was previously considered unobtainable, RSA is a powerful new tool 31. Following 

this line of reasoning, the indication for each type of arthroplasty varies: TSA is 

usually performed on patients with an intact rotator cuff whereas RSA is performed 

on patients with primary cuff tear arthropathy or those who need a revision arthro-

plasty involving a deficient rotator cuff.

Optimizing a patient’s response to arthroplasty is the combination of a correctly 

performed surgical procedure and a well-planned postoperative rehabilitation pro-

gram. The challenges lie in reestablishing normal motion, as well as dynamic stability 

and strength, which requires an adaptive and progressive system of rehabilitation 

consisting of appropriate applications of range of motion and strengthening 3,5,7.

Various exercises have been prescribed by physiotherapists focusing on shoulder 

muscle strengthening during rehabilitation of patients with shoulder injuries 2,15-17. 

Two commonly implemented methods of training involve exercises using machines 

or free weights and exercises involving elastic resistance 17. Elastic resistance is 

commonly used for therapeutic exercise due to its low cost, simplicity, portability, 

versatility and nonreliance on gravity for resistance 16,17. Despite the popular use of 

the elastic resistance method during the management of shoulder rehabilitation, 

few studies have investigated the effect of such a tool on shoulder function. Most 

available literature with regard to elastic resistance, focuses on muscle electro-

myography (EMG) activity 2,17, without taking shoulder kinematics and especially 

scapular and glenohumeral motion into account.

A few studies have investigated three-dimensional (3D) upper-extremity motion 

patterns in patients with shoulder arthroplasty during movements without external 

load. Bergmann et al. 4 studied patients with RSA and found that their glenohumeral 
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elevation contributed roughly two-thirds of the total thoracohumeral elevation, 

which is comparable to healthy subjects. However, these patients were not able 

to actively use the full ROM provided by the prosthesis. Veeger et al. 29 studied 

patients with TSA and hemi shoulder arthroplasty during a specific hair combing 

task. Both patient groups showed considerable limitations in glenohumeral ROM, 

when compared to controls, but between patient groups only axial rotation ROM 

was different. Alta et al. 1 compared the kinematics of the arm in patients with a 

primary placed reverse prosthesis and those with a revision and concluded that 

active range of motion is better in primary placed prosthesis and that this difference 

is most noticeable mainly in the glenohumeral joint.

Since shoulder motion is a precise balance between mobility and stability 30, 

attention must be paid to the joint kinematics while resistance is applied during 

the rehabilitation program to avoid possible injury causing factors. For example, 

research has demonstrated that alterations of scapular motion and position are 

associated with a wide variety of shoulder injuries 20,21. Moreover, Pascoal et al. 25 

also reported differences in the scapular kinematics of healthy subjects caused by 

external load, despite seemingly be unaffected by different load magnitudes. For 

this reason, the patient should not experience pain caused by possible kinemati-

cal alterations during strengthening exercises and shoulder dyskinesias should be 

avoided 19. To ensure that strengthening exercises are indeed beneficial, it is impor-

tant to understand the kinematics of the glenohumeral (GH) and scapulothoracic 

(ST) joints during rehabilitation exercises using these external loads. This certainly 

applies to patients with a shoulder replacement in which mechanical and proprio-

ceptive changes are inevitable. Rehabilitation programs for these specific patients 

need even greater attention.

The main purpose of this study is to describe 3D scapular and glenohumeral 

kinematics for two patient groups and a healthy pilot group during two ROM tasks 

using different loads. The patient groups consist of patients with a total shoulder ar-

throplasty (TSA) and patients with a reverse shoulder arthroplasty (RSA). Kinematics 

are reported during anteflexion and elevation in the scapular plane using different 

load situations (without external load, with 1kg dumbbell and with elastic band 

resistance). We hypothesized that the contribution of the ST joint to arm elevation 

would be higher in patients with shoulder arthroplasty when compared to healthy 

pilots, whereas patients with a TSA would show a larger GH contribution than the 

RSA group, due to the different biomechanical principles between the two types 

of prostheses and a functional or non-functional rotator cuff. This means that to 

compensate for this loss in GH motion, more ST motion in the RSA group will be 

needed to be able to obtain the same thoracohumeral elevation angle. Further-

more, we hypothesized for all groups that loaded conditions would have a larger 
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ST contribution to arm elevation than without load, while differences between the 

two load conditions are likely to be small.

materials and methods

Participants

Forty individuals participated in the study. Seventeen subjects (twenty shoulders/

none revision) had a total shoulder arthroplasty (TSA group), eight subjects (nine 

shoulders/three revisions) a reverse shoulder arthroplasty (RSA group) and fifteen 

subjects had no problems (pain or injury) in the shoulder (pilot group). The average 

time between measurements and surgery, mean age, height, body mass of the 

patients and affected side are listed in Table 1. According to a clinical evaluation, all 

patients could perform their everyday activities independently, but when the activi-

ties implicated the involved arm, the activity level became restricted. The patients 

did not have other serious pathologies, which would otherwise be considered a 

contraindication for this kind of surgery. In the TSA patients the rotator cuff muscles 

were intact and in the RSA patients in nearly all cases only the supraspinatus and 

infraspinatus were absent. The indications for the reverse prosthesis were: primary 

cuff tear arthropathy, arthritis following a massive cuff tear (a painful condition 

which also entails a considerable limitation of range of motion) or revision of an 

earlier failed shoulder prosthesis. The protocol was approved by the medical ethics 

committee and all subjects provided written informed consent before commence-

ment of the experiment.

Table 1. Demographic, anthropometric and clinical data of the subjects.

Pilot group
(n=15)

(n=15 shoulders)

TSA group
(n=17 patients)

(n=20 shoulders)

RSA group
(n=8 patients)

(n=9 shoulders)

Differences
among groups 

(p)

Age (years) 25.1 (3.7) 72.1 (10.3) 73.3 (9.4) <0.001 *

Height (cm) 182.3 (12.2) 166.9 (10.0) 166.5 (9.1) <0.001 *

Body mass (kg) 73.1 (12.5) 83.9 (21.7) 70.5 (11.1) 0.118

Affected side - 10 - right
10 - left

6 - right
3 - left

Revision - - 3

Time between 
measurements and surgery 
(months)

- 33 (18) 57 (24)

Values expressed as mean (standard deviation). TSA: total shoulder arthroplasty. RSA: reverse shoul-
der arthroplasty. * Statistical differences (p<0.05) between pilot group and both patients groups.
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Data collection

A six degree-of-freedom electromagnetic tracking device, the Flock of Birds 

(Ascension Technology Inc., Burlington, Vermont, USA) was used to collect the 

kinematic data. According to the manufacturer, the system specifications regarding 

measurement accuracy are 0.76 cm and 0.5° RMSE for position and orientation, 

respectively. This device consists of one extended-range transmitter that creates a 

3D magnetic field. Eletromagnetic sensors were attached to the sternum, humerus, 

forearm, and acromion 18. The sensor in the sternum was located at the upper 

extremity of the sternum, the humeral sensor was located at the middle part of 

the arm, the sensor in the forearm was located at the middle part of the forearm 

and the sensor on the acromion was placed in the flattest part of the acromion. 

The sensors on the sternum and acromion were attached to the skin with double-

sided adhesive tape and covered with a Fixomull stretch self-adhesive bandage 

(Beiersdorf AG, Hamburg, Germany) and the arm and forearm sensors were fitted 

on a cuff. An additional sensor was attached to a pointer and used to digitize 13 

bony landmarks relative to their sensors 24. The pointer is a non-metal object with a 

fine point upon which a kinematic sensor can be secured and that assists in locating 

segment endpoints and other bony landmarks with greater precision. The local 

vectors from bony landmarks to sensors were calculated and were used to construct 

anatomical local coordinate systems for thorax, humerus scapula and forearm using 

the MotionMonitor software (Innovative Sports Training, Inc., Chicago, Illinois, USA) 

and following the ISB standardization proposal for the upper extremity 32. For the 

humerus, the proximal landmark was assumed to be in the glenohumeral rotation 

center estimated by the rotation method 28.

A 1-degree-of-freedom force transducer (FUTEK Advanced Sensor Technology, 

Inc., Irvine, California, USA) with a sample frequency of 1000 Hz, capacity of 445 N, 

and precision of 0.4 N was used to record force in the ROM tasks using the elastic 

resistance band. The force transducer was attached to the floor and to the bottom 

component of the elastic device (Figure 1).

The net moment was calculated for all tasks with external load and it was defined 

as the sum of the segment’s weight moment and the external load moment. The 

weight of the segment was obtained from anthropometric tables 10 with inertial 

effects not being taken into account because of the low execution speed. The 

dumbbell moment was defined as the cross product of the dumbbell’s weight and 

moment arm, and the elastic band moment was calculated by the cross product of 

the elastic band force (expressed by the force transducer) and the moment arm of 

the force direction. To determine the elastic band force direction, the base of the 

force transducer was pointed / digitized and the direction was determined as the 

vector between this base and the midpoint between the styloideus ulnaris and sty-
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loideus radialis landmarks (that were digitized beforehand). The elastic resistance 

device used is a Theraband® (yellow) with an initial length of 70 cm. To realize the 

same initial length for everybody, all subjects were asked to stand on a 35cm high 

platform during the data collection of ROM tasks with the elastic resistance band 

and a rope between the elastic band while the force transducer was used to adapt 

to each subject’s height, when necessary, and maintain the same 70 cm of initial 

length for all participants. During the other load situations (without external load 

and with 1 kg dumbbell) the subjects seated in a chair.

Figure 1. Elastic band resistance and force 
transducer. The reference board for indica-
tion of the requested arm elevation has been 
temporarily removed for clarity purposes.
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Two actively performed ROM tasks were measured in three different load situa-

tions (without external load, with 1kg dumbbell and with elastic band resistance). 

The ROM tasks consisted of elevation in the sagittal plane (anteflexion) and eleva-

tion in the scapular plane (at an angle of 30° anterior from the frontal plane). Since 

it is quite common for patients to have a severely limited ROM, subjects were in-

structed to reach up to 90° elevation with both arms during the ROM task and these 

angles and the plane of elevation were maintained by using a semicircular board 

that subjects could follow as a reference. The data collection order was always the 

same for all subjects: 1) anteflexion without external load, 2) anteflexion with 1kg, 3) 

elevation in scapular plane without external load, 4) elevation in scapular plane with 

1kg, 5) anteflexion with elastic resistance, 6) elevation in scapular plane with elastic 

resistance. Dynamic tracking of the scapula is difficult, but up to 90 degrees of 

elevation it is still possible using an acromion sensor 27. The subjects were asked to 

perform each task three times without load and twice with loads. All patients were 

instructed to stop the task if they experienced any pain during the data collection.

Scapular and humeral motions were calculated relative to the thorax (scapulotho-

racic and thoracohumeral motion) and scapula (glenohumeral motion). The motions 

of the humerus were also calculated as scapulohumeral or glenohumeral motions, 

i.e. the humerus relative to the scapula. Joint angles were defined based on the 

International Society of Biomechanics standardization proposal of the International 

Shoulder Group 32 and data from left shoulders were mirrored to the right before 

further data processing. All angles were defined using a fixed sequence of rotations 

(each related to a principal plane), also known as Euler angles. The sequence of 

rotations for thoracohumeral and glenohumeral angles was YXY, which means that 

the plane of elevation is determined first, elevation angle second and axial rotation 

last. For scapulothoracic motion the sequence was YXZ, which represents internal/

external rotation followed by upward/downward rotation and anterior/posterior 

tilt 11.

The contribution of the ST joint was expressed by the scapulohumeral rhythm 

calculated by the ratio of the glenohumeral elevation angle over the scapular up-

ward rotation (slope of the regression line). Glenohumeral elevation angles and all 

scapulothoracic angles were selected for further analysis. All trials from each patient 

were used for further processing. From the dynamic motions, kinematic measures 

are presented for 15, 30, 45, 60, 75 and 90 degrees of thoracohumeral elevation.

Statistical analysis

The Shapiro-Wilk test indicated that the overall data were normally distributed. 

Comparisons of mean age, height and body mass between pilot group and both 

patient groups were performed with a one-way analysis of variance test. Com-
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parisons of the kinematic data were completed by means of a 3 x 3 x 6 three-way 

repeated-measures analysis of variance for each separate Euler angle with the 

factors “load” (without load, 1 kg dumbbell and elastic band resistance), “group” 

(pilot, TSA and RSA), and thoracohumeral elevation angle (15, 30, 45, 60, 75, 90). In 

the presence of significant interactions, one-way analysis of variance was calculated 

at each level of the interacting factor. Comparisons of net moment at 90 degrees 

of thoracohumeral elevation were done by means of a one-way analysis of variance 

with the factor “group”. Bonferroni post hoc testing was used where appropriate to 

adjust for multiple pairwise comparisons across groups and loads. The significance 

level was set at 0.05.

results

Net moment

The net moment values for all groups during anteflexion and elevation in the scapu-

lar plane with 1 kg dumbbell and elastic band resistance are shown in Figure 2. Net 

Figure 2. Net moment calculated for both exercises using 1kg dumbbell and elastic band resis-
tance (ER) for all groups. TSA: total shoulder arthroplasty. RSA: reverse shoulder arthroplasty.
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moment presented the lowest value at the beginning of the ROM and the peak 

value at 90° of shoulder elevation. A significant main effect of group was detected 

for both exercises and loads. The net moment at 90 degrees of thoracohumeral 

elevation was higher in the pilot group compared with the TSA group during ante-

flexion and elevation in scapular plane with 1 kg dumbbell and during anteflexion 

with elastic band resistance. No significant differences were found between either 

patient groups.

Effect of groups on scapulohumeral rhythm, scapulothoracic and 
glenohumeral motion

A statistically significantly smaller average ratio was found between glenohumeral 

elevation and scapular upward rotation for TSA and RSA groups than for the pilot 

group in all load situations, showing that the scapula contributes more to move-

ment of the arm in subjects with a shoulder arthroplasty compared with healthy 

subjects (Figure 3).

For scapular internal rotation, upward rotation and posterior tilt no significant 

differences among groups were found during anteflexion or during elevation in the 

scapular plane. On the other hand, the glenohumeral elevation angle was signifi-

cantly higher during anteflexion in the TSA group than in the RSA group (49°SD 

1.5° versus 42° SD 2.1°, p=0.038), while only a tendency towards a main effect of 

group was detected for glenohumeral elevation during elevation in the scapular 

plane (p=0.06).

Figure 3. Scapulohumeral rhythm during anteflexion and elevation in the scapular plane. *Significant 
differences (p<0.05). Dotted curly brackets represent differences in load situations and solid curly 
brackets represent differences among groups. TSA: total shoulder arthroplasty. RSA: reverse shoul-
der arthroplasty.
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Effect of loads on scapulohumeral rhythm, scapulothoracic and 
glenohumeral motion

The scapula contributed more to externally resisted movements of the arm com-

pared with movements using just arm’s weight (Figure 3). This was visible as a lower 

and statistically significant average ratio for situations with 1 kg dumbbell and 

elastic band resistance for all groups than for movements without external load.

For scapular internal rotation, significant differences were found among loads 

during anteflexion (p=0.04) and elevation in the scapular plane (p=0.04). Across all 

thoracohumeral elevation angles, the scapula relative to the thorax was significantly 

more internally rotated during anteflexion with 1kg dumbbell (an average of 33.5° 

SD 1.4°) when compared with no external load (an average of 32.7° SD 1.3°).

No main effect of load for upward rotation during anteflexion (p=0.66) and el-

evation in the scapular plane (p=0.18) was detected (Figure 4). On the other hand, 

two interaction effects during anteflexion were significant: angle x group (p<0.001) 

and angle x load (p<0.001). In the pilot group, the scapula was more upwardly 

rotated in the without load situation compared with 1 kg dumbbell at 30° and 45° of 

thoracohumeral elevation. In the same group, the scapula was also more upwardly 

rotated in the without load situation compared with elastic band resistance at 15° 

and 30° of thoracohumeral elevation.

In some thoracohumeral angles for the TSA group the opposite occurred: 

greater upward rotation was seen with 1 kg dumbbell compared with the without 

load situation at 45°, 60° and 75° of thoracohumeral elevation. No differences were 

detected among the three loads across all thoracohumeral elevation in the RSA 

group. All these results for upward rotation can be seen in Figure 4. No significant 

differences among loads during anteflexion (p=0.18) and elevation in the scapular 

plane (p=0.27) were detected for posterior tilt.

No main effect of load (p=0.46) was detected for glenohumeral elevation angle 

during elevation in the scapular plane. Other than that, one interaction was signifi-

cant: load x group (p=0.03). At 90° of thoracohumeral elevation with elastic band 

resistance, the GH elevation angle was higher in the pilot group (mean of −64.6° SD 

5.9°) compared with RSA group (mean of −52.8° SD 12.3°) and also higher in the 

TSA group (mean of −63° SD 7.6°) compared with the RSA group (mean of −52.8° 

SD 12.3°). The RSA group showed more GH elevation during the without load situ-

ation when compared with 1 kg dumbbell at 30°, 45°, and 60° of thoracohumeral 

elevation. The other groups did not show this load influence on GH elevation angle 

(Figure 5).
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disCussion

The hypotheses of the present study were that the contribution of the ST joint 

to arm elevation would be higher in patients with shoulder arthroplasties when 

compared to healthy pilots. Furthermore, the loaded conditions were expected to 

make a larger ST contribution to arm elevation than without load, while differences 

between the two load conditions were expected to be minimal.

Our results showed that patients with a shoulder arthroplasty indeed presented a 

smaller GH elevation angle compared to healthy subjects. Between patient groups, 

the TSA group presented higher GH elevation angles compared to the RSA group 

in some load conditions (for example at 90° of elevation in the scapular plane with 

elastic band resistance), which was in accordance with our expectation. The GH 

elevation angles in our patients were similar to the ROM presented by a group of 

patients with hemi and total shoulder arthroplasties (35°-55°) 29. During anteflexion, 

the TSA group presented an average GH elevation angle of 49° SD 1.5° and the 

RSA group of 42° SD 2.1°. Furthermore, when compared to the results of our pilot 

group, GH elevation angles were lower for both patient groups in accordance with 

this same study that showed a GH angle of 85 ° for the pilot group and 35–55° 

for patients with a shoulder arthroplasty 29. Based on these results, it may well 

be worthwhile paying more attention to training the rotator cuff muscles in TSA 

patients to increase GH mobility. In most cases, the arthritis was chronic which will 

leads to non-functional rotator cuff muscles. For RSA patients on the other hand, 

rehabilitation should focus mainly on the deltoid muscle as this muscle compensates 

for the deficient rotator cuff muscles 6.

Bergmann et al. 4 also calculated scapular contribution for patients with RSA. 

Their results for maximal active unloaded anteflexion are 1.7 and for abduction 1.6. 

Comparing this data with our study, it is possible to recognize differences: we found 

a ratio of 1.4 for anteflexion and 1.1 for the scapular plane. Furthermore, the authors 

stated that the reverse arthroplasty seems to enable a scapulohumeral rhythm during 

arm elevation similar to that found in healthy subjects 14 in contrast to the standard 

total shoulder arthroplasty. Our findings conflict with this statement because we did 

not find differences between both groups of patients regarding scapulohumeral 

rhythm up to 90° of elevation. However, it is not possible to compare these results 

directly, since the ratio calculation is different: in our study we calculated the ratio 

between the GH elevation angle and scapular upward rotation and Bergmann et al. 4 

calculated the ratio between peak thoracohumeral elevation angles and peak GH 

elevation angles. Even when calculating in a similar way for comparison, we found 

a ratio of 1.3 for anteflexion without external load for both patients group, which 

again showed different results from those presented by Bergmann et al. 4.
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With regard to the effect of different loads, our results showed that there is no 

difference in kinematic motion patterns between 1 kg dumbbell and elastic band 

resistance, but there are differences relative to unloaded tasks. One study analyzed 

muscle activation during resistance exercise with elastic tubing and dumbbells and 

our main finding was the comparable high level of muscle activation, also indicating 

that both types of exercise can be implemented equally during rehabilitation 2. As 

in clinical practice the use of elastic band resistance is a very common alternative 

method; the results of our study suggest that it could be used when dumbbells 

are not feasible, without having any disadvantages for the rehabilitation process. 

Specific protocols and methods have been described which advocate exclusive 

use of elastic bands in strengthening the rotator cuff muscles 17. For this reason, it 

must be taken into consideration as a very important tool in shoulder rehabilitation 

programs.

The present results also showed that the load influence is different for each 

group, depending on thoracohumeral elevation angle. In the TSA and RSA groups, 

for example, greater upward rotation was seen in the 1 kg situation compared with 

the without load situation, indicating more upward rotation in extra-load situations 

in some thoracohumeral elevation angles. Conversely, in the pilot group there was 

more upward rotation during without load situation compared to 1 kg dumbbell 

and elastic band resistance in some thoracohumeral elevation angles. One study 

has found the same behavior in healthy subjects: greater upward rotation when 

the external load (5% of subject’s body mass) was applied at 60° and 90° of shoul-

der abduction 13. On the other hand, de Groot et al. 9 concluded that there is no 

meaningful influence of external load on scapular orientation in different humeral 

abduction positions in healthy subjects. Such differences could be explained by the 

different ways scapular kinematics is analyzed: both studies have used the quasi-

static method and the present study used dynamic tracking of the scapula.

The contribution of the GH and scapular motion is not well documented in 

patients with a shoulder arthroplasty. Furthermore, the influence of external loads 

on GH and scapular kinematics of these patients has also not been well discussed 

in the literature. The present study showed similarities between 1 kg dumbbell 

and elastic band resistance with regard to scapular kinematics during anteflexion 

and elevation in the scapular plane. Although not specifically investigated in this 

study, some differences may still exist. Whereas the 1 kg situation provides constant 

downward force and inertia, elastic resistance increases linearly with elongation of 

the material without any inertia effects 26. Nevertheless, joint torque curves of elas-

tic band resistance training mimic joint torque curves of training with free weights, 

depending on the angle of pull (eg, torque is increased similarly during shoulder 

abduction from 0° to 90° due to elongation of the material and increased lever 
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Figure 4. Scapular upward rotation (mean 
values) during anteflexion for all groups and 
load situations. Load legends are equal for all 
groups. * Significant difference between with-
out load situation and 1 kg dumbbell (p<0.05). 
** Significant difference between without load 
situation and elastic band resistance (p<0.05). 
TSA: total shoulder arthroplasty. RSA: reverse 
shoulder arthroplasty.

Figure 5. Glenohumeral elevation angle (mean 
values) during elevation in the scapular plane for 
all groups and load situations. Load legends are 
equal for all groups. * Significant difference be-
tween without load situation and 1 kg dumbbell 
(p<0.05). TSA: total shoulder arthroplasty. RSA: 
reverse shoulder arthroplasty.
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arm length, respectively) 2. The results of the present study confirmed this torque 

behavior, showing that both types of load situations increase their net moment up 

to 90° of shoulder elevation. Furthermore, a higher torque was found in the pilot 

group, which can probably be explained by the differences in arm lengths of the 

subjects. As the ROM of this study was only up to 90°, this range may have had 

some influence on our results since the results would probably be different in higher 

movements where the torque of free weights would decrease after 90° of elevation 

and the torque of elastic band resistance would further increase.

It was clear that the literature has demonstrated different results for shoulder 

elevation tasks, sometimes showing this elevation as a complete thoracohumeral 

motion and at other times as GH and ST motions. For this reason, our objective in 

this discussion was only to compare our data with arm movements measured and 

analyzed in a similar setup. No study has been found with patients with shoulder 

arthroplasties and exercises using external loads.

This study presents some limitations. The patients and pilot subjects were of dif-

ferent ages, which results in variations in muscle strength, proprioception and even 

the presence of osteoarthritis might have influenced the results. Ideally, it would be 

better to have a pilot group with a mean age close to that of the patients. However, 

it is difficult to select people without a history of shoulder complaints above 70 

years of age. Moreover, it is also unclear how aging affects shoulder kinematics. 

One study that has investigated the relationship between aging and scapulotho-

racic motion showed that one of the effects of aging on the shoulder is a decrease 

of posterior tilt and upward rotation angle at 90° of abduction 12. However, seeing 

as these authors have not found similar data to compare their results, the effects 

of aging on shoulder kinematics are not well-marked. Furthermore, the same load 

used for all groups certainly represented different challenges for each individual 

subject, but it facilitates the comparison with the literature that usually use the 

same load applied in different subjects. Additionally, the task range restricted to 

90° of elevation made the comparison of our results with literature difficult. On 

the other hand, this range facilitated the dynamic scapula tracking during the data 

collection and was a range that was feasible for our patient group, whereas higher 

elevation angles would likely be too challenging 4. Furthermore, the methodology 

used to register shoulder kinematics also has limitations but it is considered suitable 

and precise for dynamic recordings of scapular rotations only when the acromion 

sensor is not replaced and in lower elevation angles 23. Moreover, the results of 

this study indicated significant but small differences for glenohumeral elevation 

angles between groups and conditions. The clinical value of these differences is as 

yet unknown and difficult to interpret. On a more general level, our results should 

probably be read as general indications that load does influence motion pattern in 
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patients with shoulder arthroplasty, irrespective of the type of prosthesis, but that 

type of loading is of lesser importance. Also, the differences in kinematic alterations 

due to conditions between the pilot group and our patients are likely more indica-

tive of a different scapular role. Finally, it should be noted that the data presented 

represent average values across all subjects of each group. Substantial variability 

was noted among individual subjects, and not all subjects demonstrated these 

average patterns. For this reason, it might be possible to find different kinematic 

patterns in specific patients during the clinical practice compared to our average 

results.

ConClusion

The present study suggests that for a same shoulder ROM, patients with a shoulder 

arthroplasty will have a higher scapular motion compensating for a loss of gleno-

humeral motion (prosthesis) even at low angles (i.e. 90° of elevation). Furthermore, 

scapular kinematics of patients with shoulder arthroplasty is also influenced by the 

implementation of external loads, but not by the type of load (1 kg dumbbell or 

elastic band resistance). For this reason, in both types of load subjects would be 

expected to present a higher scapular contribution during arm movements in a 

shoulder rehabilitation program.
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aBstraCt

BACKGROUND: The increase of shoulder replacements will lead to a higher revi-

sion rate of shoulder arthroplasties. The aim of this study is to evaluate the clinical 

results of revision surgery performed in our hospital, distinguish the differences 

in clinical outcome according to revision indication and differences between total 

shoulder arthroplasty and reverse shoulder arthroplasty in revision surgery.

METHODS: Indication for revision and the demographics were determined. Clinical 

evaluation consisted of pre- and postoperative Constant scores, Disability of Arm-

Shoulder-Hand-score (DASH), Dutch translation of the Simple Shoulder Test ((D)

SST), Oxford Shoulder Test (OSS), SF-36 and the complication rate.

RESULTS: From July 1994 till July 2008, 39 patients (40 shoulders) underwent revi-

sion arthroplasty. From 21 patients (21 shoulders) we obtained a complete follow-

up. Mean age at revision surgery 67±10 years (range 45-83). Mean follow-up 62±32 

months (range 24-130).

In 8 cases TSA was used for the revision when the cuff was intact and 13 times 

RSA was performed. Indications for the revision: glenoid erosion n=5, humeral 

component malposition n=3, cuff-pathology n=12, infection n=1. Postoperative 

Constant score 53.4±11.6 for TSA and 29.6±18.7 for RSA (p=0.005). The DASH 

was 46.9±23.6 and 67.9±17, respectively (p=0.028). DSST showed 6±4 and 4±4 

(p=0.261). OSS 41.4±9.3 and 28.0±9.9 (p=0.006). SF-36 49.4±26.7 and 25.1±12.4 

(p=0.039). Four shoulders (19%) presented four complications.

CONCLUSIONS: Revision surgery shows poor to reasonable postoperative results 

and better clinical outcome for TSA. When a revision is needed and the soft tissue 

component of the shoulder is intact, a TSA is a preferable solution.
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introduCtion

At present, hemi- and total shoulder arthroplasty (TSA) are successful operations 

for different pathologies of the shoulder, with significant improvement in function 

and pain reduction in most patients 3,12. Survival rates for hemiarthroplasty are 82% 

at 10 years and 75% at 20 years 28.

Comparably, the survival rates for TSA are exceeding 93% at 10 years, 87% at 

15 years and 81.4% at 20 years 25,28,29. With the last decade showing an increase 

in the number of total shoulder arthroplasties, inevitably this will lead to a larger 

number of complications and probably more revision procedures. Revision shoul-

der arthroplasty has been associated with worse outcomes compared to primary 

shoulder arthroplasty 1,4,27. The main reasons for revision shoulder arthroplasty can 

be classified as osseous deficiencies, component wear or malposition, infection and 

soft-tissue deficiencies 5,33.

Sajadi et al. 24 and Dines et al. 11 reported that the outcome of revision surgery 

can be predicted by the indication for the revision. They showed that revisions for 

glenoid erosion or component loosening (group 1) predict better outcomes com-

pared to revisions performed for infection, pain of undetermined origin or instabil-

ity/soft-tissue problems (group two). Soft-tissue problems are mainly related to a 

deficient or absent rotator cuff. The introduction of the reversed-geometry design 

by Grammont 15 and the evolvement of the reverse shoulder arthoplasty (RSA) in 

the last two decades, leads to its increase in use in revision shoulder arthroplasty 14. 

The objective of this study is to evaluate the clinical outcome of 14 years of revision 

shoulder arthoplasty, determine if there is a difference in clinical outcome between 

TSA and RSA used in revision surgery and relate these results with the indication 

for revision.

materials and methods

Subjects and Outcome measurements

All patients were included receiving their first revision intervention between July 

1994 and July 2008.

All medical records were reviewed and the following data were retrieved: age 

at procedure, gender, diagnosis, hand dominance, procedure side, preoperative 

scores and complications. Pre- and postoperatively, the Constant score 6,7 was 

retrieved by the first author and the relative Constant score calculated. Postop-

eratively we measured the Disabilities of the Arm, Shoulder and Hand (DASH), 

the Dutch translation of the Simple Shoulder Test ((D)SST), the Oxford Shoulder 
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Score (OSS) and the SF-36 8,16,17. The DASH is a 30-item questionnaire evaluating 

functional disability in everyday activities, work and sports. It includes symptoms, 

physical, social and psychological function. The (D)SST combines subjective items 

and items that require patients to complete a physical exercise and evaluates shoul-

der function in daily activities. The OSS is a 12-item questionnaire that deals with 

the perceptions of the patients about the result of the shoulder surgery. The SF-36 

is a multi-purpose, short-form health survey with 36 questions. The SF-36 can be 

divided into two aggregate summary measures: the physical component summary 

and the mental component summary. This study used only the physical component.

To meet the objective of this study we compared pre- and postoperative Constant 

score of all shoulders and we compared two groups according to their indication 

for revision surgery. The first group consisted of patients with prosthesis erosion or 

failure (prosthesis issues). The second group consisted of patients with rotator cuff 

failure, infection or pain ECI (Soft-tissue issues) (consistent with the dichotomized 

classification by Sajadi et al. 24 and Dines et al. 11). Furthermore, we compared the 

postoperative results of the TSA and RSA used in revision surgery. Finally, complica-

tions were noted and the complication rate was calculated.

Statistical analysis

A statistical analysis was performed using SPSS 17.0 (SPSS Inc., Chicago, Illinois). A 

paired t-test was used to analyze the difference between the pre- and postopera-

tive Constant scores. The independent t-test was used to evaluate the differences 

between the two indication groups and the RSA and TSA groups concerning CS, 

DASH, DSST and SF-36 scores presenting the p-value and confidence interval. 

Significance level was set at 0.05.

results

Subjects

Between July 1994 and July 2008, in 39 patients (30 female and nine male), 40 revi-

sion arthroplasties were performed. Of this group, 2 patients died and 16 patients 

were lost to follow-up. Of 21 patients (18 female and three male), all the pre- and 

postoperative information was present and were included in this study. Fourteen 

patients were operated on the right side, seven on the left side. In all cases, a del-

topectoral approach was used. In 19 shoulders a hemiarthroplasty and in two shoul-

ders a total shoulder arthroplasty (TSA) was revised. The indication for the primary 

operation was osteoarthritis in three shoulders, fracture in nine, rheumatoid arthritis 
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in four, secondary osteoarthritis after instability or trauma in two, infection or failure 

after osteosynthesis in two, avascular humeral head necrosis in one shoulder. The 

mean age at the time of the revision operation was 67±10 years (range, 45-83). The 

mean interval between the primary procedure and the revision was 30±20 months 

(range, 2-91). The mean follow-up after the revision operation was 62±32 months 

(range 24-130). The indication for the revision operation was divided in two groups: 

Group one consisted of shoulders with failure of the prosthesis or glenoid erosion 

and included eight cases (glenoid erosion in five and humeral component malposi-

tion in three). Group two consisted of shoulders with soft tissue failure and included 

13 cases (cuff-pathology/instability in 12 and infection in one). During the revision 

procedure, 12 times a hemiarthroplasty was replaced by a revision reverse shoulder 

arthoplasty (RSA), seven hemiarthroplasties were revised into a TSA, in one case the 

TSA was revised into a RSA and in one case a TSA was replaced with a new TSA.

There was a significant increase in overall shoulder function, as measured with 

the absolute Constant score (mean improvement 18.2 points, p<0.001) and the 

relative Constant score (mean improvement 25.4%, p<0.001) (Table 1).

Table 1. Constant scores, relative Constant score, DASH-scores, DSST, OSS and SF-36 for group 
1 and group 2.

Scores Total
mean ± SD

Group 1
mean ± SD

Group 2
mean ± SD

95% CI
1 vs 2

p-value
1 vs 2

Constant pre-operative 20.5 ± 9.5 24.5 ± 11.2 19.7 ± 14.0 −4.3;13.9 0.289

Constant post-operative 38.7 ± 20.0* 49.3 ± 15.8* 36.1 ± 19.2* 0.7;26.2 0.039

Relative Constant pre-operative 28.4 ± 13.1 33.4 ± 14.0 27.8 ± 19.9 −6.9;18.1 0.367

Relative Constant post-operative 53.8 ± 26.4* 68.6 ± 20.2* 50.8 ± 26.9* 0.9;34.7 0.040

DASH post-operative 59.9 ± 21.9 51.8 ± 24.8 64.9 ± 19.1 −33.3;7.0 0.187

DSST post-operative 5 ± 4 6 ± 4 4 ± 4 −2.9;5.3 0.548

OSS post-operative 33.1 ± 11.5 37.5 ± 11.1 30.4 ± 11.4 −3.5;17.7 0.176

SF-36 (physical)post-operative 34.3 ± 22.1 38.0 ± 24.0 32.1 ± 21.5 −15.2;27.1 0.561

mean ± SD. Abbreviations: N= number of shoulders, SD= Standard Deviation, DASH= Disabilities 
of the Arm, Shoulder and Hand, DSST= Dutch Simple Shoulder Test, OSS= Oxford Shoulder Score. 
* significant difference compared to pre-operative results

Group one versus Group two

Group one reaches a significantly higher postoperative Constant score (49.3 ± 15.8) 

compared to group two (36.1 ± 19.2). The same difference is seen in the relative 

Constant score, where the results are 68.6% ± 20.2 and 50.8% ± 25.9 respectively. 

Both the Constant score and the relative Constant score improve significantly in 

both groups after revision surgery. The other outcomes showed no statistical sig-

nificant differences (Table 1).
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TSA versus RSA

Preoperatively, there was no significant difference in absolute and relative Constant 

score between the TSA and RSA treated shoulders (Table 2).

Postoperatively patients who received a RSA reached a Constant score of 29.6 

± 18.7 and a relative Constant score of 42.3% ± 25.8. This is significantly less than 

both scores in patients who received a TSA, 53.4 ± 11.6 and 72.5% ± 14.5 respec-

tively. Moreover, the TSA group achieved a significantly better DASH score (46.9 ± 

23.6 versus 67.9 ± 17.00), a higher OSS score (41.1 ± 9.3 versus 28.0 ± 9.9) and a 

higher SF-36 physical component score (49.4 ± 26.7 versus 25.1 ± 12.4) compared 

with the RSA group (Table 2).

Table 2. Constant scores, Relative Constant scores, DASH-scores, SST, OSS and SF-36 for TSA and 
RSA.

Scores TSA RSA 95% CI
TSA vs RSA

p-value
TSA vs RSA

Constant pre-
operative

25.6 ± 6.6 17.4 ± 9.8 −0.03;16.4 0.051

Constant
post-operative

53.4 ± 11.6* 29.6 ± 18.7* 8.3;39.2 0.005

Relative Constant 
pre-operative

34.4 ± 8.4 24.7 ± 14.3 −2.07;21.4 0.101

Relative Constant
post-operative

72.5 ± 14.5 * 42.3 ± 25.8* 9.2;51.1 0.007

DASH
post-operative

46.9 ± 23.6 67.9 ± 17.0 −39.6;−2.6 0.028

DSST
post-operative

6 ± 4 4 ± 4 −1.8;6.2 0.261

OSS
post-operative

41.4 ± 9.3 28.0 ± 9.9 4.3;22.5 0.006

SF-36 (physical)
post-operative

49.4 ± 26.7 25.1 ± 12.4 1.5;47.1 0.039

mean ± SD Abbreviations: N= numner, SD= Standard Deviation, TSA= revision Total Shoulder 
Arthroplasty, RSA= revision Reverse Shoulder Arthroplasty, DASH= Disabilities of the Arm, 
Shoulder and Hand, DSST= Dutch Simple Shoulder Test, OSS= Oxford Shoulder Score. * significant 
difference compared to pre-operative results

Complications

After revision, four out of 21 shoulders (19%) presented a total of four complications. 

Two dislocations were seen and two fractures (one postoperative acromion stress 

fracture and one postoperative humerus fracture). In one dislocation a liner replace-

ment was needed. The second dislocation could be reduced without surgery. The 

acromion stress fracture was treated with surgical refixation. No data were available 
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concerning the patient with the postoperative humerus fracture. Noteworthy is that 

three out of the four shoulders with complications received a RSA.

disCussion

At present, hemi- and total shoulder arthroplasty (TSA) are successful operations 

with significant improvement in function and pain reduction in most patients 3,12. 

Within the last decade there is an increase in the number of total shoulder arthro-

plasties, inevitably leading to a larger number of complications and probably more 

revision procedures. Revision operations performed because of glenoid erosion or 

component loosening predict better outcomes than revisions in soft-tissue prob-

lems 24. The introduction of the reversed-geometry design by Grammont 15 has led 

to an increased use of this prosthetic design in revision shoulder arthroplasty for the 

latter indication 14.

The present study has several limitations. It is retrospective and unfortunately; 

not all patient data could be included in the study since 2 patients died and 16 

patients were lost to follow-up.

There are many indications for revision surgery. This study included patients with 

a wide range of indications unlike other studies concentrating on individual indica-

tions 1,4,29.

Along with glenoid erosion in hemiarthroplasty, post-arthroplasty instability is the 

reason for the majority of the TSA revisions 21,23,33. In the literature instability is also 

reported by Sajadi et al. 24 (10/35 shoulders), Walker et al. 30 (19/22 shoulders) and 

Wirth et al. 33 (16/38 shoulders) to be a major indication for revision. Instability usu-

ally results from deficiencies of various parts of the rotator cuff or malposition of the 

components 32. We followed Dines et al. 11 and Sajadi et al. 24 in defining two groups 

of patients for the different indications. The first group included patients whose 

shoulder arthroplasties failed due to glenoid erosion or component loosening. The 

second group included patients whose causes of failures were infection, instability 

or other soft-tissue dysfunction, and pain of undetermined origin. Sajadi et al. 24 

noted significant better results in the first group at Forward Elevation (FE) (106.1° 

versus 55.6°), External Rotation (ER) (32.8° versus 11.6°) and the UCLA scores (17.8 

versus 14.1 points). Dines et al. 11 noted significant better results of the first group 

in the UCLA score (26.1 versus 12.3 points), L’insalata score (77.9 versus 45.3) and 

satisfaction score (3.45 versus 1.99). Constant score data from our study confirm 

these results and proved to be significantly better in the first group.
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The use of RSA has been advised for rotator cuff tear arthropathy, failed hemiarthro-

plasty, proximal humerus fracture and failed TSA 13,18,19,26,30,31. We were interested 

in the difference in outcome after revision between the RSA and TSA based on 

postoperative results. In the literature we found results of RSA and TSA in revision 

surgery, but no clear comparison. Furthermore, the results for TSA outnumbered 

largely the results for RSA 11,19,24,27,30,32. Dines et al. 11 reported a total of 39 good to 

excellent results on the 78 shoulders receiving a revision TSA. The results of 18 

revision TSA’s recorded by Sperling et al. 27 showed a decreased pain score (from 

4.3 to 2.2 points) and an increase in active abduction (from 94° to 124°) and external 

rotation (from 32° to 58°). Neer and Kirby 22 reported the results of 36 patients, 30 

of whom reported satisfactory pain relief and function for activities of daily living. 

With the revision RSA, Walker et al. 30 noted an improvement from one to five points 

in the SST score and an improvement from 38.5 to 67.5 points in the American 

Shoulder en Elbow Surgeons (ASES) score. Levy et al. 19 established results out of 

29 patients who received a RSA. The ASES score improved significantly from 22.3 

to 52.1 and the SST score improved from 0.9 to 2.6. In the two small series of De 

Wilde et al. 9 and Delloye et al. 10 (both five shoulders), an improvement in Constant 

score was seen, from 19.4 to 59.9 points and from 32 to 60 points respectively. 

Melis et al. 20 conducted a study of 37 patients who underwent conversion of TSA 

to RSA and noted an improvement in Constant score from 24.3 to 55.2 points at 

follow-up. These data are better than our results with a Constant score of 29.6 

points at follow-up in the RSA. Our results for the revision RSA include a four score 

for the (D)SST. This is lower than the (D)SST result for revision TSA`s (six), although 

no significant difference is observed. All the other results in our study (Constant 

score, DASH, OSS and SF-36) prove that revision TSA has significantly better results 

than revision RSA.

Boileau et al. 2 noted in his study about the Grammont 15 reverse prosthesis that 

the complication and revision rates are high in revision surgery with this prosthesis. 

The higher complication rate is mentioned in revision studies in general but is 

particularly high in RSA 2,11,19,24,30. Sperling et al. 27 had a complication rate of 17.6% 

(three out of 17). One patient developed an infection, another, a brachial plexus 

neuropathy and the last patient, having lupus erythematosus, developed a synovi-

tis. Twelve of the 48 patients in the series of Antuna et al. 1 required a re-revision. 

These were studies concerning TSA’s. The following studies concerned RSA’s. Levy 

et al. 19 noted eight complications out of 29 shoulders. Three patients had disloca-

tions, two had prosthesis failure and the last two suffered from an infection and a 

fracture. Walker et al. 30 reported an overall complication rate of 22.7% (five out of 

22). Three patients presented glenoid or humeral loosening, one fracture and one 
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dislocation. De Wilde et al. 9 noted a reoperation rate of 20% and Delloye et al. 10 a 

rate of 60%. Melis et al. 20 noted an overall 30% complication rate (including glenoid 

loosening, instability and infection) and a 22% re-revision rate. We noted a rather 

low complication rate (19%) with no re-revision needed.

ConClusions

Although in the recent literature the RSA has become popular in revision surgery 

of failed hemi or total shoulder arthroplasty, our study shows that it is worthwhile 

to try a revision to a TSA, when the rotator cuff is sufficient, achieving better results 

compared with a RSA.

It is also shown that revision for soft tissue problems leads to less good results 

than revision for a bone related problem.
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aBstraCt

INTRODUCTION: Results of the Reverse Shoulder Prosthesis on pain are generally 

satisfying. However, active Range of Motion is often not optimal. Aim of this study, 

to perform a kinematic and clinical analysis of the Reverse prosthesis to provide 

more precise information on its glenohumeral motion pattern.

METHODS: During three active ROM tasks (forward flexion, abduction, axial ro-

tation) motion pattern of 31 patients with a reverse prosthesis (35 shoulders, 19 

primary and 16 revisions) was measured. Average age 71±8 years (range 58-85). 

Average follow-up 23±14 months (4-63). Kinematic measurements were performed 

with a 3D electromagnetic tracking device. Clinical evaluation was performed by 

obtaining Constant score, DASH-score and SST. Acromial-prosthetic distance was 

measured on AP radiographs.

RESULTS: Primary placed prostheses showed significantly better active glenohu-

meral motion than revisions for forward flexion (71±18° vs 53±26°, p<0.05) and 

abduction (64±15° vs 46±24°, p<0.05). This also applies for active external rotation 

(31±25° vs 13±16°, respectively p<0.05). Constant score improved for the whole 

group from 24 (5-47) to 50 (8-87) (p<0.001), primary group from 28 (13-47) to 60 

(8-87) (p<0.001) and revisions from 20 (5-47) to 38 (11-73) (p<0.001). Acromial-

prosthetic distance showed no significant correlation for active glenohumeral mo-

tion. Five cases with a deficient teres minor muscle showed no significant decrease 

of external rotation.

CONCLUSION: Active ROM is better in primary placed prosthesis and this dif-

ference takes place mainly in the glenohumeral joint. In all our patients Constant 

scores improved significantly post-operatively. However, we could not find any 

clinical correlating parameters to explain this difference.
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introduCtion

In the treatment of patients with glenohumeral arthritis and severe rotator cuff defi-

ciency, the reverse prosthesis offers a solution with good short and midterm results 

in terms of pain reduction. However, the active range of motion (ROM) is often not 

optimal and the contribution of this prosthesis to restoration of the arm function is 

less clear. The maximum post-operative active elevation has shown to be diverse, 

ranging from 88° 1 to 118° 5 and even 138° 18. A possible explanation for the diver-

sity in this elevation outcome could be the inconsistency in measuring the ROM. 

Although the majority of studies do not include a detailed measurement protocol, 

most studies measured this “elevation” as the complete thoracohumeral motion. 

However, this thoracohumeral motion actually consists of two separate phases: a 

glenohumeral and a scapulothoracic motion. Since the prosthesis only replaces the 

glenohumeral joint, it may provide more accurate information on the function of 

this prosthesis by describing both parts of the arm motion separately, and in par-

ticular the glenohumeral motion. In an earlier study, we already described 1 that the 

reverse prosthesis enables a motion pattern with a normal glenohumeral contribu-

tion, comparable to that of a normal shoulder 6. In the same study, we showed that 

when the glenohumeral motion of the reverse prosthesis is limited, this seems to 

be the result of a lack of muscle force generation rather than a structural limitation 

caused by the prosthetic design, as we found a significant difference between the 

active and passive range of motion in this patient group. Therefore, the question 

remains if this lack of force generation is mainly a problem related to change of 

muscle properties (lengthening, shortening) or that other clinical parameters play 

a role as well.

When the reverse prosthesis is used in revision surgery the improvement of func-

tion is even less, only to approximately 70° of active elevation 12 with also a higher 

complication rate 21. Again, this improvement in active elevation mostly represents 

the total thoracohumeral motion. Our hypothesis is that the difference in the pri-

mary and revision cases is due to differences in the motion in the glenohumeral 

joint.

The primary purpose of this study, therefore, was to compare the kinematics 

of the arm in patients with a primary placed reverse prosthesis and those with a 

revision in the total thoracohumeral, and subsequently in the glenohumeral and 

scapulothoracic plane. A second purpose was to identify radiological parameters 

to explain any of the found differences in motion pattern.
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materials and methods

Subjects

Thirty-one patients, 18 female and 13 male, with a reverse shoulder prosthesis 

(Tornier ®; Edina, US) inserted through a standard deltopectoral approach between 

May 2000 and September 2007, volunteered to participate in this study. Nine 

patients had been operated on the left side, 18 on the right side and 4 on both 

sides (hence, a total of 35 shoulders). In 19 patients the indication for the reverse 

prosthesis was cuff tear arthropathy and 16 times it was a revision after a failed 

primary placed hemi- or total shoulder prosthesis with a non-functional rotator cuff 

at that time. All the glenoid components had been placed inferior with no inferior 

or superior inclination. Twenty-eight had a 36-mm and 7 had a 42-mm sphere diam-

eter. The humeral components had all been placed in 10-20° of retroversion and all 

where cemented. The average time between surgery and measurement was 23±14 

months (range 4-63 months). Mean age of the patients was 71±8 years (range 58-85 

years). The research protocol was approved by the institutional review board and all 

patients gave their written informed consent before the experiment.

Kinematics

We used an electromagnetic tracking device (Motion Monitor Biomech I; Innova-

tive Sports Training, Chicago, IL) consisting of a transmitter that created a weak 

magnetic field and 4 sensors. The sensors were attached to a pointer, the sternum, 

humerus, and a scapula locator 9. The sensor on the sternum was fixed using double-

sided adhesive tape and covered with a Fixomull stretch self-adhesive bandage 

(Beiersdorf AG, Hamburg, Germany). The sensors of the humerus were fitted us-

ing a brace 14. This method and system has been used in prior studies regarding 

shoulder kinematics to calculate the three-dimensional position and orientation 

of the upper extremity 13,15,20. The pointer was used to digitize 13 bony landmarks 

relative to their sensors, in turn, these sensors were related to local anatomic co-

ordinate systems. Then, segments and joint rotations were calculated using the 

combination of these local anatomic coordinate systems and the sensor motions. 

For the humerus, the proximal landmark was chosen in the glenohumeral rotation 

centre estimated by regression analysis using five bony landmarks of the scapula. 

Local anatomic coordinate systems, segment and joint rotations were all defined 

following the International Society of Biomechanics standardization proposal for 

the upper extremity 22.

We measured three actively performed range of motion (ROM) tasks: 1) elevation 

in the sagittal plane (“forward flexion”); 2) abduction in the scapular plane (“abduc-

tion”) 16 and 3) (internal and external) rotation of the arm with 90° of abduction 
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(“axial rotation”). Patients were instructed to reach a maximal joint angle in each 

active ROM task. During the forward fl exion, subjects were instructed to elevate the 

arm as high as possible. Scapular abduction was maintained by using a semicircular 

board that subjects could follow as a reference. This board was fi xed in a 45° angle 

relative to the frontal plane (Figure 1).

Measurements were performed in quasi-static mode, while so far no reliable 

(non-invasive) approach is available for dynamically tracking of the scapula during 

a maximal humeral elevation. We used a scapula locator similar to that applied in 

other studies 13,20. We asked patients to perform each task 3 times. If all 3 attempts 

were available for analysis, the second attempt was used for further processing.

For each active ROM task, we calculated the three different motions: 1) the 

motion of the scapula relative to the thorax (i.e.scapulothoracic motion); 2) the 

motion of the humerus relative to the thorax (i.e. thoracohumeral motion) and 

3) the motion of the humerus to the scapula (i.e. glenohumeral motion). All mo-

tions were expressed in joint angles. Joint angles were defi ned based on the 

International Society of Biomechanics standardization proposal of the International 

Shoulder Group 22. To ensure consistent angle defi nitions were made, data from the 

Figure 1. Picture, showing the Motion Monitor with the transmitter and semicircular board, which 
can be placed in the sagittal plane and scapular plane, functioning as a reference for the patients 
to follow during the measurements.
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left shoulders were mirrored to the right before further data analysis took place. 

The difference between the thoracohumeral and glenohumeral angles reflects 

the contribution of scapular motion to the movement of the arm. For both the 

thoracohumeral and glenohumeral motions, the decomposition order was chosen 

following the globographic convention, which is plane of elevation, elevation and 

axial rotation 7. Negative axial rotation is external rotation and internal rotation is 

positive axial rotation. The thoracohumeral and glenohumeral elevation angles and 

external axial rotation angles were selected for further analysis. For the elevation 

tasks we determined the peak thoracohumeral elevation value for each shoulder. 

For the axial rotation tasks, the peak external and internal thoracohumeral rotation 

values were determined. As seen in previous research with the reverse prosthesis 1 

there is no significant difference between these axial rotations in the thoracohu-

meral rotations and glenohumeral rotations, which suggests that the axial rotations 

take place in the glenohumeral joint. We calculated the minimum, maximum, mean 

and standard deviation for all shoulders for each of the previously mentioned 

angles.

Clinical evaluation

For the clinical evaluation we obtained the pre- and post-operative (absolute 

and relative) Constant scores 3,4, the post-operative DASH-score 10 and the Dutch 

translation of the Simple Shoulder Test (NSST) 10,19. The absolute Constant score as-

sesses the overall shoulder function. The maximum score is 100 points. The relative 

Constant score is corrected for the age and sex related decline in force generating 

capacity 23. It is expressed as a percentage of the respective reference values. The 

DASH is a 30-item questionnaire that evaluates functional disability in everyday 

activities, work and sports. It includes symptoms, physical, social and psychological 

function. A DASH score of 0 indicates good shoulder function, or ‘no disability’, and 

the maximum score of 100 indicates no function at all. The NSST is a questionnaire 

consisting of 13 questions with ‘yes’ and ‘no’ answers combining subjective items 

and items that require patients to complete a physical exercise and evaluates shoul-

der function in daily activities. The maximum score of 13 indicates good shoulder 

function.

Radiologic evaluation

The distance from the acromion to the top of the prosthesis was measured using 

digital pre-operative planning software (Impax version 5.1, AGFA Orthopaedic-

Tools, Mortsel, Belgium) on the post operative radiographs. First the system was 

calibrated by a circle matching the sphere of the prosthesis which was either 36 

or 42 mm. Subsequently, the distance was measured from the sclerotic line of the 
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acromion to the top of the humeral component of the prosthesis, parallel to the line 

of the base plate, because this represents the post-operative subacromial space 

and could be an indication to what degree the deltoid muscle is tensioned post-

operatively and influence the active forward flexion and abduction. Furthermore, 

the integrity of the teres minor muscle was determined either by pre-operative MRI 

findings or during the operation.

Statistical analysis

SPSS 17.0 was used. A formatted q-q plot showed that all data were normally 

distributed. The independent t-test was used to evaluate differences between the 

primary and revision cases for continuous data (i.e. thoracohumeral motion, gleno-

humeral motion, scapulothoracic motion, Constant scores, DASH, NSST, acromial-

prosthetic distance) and a chi-square test was used for dichotomous data (integrity 

of the teres minor muscle compared to motion). A paired t-test was used to analyse 

the difference between the pre- and post-operative Constant scores for the whole 

group, and for the primary and the revision cases. Repeated Measures ANOVA 

was used to determine the progress in Constant scores post-operatively for the 

primary and the revision cases. A Pearson’s correlation test was used to correlate 

the post-operative acromial-prosthetic distance to the glenohumeral motion of the 

arm. Significance level was set at 0.05.

results

Kinematics

Table 1 describes the joint angles during the different ROM tasks. Although all 

movements were normally distributed, wide ranges in active ROM were observed 

for all three movements. Overall, the glenohumeral motion contributed most (66-

72%) to the thoracohumeral motion in both sagittal and scapular planes.

Looking at the sagittal plane, the mean thoracohumeral motion for forward 

flexion was 86±29° for the whole group, with no significant difference between the 

primary and revision patients (93±21° vs 78±36° respectively, p=0.157). Looking at 

the scapular plane, mean thoracohumeral motion for abduction was 84±29° for the 

whole group. The primary patients tended to reach a higher abduction than the 

revision patients (93±22° vs 73±34° respectively, p=0.052).

However, considering the two different parts of the elevation of the arm, the 

mean glenohumeral motion differed significantly between the primary and revision 

patients, in both the sagittal (71±18° vs 53±26° respectively, p=0.025) and scapular 

plane (64±15° vs 46±24°, p=0.013). So, primary patients had both higher forward 



112 Chapter 6

flexion and abduction than revision patients. This difference was not seen in the 

mean scapulothoracic motion.

The external rotation showed a maximal rotation of −23±23°, but patients with 

a primary prosthesis had a significantly higher active external rotation than revision 

patients (−31±25° vs −13±16°, p=0.015).

Clinical evaluation

There was a significant increase in overall shoulder function, as measured with the 

absolute Constant score (mean improvement 26 points, p<0.001) and the rela-

tive Constant score (mean improvement 37%, p<0.001). Both groups improved, 

but primary patients (mean improvement 32 points and 47%, p<.0001) improved 

more than revision patients (mean improvement 18 points and 26%, p<0.001). This 

difference was found significant (mean difference 13.1 points, p=0.025 and 20%, 

p=0.008).

The functional disability as measured with the DASH showed that primary pa-

tients are significantly less disabled than revision patients (mean difference 30.2, 

p<0.001). The same was found on the NSST (mean difference 4, p=0.002) (Table 2).

Table 1. Maximal active joint angles (degrees) for 35 shoulders during the elevation and rotation 
tasks

Plane of 
Movement

Active Motion Movement All Shoulders Primary Revision p-value
primary vs 

revision

Sagittal Thoracohumeral Forward
Flexion

86 ± 29 
(0-127)

93 ± 21
 (44-127)

78 ± 36 
(0-120)

p= 0.157

Glenohumeral 62 ± 24 
(0-108)

71 ± 18 
(41-108)

53 ± 26 
(0-88)

p=0.025

Scapulothoracic 28 ± 13 
(1-50)

30 ± 11 
(1-43)

27 ± 15 
(0-50)

p=0.550

Scapular Thoracohumeral Abduction 84 ± 29 
(0-139)

93 ± 22 
(41-139)

73 ± 34
 (0-119)

p=0.052

Glenohumeral 56 ± 21
 (0-95)

64 ± 15 
(45-95)

46 ± 24 
(0-85)

p=0.013

Scapulothoracic 32 ± 15 
(8-52)

33 ± 15 
(8-52)

30 ± 15 
(0-51)

p=0.483

Scapular 
arm in 90° 
abduction

External rotation Rotation −23 ± 23
 (5- −93)

−31 ± 25 
(5- −93)

−13 ± 16 
(3- −45)

p=0.015

Mean ± standard deviation (range); external rotation is negative axial rotation and internal rotation 
is positive axial rotation
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Radiologic evaluation

The mean acromial-prosthetic distance was 26±7mm for the whole group. There 

was no significant difference between the primary and revision patients (26±7mm 

vs 26±6mm respectively, p=0.965). In the vast majority of patients (e.g. 30 of the 

35 shoulders (85.7%)), the teres minor muscle was still intact and no difference was 

found between primary and revision patients (89.5% vs 81.2% respectively, p = 

0.489).

The correlations between the joint angles during the mean acromial-prosthetic 

distance and the different ROM tasks are presented in Table 3. No significant cor-

relation was found between the acromial-prosthetic distance and the sagittal and/

or scapular motion, neither in the whole group nor in the two subgroups.

We found no significant difference for the active maximal external rotation 

between the group with an intact teres minor muscle and the group with a defect 

teres minor muscle (−24±23° vs −16±19°, p=0.473).

Table 2. Constant scores, Relative Constant scores, DASH-scores and SST.

Scores All Shoulders Primary Revision p-value
primary vs 

revison

Constant
pre-operative

24 ± 11 (5-47) 28 ± 9 (13-47) 20 ± 12 (5-47) p=0.026

Constant
post-

operative

50 ± 22 (8-87) * 60 ± 21 (8-87) * 38 ± 18 (11-73) * p=0.002

Relative 
Constant

pre-operative

33% ± 17% (7-71) 38% ± 14% (19-68) 27% ± 18% (7-71) p=0.047

Relative 
Constant

post-
operative

70% ± 31% (9-124) * 85% ± 31% (9-124) * 53% ± 22% (14-
92) *

p=0.001

DASH
post-

operative

43.9 ± 25.9 (1.7-
84.2)

30.1 ± 24.3 (1.7-77.5) 60.3 ± 17.1 (31.2-
84.2)

p<0.001

NSST
post-

operative

7 ± 4 (0-13) 8 ± 4 (0-13) 4 ± 3 (1-10) p=0.002

Mean ± standard deviation (range).
* significant difference compared to pre-operative results
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disCussion

In the treatment of patients with glenohumeral arthritis and severe rotator cuff defi-

ciency the reverse prosthesis offers a solution with good short and midterm results 

in terms of pain reduction 8. However, the active range of motion (ROM) is often 

compromised, especially when the reverse prosthesis is used in revision cases 12,21. 

In our study the thoracohumeral motion improved for the whole group to a mean 

active forward flexion of 86°. This is smaller than the mean improvements that were 

reported in other studies where averages of 118° 5 or 138° 18 were found. Even when 

we only look at the primary placed prostheses in our series we only found a mean 

improvement to 93°. Taking a closer look at how these studies had obtained their 

data, we notice that Cuff et al 5 used video to calculate the thoracohumeral motion. 

This was done on only one side of the patient, which is sensitive for lumbar spine 

movement during the elevation of the arm, without detecting this extra movement. 

So, these data are prone to over-estimations. Sirveaux et al 18 did not specify how 

they measured active motion, but they already discussed that their found 138° ac-

tive forward flexion was rather high compared to other series. Therefore, trying 

to place our findings more in perspective, it seems wise to compare our data only 

with arm movements measured in a similar setup. Magermans et al 13, who analyzed 

normal healthy subjects with the same electromagnetic tracking device showed 

that the mean maximal active forward flexion in the sagittal plane was 131° and in 

Table 3. Pearson’s correlation between active ROM post-operative and the acromial-prosthetic 
distance measured on AP radiographs.

Plane of 
Movement

Active Motion Movement All Shoulders Primary Revision

Sagittal Thoracohumeral Forward
Flexion

0.086
p=0.622

−0.206
p=0.397

0.361
p=0.169

Glenohumeral 0.066
p=0.707

−0.172
p=0.482

0.322
p=0.223

Scapulothoracic 0.115
p=0.509

0.010
p=0.967

0.247
p=0.357

Scapular Thoracohumeral Abduction 0.103
p=0.556

−0.149
p=0.542

0.382
p=0.145

Glenohumeral 0.073
p=0.679

−0.214
p=0.379

0.370
p=0.158

Scapulothoracic 0.134
p=0.443

0.007
p=0.979

0.325
p=0.219

Scapular 
arm in 90° 
abduction

External rotation Rotation −0.305
p=0.075

−0.486*
p=0.035

0.039
p=0.886
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the scapular plane 132°. Comparing these data to our study, the reverse prosthesis 

restores an active forward flexion of approximately 65% of that of a normal shoulder.

Nevertheless, the results of our study could still be influenced by the way we 

measured the motion of the arm. We measured in a quasistatic mode, because 

the scapula needed to be palpated after every change of the arm. Nonetheless, in 

healthy subjects these differences between the active and quasistatic movements 

have been shown to be negligible 6. Although our subjects were patients and it can 

therefore not be excluded that they have more variation between quasistatic and 

dynamic measurement, we still believe that the electromagnetic, biomechanical 

method provides valuable insight in the movement of the arm in patients with a 

reverse prosthesis due to the capacity to record scapulothoracic motion.

However, despite the lower improvements in active forward flexion compared to 

the literature, all patients improved in post-operative arm function, as shown by the 

significant improved Constant Scores. The overall improvement was 26 points which 

is reasonable compared to other studies showing improvement up to 42 points 18. 

Progress was most substantial in patients with a primary placed prosthesis. This was 

also supported by the better outcome of the obtained post-operative DASH-score 

and NSST scores in the patients with a primary placed prosthesis. Those findings 

confirm that the reverse prosthesis used in revision cases show improvement 21 in 

clinical outcome, but not to the extent as found in primary cases.

The way in which this prosthesis contributes to restoring the function of the arm 

is not yet completely understood. Especially the contribution of the glenohumeral 

motion is not well documented. Although the difference in movement between the 

primary placed prosthesis and revision cases was nearly statistically significant for 

the thoracohumeral motion in the scapular plane, we found that the largest differ-

ence took place in the glenohumeral joint in both planes, as well as the external 

axial rotation. Possible explanations for this difference in motion between primary 

placed prostheses and revision cases could be adhesions around the glenohumeral 

joint from previous procedures. We did not observe any axillary nerve palsies, but 

the remaining quality of the deltoid muscle may be inferior after previous opera-

tions or the strength and function of the remaining rotator cuff muscles might be 

better in primary cases.

To quantify this difference, we measured the distance from the acromion to the 

prosthesis. The lowering of the humerus affects the function of the arm 2 and mea-

surement of the height of the subacromial space seems to be an objective way to 

evaluate the post-operative tension of the deltoid muscle 11. We did not find a dif-

ference in acromial-prosthetic distance between the primary and revision cases, nor 

any correlation between this distance and the active motion of the arm. Although 

the post-operative radiographs were taken following a standard protocol and the 
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measurement system was calibrated before the measurements took place, possible 

differences of the radiological beams could not be ruled out. Therefore, pre- and 

post-operative arm length measurements are probably a more reliable method, but 

this was only recently introduced as a standard measurement in our clinic.

The literature has demonstrated that the reverse shoulder prosthesis restores 

overhead elevation but fails to restore active external rotation 17. The teres minor-

tendon unit contributes to active external rotation and its deficiency may impair 

the clinical outcome 17. We could not confirm that the presence of the teres minor 

muscle implies better active external rotation since significant differences between 

our two groups could not be discerned. However, 30 patients with an intact teres 

minor muscle and only five with a defect muscle makes comparison difficult.

ConClusion

The active ROM of the arm with a reverse prosthesis is better in primary placed 

prosthesis and this difference takes place mainly in the glenohumeral joint. In all 

our patients the Constant scores improved significantly post-operatively, with the 

largest improvement in primary placed prosthesis as compared to revision cases. 

However, we could not find any clinical correlating parameters to explain this dif-

ference.
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aBstraCt

BACKGROUND: It has been suggested that limited active ROM of reverse shoulder 

prostheses relates to lack of strength. However, strength has not been quantified 

and therefore it is unclear if this is the explanation.

Questions/purposes: We determined joint torques in patients with reverse shoul-

der prostheses and evaluated whether these correlate with functional scores.

METHODS: We recruited 33 patients (age 72 ± 8 years) with a reverse prosthesis 

(37 shoulders, 21 primary and 16 revisions). We obtained Constant-Murley, DASH, 

and Simple Shoulder Test ([D]SST) scores. and performed two isokinetic protocols 

(abduction/adduction and external/internal rotation) at 60°/second. Minimum fol-

lowup was four months (average, 23 months; range, 4-63 months).

RESULTS: Twenty-three patients (24 shoulders; 13 primary, 11 revisions) were able 

to perform at least one of the defined tasks. Mean abduction/adduction torques 

were 15 ± 7 Nm and 16 ± 10 Nm (19%-78% of normal shoulders). External/internal 

rotation tasks could only be performed by 13 patients (14 shoulders; nine primary, 

five revisions) generating 9 ± 4 Nm and 8 ± 3 Nm, respectively (13%-71% of normal 

shoulders). We found moderate correlations between Constant-Murley, DASH and 

(D)SST scores and abduction and external rotation.

CONCLUSIONS: Patients with a reverse prosthesis had reduced strength when 

compared with normal values from the literature (only 65% of patients could per-

form the protocol). This effect was greatest for external rotation and might explain 

clinical outcomes with which a moderately strong relationship was observed. It is 

likely limited strength is a major factor in reduced ROM.
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introduCtion

The reverse shoulder prosthesis represents one surgical option for cuff tear ar-

thropathy and shoulder pseudoparalysis resulting from a massive cuff tear, severe 

fractures, prosthetic revision, and tumor surgery 5. Owing to the mechanical advan-

tage of a medialized center of rotation, the reverse shoulder prosthesis offers a 

potentially valuable surgical option and has become an alternative in situations in 

which the rotator cuff and/or the proximal humerus are destroyed or absent 5 with 

postoperatively a satisfying reduction of pain 12,31.

However, because of the wide variation in published values for active elevation 

following reverse shoulder replacement (ranging from 88° up to 138° 3,36), the 

degree to which this prosthesis restores arm strength is not fully defined. We pre-

viously found a better passive than active ROM 3 and presumed that the limited 

glenohumeral motion of the reverse prosthesis resulted from a lack of joint torque 

generation rather than a structural limitation caused by the prosthetic design.

Shoulder strength has mostly been evaluated using rather subjective methods 

such as the traditional manual muscle testing and handheld dynamometry, which 

mainly focus on isometric muscle strength. The strength measure in the Constant-

Murley score 8,9 is also isometric. Because most functional activities are dynamic, 

evaluating isokinetic shoulder strength may be more appropriate when relating 

strength to functional performance and clinical outcome. However, data for iso-

kinetic strength measurements around the shoulder are only available for normal 

healthy subjects 7, patients after open fixation of glenoid rim fractures 33, open 1,10 

and arthroscopic anterior stabilization 15,21, rotator cuff surgery 4,11,14,34,43, with adhe-

sive capsulitis 26,27,41, subacromial impingement 16,24,30, and pectoralis major muscle 

rupture 17, but not for patients with a reverse shoulder prosthesis.

We therefore (1) determined joint torques in patients with a reverse shoulder 

prosthesis and (2) determined whether force-generating capacity correlates with 

functional scores.

materials and methods

Between May 2000 and September 2007, we treated 45 patients (total of 49 shoul-

ders) with a reverse shoulder prosthesis (Tornier®; Edina, MN, USA). Of these, 33, 

19 female and 14 male, volunteered to participate in this study. Ten patients had 

been operated on the left side, 19 on the right side, and four on both sides (total of 

37 shoulders). In 21 patients, the indication for the reverse prosthesis was cuff tear 

arthropathy and in 16 patients the indication was a revision after a failed primary 
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placed hemi- or total shoulder prosthesis. The average time between surgery and 

measurement was 23 ± 14 months (range, 4-63 months). Mean age of the patients 

was 72 ± 8 years (range, 58-85 years). The minimum clinical followup was 4 months 

(mean, 23 months; range, 4-63 months). The institutional ethics committee ap-

proved the research protocol and all patients gave their written informed consent 

before the experiment.

All patients were operated on under general anesthesia with an interscalene 

nerve block in the beach-chair position. We used a standard deltopectoral ap-

proach in all patients. All glenoid components had been placed inferior on the 

glenoid surface with no inferior or superior inclination. Thirty patients had a 36-mm 

implanted and seven had a 42-mm sphere diameter. The humeral components had 

all been placed in 10° to 20° of retroversion and in 32 patients, the teres minor 

muscle was still intact.

Postoperative management was the same for all patients, consisting of a sling 

and passive ROM exercises for 6 weeks. After 6 weeks, active assisted ROM ex-

ercises were started and at 3 months, strengthening exercises were added to the 

rehabilitation program.

Shoulder strength was measured with an isokinetic dynamometer, which provides 

constant velocity with accommodating resistance throughout a joint’s ROM. This 

resistance is provided using an electric or hydraulic servo-controlled mechanism 

at a user-defined constant velocity 13. Two isokinetic protocols were performed to 

measure the strength of the subjects’ shoulder muscles on the operated side using 

the Biodex System 3 Pro dynamometer (Biodex Medical Systems, New York, NY, 

USA). These protocols consisted of an abduction and adduction task and an external 

and internal rotation task with the arm in 60° of abduction in a sitting position with 

securing bands around the subject’s chest and pelvis. For the abduction and adduc-

tion task, the chair was rotated 75° around the vertical axis with the dynamometer in 

neutral position and 10° tilted. For the external and internal rotation task, the chair 

was in the neutral position with the dynamometer rotated 20° and 50° tilted. After 

one session of the abduction/adduction or the external/internal rotation task, the 

subject had a 60-second recovery time after which the same task was repeated. All 

tasks were repeated five times at 60°/second with a minimum standard threshold 

of 15°/second to start the measurements defined by the Biodex System. For each 

motion, the average maximal torque (Nm) was determined over the two sessions. 

The subjects were instructed and encouraged to reach the highest possible force 

level during these tasks. Negative axial rotation was defined as external rotation 

and positive axial rotation as internal rotation.

Codine et al 7 reported a systematic review of the literature on isokinetic strength 

of the shoulder until 2005. We used PubMed to identify other papers providing 
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data on normal shoulder torque values from 2005 and onward 2,20,37,42. From those 

studies we took the abduction-adduction and/or external-internal rotation torque 

values for 60°/second or lower and combined those to make comparison with our 

obtained data possible (Table 1).

Table 1. Maximum generated force in Nm of our data compared with the literature at similar or 
lower velocities.

Author Subject Age 
mean

Dominance 
or Side

Velocity Abduction Adduction External 
Rotation

Internal 
Rotation

Ambrosio2 M and F
Wheelchair 

users

43 60°/s 50.0 42.5 28.2 32.3

Codine6 M 
Volunteers

26 D 60°/s 39.8 56.4

ND 42.7 56.2

M
Runners

23 D 60°/s 44.6 57.2

ND 45.8 54.7

M
Tennis 
players

26 D 60°/s 39.0 57.3

ND 40.1 54.0

M Baseball 
players

20 D 60°/s 39.9 65.3

ND 39.8 55.5

Greenfield19 M and F 25 60°/s 14.1 15.4

Harbo20 M 
Volunteers

53 60°/s 59.5 83.1

F 
Volunteers

52 60°/s 37.4 45.7

Ivey22 M 36 60°/s 37.5 61.0 21.8 33.2

F 26 60°/s 19.5 34.2 13.0 17.9

Sirota35 M Baseball 
players

24 D 60°/s 48.8 51.6

ND 44.2 52.3

Stickley37 F Volleyball 
athletes

13 60°/s 16.8 22.3

Tis39 F 25 D 60°/s 24.7 23.3

ND 24.7 21.2

Verney42 M
Volunteers

73 60°/s 46.0

30°/s 50.0
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For clinical evaluation, we obtained pre- and postoperative (absolute and rela-

tive) Constant-Murley scores 8,9, postoperative DASH score 23, and the (D)SST (D = 

Dutch translation) 23,40. The absolute Constant-Murley score assesses the overall 

shoulder function and has a maximum score of 100 points. The relative Constant-

Murley score is corrected for the age- and sex-related decline in force-generating 

capacity 46. It is expressed as a percentage of the respective reference values. The 

DASH is a 30-item questionnaire that evaluates functional disability in everyday ac-

tivities, work, and sports. It includes symptoms, physical, social, and psychological 

function. A DASH score of 0 indicates good shoulder function, or no disability, and 

the maximum score of 100 indicates no function at all. The (D)SST is a questionnaire 

consisting of 13 yes/no questions including subjective items and items that require 

patients to complete a physical exercise. It evaluates shoulder function in daily 

activities and a maximum score of 13 indicates good shoulder function.

We used a t-test to determine the difference in mean maximum generated 

torque at 60°/second between primary and revision cases. For this same group, the 

effect size was determined by calculating the Cohen’s d. The relationship between 

the clinical outcome scores (Constant-Murley, DASH, and [D]SST) and strength data 

was evaluated on the basis of a Pearson product-moment correlation.

Table 1. (Continued)

Author Subject Age 
mean

Dominance 
or Side

Velocity Abduction Adduction External 
Rotation

Internal 
Rotation

McMaster28,29 M
Water polo 

players

26 Right 30°/s 51.8 99.1 38.2 65.9

Left 49.4 92.7 34.8 57.8

M 
Swimming 
athletes

20 Right 30°/s 48.1 99.1 33.7 66.8

Left 48.6 102.2 31.8 55.9

M 
Volunteers

22 Right 30°/s 35.3 54.0 29.1 39.9

Left 38.2 52.7 28.1 36.8

Otis32 M 26 D 48°/s 49.6 26.6 42.2

ND 46.4 26.6 38.0

Current study M and F 
Reverse 
shoulder 

prosthesis

72 60°/s 15.2 16.1 9.3 8.2

M = male; F = female; D = dominant; ND = nondominant
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results

Only 23 patients (24 shoulders; 13 primary and 11 revisions) were able to generate 

sufficient velocity to perform the test, resulting in a mean abduction torque of 15.2 

± 6.6 Nm for the whole group with no substantially better value for the primary 

prostheses compared with the revision cases (Table 2). For the external and internal 

rotation torques, these values varied between 13% and 71%. We found similar 

torque values for adduction with also no major difference between primary and 

revision cases. The external and internal rotation tasks could only be performed 

by 13 patients (14 shoulders; nine primary, five revisions). Mean external rotation 

torque was 9.3 ± 4.4 Nm for the whole group with no major differences between 

the primary and revision groups. Internal rotation force tended to be higher (p 

= 0.07) in primary prostheses with a torque of 8.2 ± 2.6 Nm for the whole group 

(Table 2). Compared with normal healthy subjects (Table 1) patients with a reverse 

prosthesis who could generate sufficient force to perform the tasks had an abduc-

tion and adduction torque of 19% to 78% of that of a normal shoulder at a velocity 

of 60°/second.

Table 2. Mean maximum generated force (Nm) and SD at 60° per second for the whole group.

Maximum 
Torque at 60°/s

All Shoulders
(N=24)

Primary
(N=13)

Revision
(N=11)

p-value
primary vs 

revision

Cohen’s d 
primary vs 

revision

Abduction 15.2±6.6 16.3±5.6 13.4±7.6 p= 0.30 d=0.43

Adduction 16.1±10.0 20.4±11.8 11.8±6.0 p=0.11 d=0.92

(N=14) (N=9) (N=5)

External 
rotation

9.3±4.4 9.3±4.7 7.9±4.0 p=0.58 d=0.32

Internal
rotation

8.2±2.6 9.2±2.1 6.0±2.5 p=0.07 d=1.38

(D)SST = Dutch translation of the Simple Shoulder Test

We found a correlation between the postoperative Constant-Murley score and 

the abduction and external rotation torques (Fig 1). Similar correlations were found 

for the DASH score and (D)SST (Table 3) with the maximum torque values at 60°/

second. There was no major correlation for the adduction and internal rotation 

motions. (An overview of all the clinical outcome scores of the whole group, the 

primary and the revision cases, can be found in Table 4.)
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Figure. 1 Pearson’s correlation between the maximal abduction and external rotation torque at 
60°/second and the postoperative Constant-Murley score demonstrating a correlation between 
the force-generating capacity of patients with a reverse shoulder prosthesis and their postopera-
tive Constant-Murley score for abduction and external rotation.

Table 3. Pearson’s correlation between maximum torque at 60° per second and the postoperative 
Constant-Murley score, DASH, and (D)SST.

Maximum Torque at 60°/s Constant-Murley 
score

DASH (D)SST

Abduction 0.507
p=0.014

−0.572
p=0.004

0.519
p=0.011

Adduction 0.393
p=0.183

−0.319
p=0.29

0.408
p=0.166

External rotation 0.614
p=0.026

−0.531
p=0.062

0.600
p=0.03

Internal rotation 0.441
p=0.216

−0.498
p=0.205

0.455
p=0.206

(D)SST = Dutch translation of the Simple Shoulder Test
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disCussion

The reverse shoulder prosthesis provides a surgical option for conditions such as cuff 

tear arthropathy, shoulder pseudoparalysis resulting from massive cuff tear, severe 

fractures, prosthetic revision, and tumor surgery 5 with generally satisfying postop-

erative results 12,31. However, the contribution of this prosthesis to restoration of arm 

function is less clear. Previous research 3 suggests the limited glenohumeral motion 

of the reverse prosthesis seems to be the result of a lack of joint torque generation 

rather than a structural limitation caused by the prosthetic design. Therefore, the 

evaluation of isokinetic shoulder strength after reverse shoulder replacement may 

be of interest in modeling dynamic upper extremity function, particularly where 

comparative data is not currently available for this clinical scenario. We therefore 

(1) determined joint torques in patients with a reverse shoulder prosthesis and (2) 

determined whether force-generating capacity correlates with functional scores.

We note limitations to our study. First is the lack of proper control data. Ideally 

a comparison would be made with an age-matched control group without cuff 

pathology. However, with a prevalence of 31% of asymptomatic cuff tears in indi-

viduals between 70 and 79 years old 38 and a prevalence of 51% in individuals older 

than 80 years 38 this is hardly feasible. Another possibility would be to compare the 

outcomes with the contralateral side in the same patient. However, cuff pathology 

in the contralateral shoulder is not uncommon, demonstrated by Yamaguchi et al 45 

in their demographic and morphological study on rotator cuff disease. The average 

age for patients with a bilateral cuff tear in their group was 67.8 years and logistic 

Table 4. Constant-Murley scores, relative Constant-Murley scores, DASH scores, and (D)SST.

Scores All Shoulders Primary Revision

Constant
pre-operative

24 ± 11 (5-47) 28 ± 9 (13-47) 20 ± 12 (5-47)

Constant
post-operative

50 ± 21 (8-87) 59 ± 20 (8-87) 38 ± 18 (11-73)

Relative 
Constant

pre-operative

33% ± 17% (7-71) 38% ± 14% (19-68) 27% ± 18% (7-71)

Relative 
Constant

post-operative

70% ± 31% (9-124) 83% ± 30% (9-124) 53% ± 22% (14-92)

DASH
post-operative

43.9 ± 25.6 (1.7-84.2) 31.5 ± 24.4 (1.7-77.5) 60.3 ± 17.1 (31.2-84.2)

(D)SST
post-operative

7 ± 4 (0-13) 8 ± 4 (0-13) 4 ± 3 (1-10)

(D)SST = Dutch translation of the Simple Shoulder Test
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regression analysis indicated a 50% likelihood of a bilateral tear after the age of 66 

years. Furthermore, patients with a full-thickness symptomatic tear had a 35.5% 

prevalence of a full-thickness tear on the contralateral side. In our patient popula-

tion, 12% already had a reverse prosthesis on both sides, showing that our patient 

group was not suitable for using the contralateral side as a comparison. Second is 

the broad range of our followup for the force measurements and clinical outcome 

scores. Ideally the measurements would have been performed at the same time 

point postoperatively for every patient with a minimum followup of 1 year. This is 

especially true for the clinical outcome scores, because they require time to stabi-

lize. However, our testing facilities do not allow us to measure at any given time 

and we therefore needed to cluster groups of patients, leading to this variability in 

followup. We also believe the clinical outcome scores need to be measured at the 

same time as the force measurements are performed to make reliable correlations 

between those two parameters.

Trying to place our obtained torque values (Table 2) in perspective, we compared 

our data with those of normal healthy subjects (Table 1). From this comparison we 

can conclude that patients with a reverse prosthesis who can generate sufficient 

force to perform the tasks have an abduction and adduction torque of 19% to 78% 

of that of a normal shoulder at a velocity of 60°/second For the external and internal 

rotation torques, these values vary between 13% and 71%. However, those normal 

values are retrieved from younger subjects than our group of patients and in most 

series they contain groups of athletes. If we compare our data with the only age-

related series of Verney et al 42, our patients have an abduction torque of 33% of that 

of 10 male elderly volunteers. It is not clear what causes this relatively low abduction 

torque. From the total of 37 shoulders, only 23 patients (24 shoulders) could gener-

ate enough force to perform the abduction and adduction tasks and for the external 

and internal rotation, the number of patients is even lower (Table 2). The difference 

between those two tasks can be explained by the changed biomechanics caused 

by the reverse shoulder prosthesis. By displacing the center of rotation medially, 

more fibers of the anterior and posterior part of the deltoid muscle are recruited 

for anteflexion or abduction of the arm and therefore fewer fibers are available to 

internally or externally rotate the arm 5. Our study group included patients with 

primary implantations and those implanted at revision. In revision surgery with a 

reverse prosthesis, the improvement of function is reportedly only to approximately 

70° of active elevation 25 with a higher complication rate 44 than primary surgery. 

Therefore, we expected to find a difference in force-generating capacity between 

the two groups (Table 2) in favor of the primary prosthesis. However, this could not 

be confirmed for the abduction and adduction tasks, because 62% of the primary 

cases and 69% of the revisions were able to generate enough force. For the inter-



Are shoulders with a reverse shoulder prosthesis strong enough? A pilot study 131

nal and external rotation tasks, it was 43% and 31%, respectively, confirming our 

expectation and explained by the previously mentioned change of biomechanics 

after a reverse prosthesis. Isokinetic strength measurement can be performed at 

a variety of different velocities, reported in the literature ranging from 30°/second 

to 300°/second 7. Torque needs to increase to successfully perform a certain task at 

higher speeds. Because the physiological changes at older age lead to a decline in 

force-generating capacity and the reverse shoulder prosthesis is mainly implanted 

in patients with a mean age of 72 years 18,36, similar to the average age of the par-

ticipants in our study, we decided to apply a relatively low velocity of 60°/second. 

Considering our data and the number of patients unable to perform the tests (Table 

2), it appears that even 60°/second is too high for most of the patients with a reverse 

prosthesis. It is therefore postulated that future research investigating force produc-

tion of this patient population should incorporate velocities lower than 60°/second.

Impaired shoulder strength is likely one of the causes of active ROM limitations. 

The correlations we found between clinical outcome scores (Constant-Murley, 

DASH, and [D]SST) and the abduction and external rotation torque values (Table 3) 

support this contention. Functional outcome is probably not determined by simple 

ROM ranges alone, but also by the actual capacity for material handling in elevated 

and axially rotated arm positions. For example, it can be expected that patients 

who have good anteflexion or abduction with limited external rotation strength 

define their functional outcome as poor. Therefore, it seems logical that greater 

external rotation torque provides a better functional outcome. Although our find-

ings support this notion, only 13 shoulders out of a total of 37 were actually able to 

generate enough force to perform the tasks at 60°/second. Testing under lighter 

conditions (30°/second) could have given us more data but would probably not 

have led to another observation.

ConClusion

In conclusion, patients with a reverse prosthesis were moderately to strongly lim-

ited in strength, which was the case for both abduction-adduction and even more 

for external-internal rotation. However, future isokinetic data collection in those 

patient groups should be performed at a lower velocity than 60°/second. Results 

for strength correlated with clinical outcome scores (Constant-Murley, DASH, and 

[D]SST) indicating moderately strong relationships and a moderate predictive value 

of those outcome scores. While it is likely that lower isokinetic shoulder strength 

in patients with joint arthroplasties is a major factor in reduced ROM, the actual 

causes of loss of strength would need to be identified in future studies.
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aBstraCt

BACKGROUND: Elderly patients often achieve pain relief and good elevation after 

reverse shoulder arthroplasty (RSA) for acute fracture treatment. However, tuber-

osity non-union, malunion, or resorption are not rare, and result in loss of active 

external rotation, and postoperative complications such as instability, infection or 

implant loosening.

HYPOTHESIS: Reattachment of the humeral tuberosities performed in combination 

with bone grafting would result in improved tuberosity healing, improved active 

shoulder rotation, and decrease complications.

METHODS: Forty-nine consecutive patients (50 shoulders) were enrolled in this 

prospective study. There were 45 females and 4 males; mean age was 80±4 years 

(range, 70-88). There were 41 displaced four-part and 9 three-part fractures. A 

cancellous bone grafting (harvested from the fractured head) was performed in 

all cases, and a specific “low profile” reverse-fracture stem (RSA-Fx) was used 

to facilitate tuberosity and graft placement. The technique was standardized for 

prosthesis positioning in height and retroversion and for tuberosity fixation. All 

patients underwent postoperative clinical examination and radiographic analysis; 

34 patients had a CT-scan. Mean follow-up was 32±8 months (24-59).

RESULTS: The tuberosity union rate was 88% (44/50); there were 5 tuberosity migra-

tions and 1 tuberosity resorption. The mean Constant scores was 64 ±15 points 

(31-91). Mean Subjective Shoulder Value (SSV) was 70 ±5% (50-90%). Mean active 

mobility was 131±29° (40-170°) anterior elevation, 24±14° (0-50°) external rotation, 

and 5±3 points (0-10) for internal rotation. Tuberosity healing around the prosthesis 

was associated with better active external rotation (p<0.001). At last follow-up, 

no prosthetic instability, infection or implant loosening were encountered, and no 

patient required further surgery.

CONCLUSION: In spite of advanced patient age (80±4 years) and poor bone quality 

(95% women), tuberosity healing can be achieved successfully by reattachment of 

the tuberosities and bone grafting around a specific reverse-fracture stem. Tuberos-

ity healing (i.e., partial rotator cuff reconstruction) is critical for achieving external 

rotation strength and decreasing complications in RSA for fractures.
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introduCtion

The incidence of proximal humeral fractures (PHFs) in the elderly is increasing, and 

most occur as the result of low energy falls, usually in their home.11,14,20 In displaced 

or dislocated 3- and 4-part fractures, when the chances of humeral head survival are 

clearly compromised, a shoulder replacement is usually indicated.2,7,22 The results of 

hemiarthroplasty (HA) for displaced 3 and 4-part PHFs in the elderly patients, older 

than 70 years, have been unreliable.2,22 This has been attributed to poor tuberosity 

healing, associated co-morbidities, and inability to comply with rehabilitation.24 

Complex PHFs in the elderly population may, if managed poorly, result in a loss 

of functional independence, particularly if the dominant side has been affected.11

The reverse shoulder arthroplasty (RSA), originally designed to treat shoulder 

pseudoparalysis associated with cuff tear arthropathy3,6,19 has been proposed 

more recently to treat displaced 3 and 4-part PHFs in the elderly popula-

tion.8-11,13,17,21,23-25,28,30-33,35 The published results of the RSA in the setting of acute 

fractures have demonstrated that, regardless of tuberosity healing, more reproduc-

ible results could be obtained with satisfactory active elevation of the arm post-

operatively.21,31,32 However, preliminary data have suggested that restoration of 

external rotation strength was rarely achieved because of the high rate of tuberosity 

mal-union, migration or resorption (up to 50%).8-11,13,17 Furthermore, in the absence 

of tuberosity reattachment or in case of tuberosity malunion, migration or resorp-

tion, the absence of bone and cuff tendons around the proximal part of the stem 

has been found to be associated with severe complications, such as instability (up 

to 11%), infection and implant loosening.8-11,13,17

Although desirable, achieving tuberosity healing in elderly patients, with poor 

bone quality and decreased healing capacities, remains challenging. In HA for frac-

tures, it has been shown that conventional, bulky prostheses preclude anatomical 

positioning of the fractured greater tuberosity and act as a barrier for tuberosity 

healing.2,6,7 In a previous series evaluating the results of HA for fractures, we have 

found that the use of a specific fracture-stem allows to improve (by twice) the rate 

of tuberosity healing compared to a conventional stem.2,7 Based on the improved 

clinical and anatomical outcomes observed using this device, similar design prin-

ciples were applied in developing a novel reverse geometry humeral component 

for implantation in the setting of acute PHFs. This “low profile” reverse shoulder 

arthroplasty for fracture (RSA-Fx) has been designed to facilitate the anatomical 

(lateral) positioning of the greater tuberosity (GT), accommodate proximal bone 

grafting (from the fractured humeral head), and enhance tuberosity fixation. Though 

the chances of tuberosity healing should be theoretically better with the use of such 

a specific reverse-fracture stem, this needs to be proven.
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The purpose of this study is to evaluate the mid-term outcomes (minimum two 

years follow-up) following implantation of this novel reverse-fracture stem in pa-

tients over 70 years of age, with displaced 3 and 4-part PHFs. We hypothesized that 

the reattachment of the humeral tuberosities, performed in combination with bone 

grafting around such a reverse-fracture stem would result in improved tuberosity 

healing, improved active shoulder rotation, and decrease rate of complications.

materials and methods

Study Design

A prospective multi-centre cohort study was performed. The inclusion criteria were 

displaced or dislocated acute 3- and 4-part fractures according the Neer classi-

fication26,27 occurring in patients 70 years of age or older, and treated using the 

specific reverse-fracture stem with a minimum clinical and radiological follow-up of 

24 months. The exclusion criteria were local or systemic infections and axillary nerve 

palsy as evaluated by pre-operative clinical examination; both of which represent 

clear contraindications to implantation of any shoulder prosthesis. Patients with 

fracture sequelae (fractures older than 6 weeks), failed previous ORIF or failed 

previous HA for fractures were excluded. Finally, patients unable to return for a 

clinical and radiological examination, and those with less than two years follow-up 

were excluded.

Patient Population

From July 2008 to April 2011, 76 consecutive patients (77 shoulders) of 70 years 

of age or older received a reverse-fracture shoulder arthroplasty (RSA-Fx) for the 

treatment of a displaced or dislocated 3 or 4-part PHF. Six patients were lost to 

follow-up and five were too frail to come back for a follow-up visit; sixteen (24%) 

died in the first two year from causes unrelated to their shoulder surgery. This leaves 

forty-nine patients (50 shoulders) who met the inclusion criteria. There were 45 

females (92%) and 4 males. The mean age of the patients at surgery was 80±4 

years (range, 70-88). The interval between injury and surgery averaged 7±5 days 

(range, 0-23). The dominant side was involved in 24 cases (48%). According to the 

Neer classification, the fracture was four-part in 41 cases, and three-part in 9 cases. 

Comorbidities, which possibly could influence the surgical results, were noted in 9 

cases: Diabetes Mellitus (N=5) and Parkinson’s or Alzheimer disease (N=4).
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Implant Design

A specific reverse-fracture stem (Aequalis™ RSA-Fx, Tornier, Edina, MN, USA), 

USA) was used in all cases. The design modifications of the reverse-fracture stem 

compared with the conventional reverse stem are as follows (Figure 1A) : (1) it has a 

‘‘low-profile’’ and medialized design, which allows more room for anatomic (lateral) 

placement of the greater tuberosity (GT) and for additional (lateral) bone grafting; 

(2) it has less metal at the neck level with a window for placement of a second 

cancellous bone graft harvested from the fractured head; and (3) it has a neck which 

is smooth an polished medially (to prevent abrasion and breakage of the suture cer-

clages), and it is hydroxyapatite (HA) coated laterally to allow for osseointegration. 

The reverse-fracture stem is a bone-preserving implant, which is a monobloc and 

universal (It can accommodate either a 36mm or a 42mm polyethylene cup depend-

ing upon the selected glenosphere diameter). The humeral PE cup is available in 

three thicknesses: 6, 9 and 12mm. The baseplate and glenospheres are the same as 

used in the standard Aequalis™ Reverse prosthesis. The glenoid baseplate is 29mm 

in diameter and has a standard peg length of 15mm. A baseplate with a longer 

peg (25mm) is available and can be used to enhance fixation in cases of associated 

glenoid fracture. The glenosphere is 36mm or 42mm in diameter and medialized. 

Lateralized glenospheres (+4mm) are available, but were not used in this series. The 

instrumentation includes a version rod and a sliding ruler enabling the restoration of 

humeral retroversion and length respectively (Figure 1B, C).

Surgical Procedure

All the procedures were performed or directly supervised by senior shoulder sur-

geons using (1) the same reverse-fracture stem specifically designed for fracture, (2) 

a specific instrumentation for implant positioning in height and retroversion, and (3) 

a standardized technique for tuberosity fixation.

Patients were operated in the beach-chair position. A superior transdeltoid 

approach was performed in 41 cases and a deltopectoral approach in 9 cases. 

In the superior transdeltoid approach a small sliver of bone was detached with 

the anterior deltoid (anterior acromiotomy) to facilitate later reattachment of the 

anterior deltoid. The bursa and haematoma were evacuated and the supraspinatus 

tendon was excised. The long head of the biceps (LHB) tendon was tenodesed 

in its groove using a suture passed through the transverse humeral ligament or 

at the level of the pectoralis major tendon. The intra-articular portion of the LHB 

was resected. The humeral head fragment was removed and the cancellous bone 

from the head was harvested on the back table for later bone grafting. A special 

instrument was used to harvest two shaped cancellous bone grafts: one graft was 

placed inside the fenestration of the prosthesis and the other one between the GT 
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fragment and the fi n of the prosthesis at the time of tuberosity repair. Six heavy, 

nonabsorbable double sutures (NiceLoops™; Tornier, Edina, MN, USA) were used 

for tuberosity fi xation: two were placed in the infraspinatus, two in the teres minor, 

a B

C
Figure 1. The Reversed-fracture stem (Aequalis™ RSA-Fx, Tornier, USA) with a shaped cancellous 
bone graft (harvested from the fractured humeral head) inserted inside the fenestration (A); the 
version rod is aligned with the forearm to restore humeral retroversion (B), and the sliding ruler 
is measuring the height of the prosthesis in relation to the length of the GT fragment in order to 
restore humeral length (C)
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and two in the diaphysis after two drill holes had been made on the lateral aspect 

of the humerus.

After careful retraction of the tuberosities, the glenoid preparation started with 

a circumferential capsulotomy, allowing the placement of three forked retractors 

(one anterior, posterior, and inferior). The inferior retractor was used to depress the 

humeral shaft, thus providing a clear unobstructed view of the glenoid surface. A 

glenoid guide, placed flush to the inferior glenoid rim, was used to direct a threaded 

guide wire into the glenoid with 10° of inferior tilt. Reaming of the glenoid surface 

was performed with a cannulated reamer inserted over the guide wire. An 8mm 

central hole for the glenoid peg was then drilled. The baseplate was impacted and 

secured in place with four screws (two compression and two locking). The defini-

tive glenosphere was impacted and fixed to the metaglene via a morse taper and 

countersunk set screw. The selected diameter of the glenosphere depended upon 

the size of the patient: while a 36 mm diameter glenosphere was usually used in 

females and smaller patients, the 42 mm was preferred in larger men.

Humeral reaming was performed with the arm in adduction and external rotation 

and in an extended position. The diameter of the last broach corresponded to the 

diameter of the chosen stem. The trial implant, attached to the jig, was introduced 

inside the medullary canal and a 6mm trial PE cup was put in place. After reduction 

of the trial prosthesis inside the joint, the position of the implant, as well as the 

position of the GT in the vertical and horizontal planes, was checked with the arm in 

neutral position. The GT fragment was pulled laterally using a grasper. The retrover-

sion was chosen arbitrarily at 20° from the transepicondylar axis (30° relative to the 

forearm axis) by aligning the version rod to the forearm (Figure 1B). The prosthetic 

height was chosen according to the reduction of the GT: the optimal prosthetic 

height was achieved when the summit of the prosthesis (i.e., the metallic cup) was 

positioned at the level or just above the reduced GT. Once the right height has 

been determined, the sliding ruler was used to reproduce the height of the defini-

tive prosthesis later on (Figure 1C).

If the verification was correct, the definitive implant, with a shaped cancellous 

graft in the fenestration (Figure 1A), was placed on the fracture jig and cemented 

distally in the humeral diaphysis. The excess cement at the proximal part of the 

diaphysis was removed and replaced by small chips of cancellous bone graft har-

vested from the fractured humeral head. The PE cup of desired thickness was then 

impacted onto the humeral stem. If the humeral stem has been implanted at the 

right height (i.e. with the metallic cup above the greater tuberosity), a 6mm PE cup 

was chosen, as this was usually sufficient to obtain appropriate deltoid tension-

ing and prosthetic stability. Before reduction of the implant, the four horizontal 

sutures were passed around the neck of the prosthesis in one step, using the so-
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called ‘’lasso maneuver’’. The GT was reduced again, by pulling laterally the bone 

fragment with a grasper, while the arm was brought in external rotation. At this 

stage, the second shaped cancellous bone grafts (also harvested from the fractured 

humeral head fragment), was added and interposed laterally between the GT and 

the fin of the prosthesis.

The technique of tuberosity fixation was identical to that previously described for 

hemiarthroplasty treatment of acute fractures.4,5 Secure fixation of the tuberosities 

was standardized by the use of a special suture configuration with 4 horizontal 

cerclages and 2 vertical tension-band sutures2,7 (Figure 2A,B).The slight modifica-

tions of the original technique were that: (1) double looped sutures (instead of 

simple sutures) were used in order to reinforce the construct (NiceLoops™; Tornier, 

Edina, MN, USA), and (2) the sutures were tied with a particular sliding-locking 

knot: ‘‘the Nice knot’’. The fixation was made in 3 steps: (1) reattachment of the GT 

with 2 horizontal cerclages, (2) reattachment of the LT and GT together by use of 

2 other horizontal cerclages, and (3) neutralization of the construct with 2 vertical 

tension-band sutures (one for the LT and on for the GT). The 4 horizontal cerclages 

were passed through the tendons and around the neck of the stem (Figure 2B). 

They were tightened with the arm in neutral rotation and after reducing the GT 

over the lateral part of the stem. Following tuberosity fixation, the range of motion, 

stability, and soft tissue tension were evaluated. The anterior deltoid was securely 

reattached to the acromion using absorbable transosseous sutures (Looped PDS, 

Johnson & Johnson, USA). Wound closure was performed without draining.

a B

Figure 2. Two double sutures (of different colours) are passed though the inraspinatus and two oth-
ers through the teres minor to perform 4 horizontal cerclages (A); final intra-operative aspect with 
the four horizontal cerclages and the two vertical tension-band sutures (B). Notice that the prosthe-
sis is at the right height with the metallic cup sitting slightly above the reduced greater tuberosity
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Postoperative care

At the end of the procedure, the arm was rested in a sling. To avoid undue tension 

on the tuberosity and deltoid repair a brace in neutral rotation and slight abduc-

tion was usually preferred. The patient was discharged from hospital two or three 

days following surgery. The sling was maintained for four weeks. Self-directed 

rehabilitation with pendulum exercises was started immediately (5 times a day, 5 

minutes each session). The patient was encouraged to use his hand immediately 

for activities of daily living such as eating, drinking, holding a newspaper or a book 

to read, dressing, etc. After four weeks, formal rehabilitation with a physiotherapist 

was commenced. Aquatherapy was recommended. No heavy lifting was allowed 

until 12 weeks post-operatively, in order to ensure that solid bony union of the tu-

berosities had been obtained. Return to all types of activities, including gardening 

or leisure sports (swimming, golfing), was allowed at 3 to 6 months postoperatively.

Outcome Assessment

All patients were prospectively evaluated at 3, 6, 12, and 24 months following 

surgery, and then yearly thereafter. Active mobility was assessed by measuring 

active forward elevation, internal and external rotation. Pain was measured on a 

Visual Analogue Scale (VAS) from 0 to 10 (0 is best). Shoulder function was assessed 

using the Constant scoring system and the Subjective Shoulder Value (SSV).15,16,18 

The adjusted Constant score was calculated as a percentage of the normal refer-

ence values matched for age and gender. The overall subjective outcomes were 

evaluated using a four grade scale (very dissatisfied, satisfied, disapointed, very 

disappointed). The mean follow-up was 32±8 months (range, 24-59).

Routine post-operative radiographs performed at each outpatient visits included 

anterior/posterior and lateral radiographs of the operated shoulder. The bone graft 

and tuberosity healing was analyzed using radiographs and CT-scans (performed at 

least 6 months following surgery) in 34 patients. We used the same radiologic crite-

ria that we previously used for tuberosity union in hemiarthroplasty.2,7 Radiographs 

were also analyzed for evidence of radiolucent lines around the components, 

inferior scapular notching, and inferior ossification (inferior spurs). Inferior scapular 

notching was evaluated and graded according to the Nerot-Sirveaux classification 

system.31,32

Statistical Analysis

Statistical analysis was performed with MedCalc software 11.0 (MedCalc Soft-

ware, Mariakerke, Belgium). The distribution of our data was analysed with the 

d’Agostino-Pearson test. Because of the small sample size a non-parametric test 

(Mann-Whitney) was used to determine the differences in clinical outcome and 
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active ROM between the greater tuberosity anatomical healing group and greater 

tuberosity migration/resorption group (Table 2). Significance level was set at 0.05.

results

Clinical Results

The functional outcome, evaluated in the 49 patients (50 shoulders), is summarized 

in Table 1. Independence in performing the activities of daily living (ADLs) was 

achieved in all cases. At the last follow-up, 94% of patients (47/50) were satisfied or 

very satisfied with the results of the procedure. Three patients were disappointed; 

no patient was unsatisfied.

Radiological Results

Forty-four shoulders (88%) showed complete radiographic greater tuberosity heal-

ing (Figures 3 and 4), 5 cases demonstrated migration (Figure 5) and 1 resorption 

and osteolysis. The humeral bone graft in the medial window was present in 45 

shoulders (90%) and bone graft lysis was present in five. No radiolucent lines were 

observed around the humeral implant in 41 cases; 8 demonstrated partial lines and 

in one case a complete radiolucent line (<1mm) around the prosthesis was noted. 

However, the lines did not progress over time and no case of proximal humeral os-

teolysis or stem migration was encountered. Two cases of grade 1 inferior glenoid 

notching were identified, and in 18 patients, a glenoid spur formation was observed 

(14 small, 3 medium and 1 large spur).

Table 1. Functional results available for 49 patients (50 shoulders) with 24 months or more FU.

Constant Score

Pain  14 ± 3 (7-15)

Activity  16 ± 4 (9-20)

Mobility  27 ± 8 (12-40)

Strength   7 ± 5 (0-20)

Constant score  64 ± 15 (31-91)

Adjusted Constant score  93 ± 23% (45-142%)

Active Shoulder Mobility

Anterior Active elevation 131 ± 29° (40-170°)

Active External rotation  24 ± 14° (0-50°)

Active Internal rotation   5 ± 3 (0-10)

(Mean, SD and range)
(Active Internal rotation: Greater Trochanter =0; Bottom=2; Sacrum=4; L3=6; Th12=8; Th7-8=10)
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Table 2. Difference in functional results between Greater Tuberosity healing in the Anatomical 
Position AND Greater Tuberosity Migration/Resorption.

Greater Tuberosity
in Anatomical Position
(N=44)

GreaterTuberosity Migrated/
Resorbed
(N=6)

p-value
difference

Age 79 ± 4 (70-88) 81 ± 4 (78-88) NS

Constant Score

Pain 14 ± 2 (8-15) 12 ± 4 (7-15) NS

Activity 16 ± 4 (9-20) 17 ± 4 (11-20) NS

Mobility 27 ± 7 (12-40) 26 ± 12 (14-40) NS

Strength  7 ± 4 (0-20)  8 ± 6 (3-16) NS

Constant score 63 ± 15 (31-91) 64 ± 24 (37-91) NS

Adjusted Constant score 92 ± 22% (45-142%) 99 ± 30% (57-132%) NS

Active Shoulder Mobility

Anterior Active elevation 133 ± 28° (40-170°) 114 ± 33° (70-150°) p=0.21

Active External rotation  25 ± 13° (0-60°)  11 ± 13° (0-30°) p=0.01

Active Internal rotation   5 ± 3 (0-10)   6 ± 3 (2-10) NS

(Mean, SD and range)
(Active Internal rotation: Greater Trochanter =0; Bottom=2; Sacrum=4; L3=6; Th12=8; Th7-8=10

Figure 5. Example of a patient with partial tuberosity migration and bone lysis
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Functional Results According to Tuberosity Healing

The difference in functional results between the patients in whom the GT is healed 

in the anatomical position compared to, whom it is migrated, resorbed or non-

united, are summarized in Table 2. Patients who had tuberosity healing around 

the prosthesis in anatomical position had better active external rotation than those 

where it did not heal (p<0.001).

a B C

d e
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Complications & Reoperations

No prosthetic instability, infection or implant loosening were encountered, and no 

patient required further surgery. Two temporary complications occurred and both 

were treated medically: one patient had an haematoma along the upper limb, and 

another had a pulmonary embolism.

f

g

h i

Figure 3: Combined glenoid and 3-part proximal humeral fracture dislocation in a 76-year-
old patient. Preoperative X-ray (A); postoperative X-rays at 3 and 18 months follow-up (B, C); 
Postoperative CT-scan showing perfect tuberosity healing (D,E); excellent functional outcome at 
18 months follow-up (F–I).
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disCussion

The main advantage of the RSA (in comparison of HA) for the treatment of acute, 

displaced PHFs in the elderly, is that, even in the absence of tuberosity healing, the 

patient remains able to elevate or abduct the arm.8-11,13,17,21,23-25,28,30-33,35,36 However, 

in the absence of tuberosity healing around the RSA, external rotation strength 

and control of arm positioning in the space are compromised, thus making all ac-

tivities of daily living (ADLs) difficult, if not possible.6-9,11,15 Furthermore, instability, 

infection, and implant loosening are other problems encountered in RSA for the 

treatment of acute fractures when the tuberosities have not been reattached or 

did not heal around the proximal part of the stem.8-11,13,17,21,23-25,28,30-33,35,37 Thus, reat-

tachement and healing of the GT is of paramount importance, even in the setting of 

RSA performed for fracture, to restore external rotation strength and prevent those 

complications.1,35,37 Although desirable, achieving tuberosity healing in elderly 

patients (specifically women), who are more likely to have poor bone quality and 

decreased healing capacities, remains a challenge. This study was undertaken to 

investigate whether bone grafting around a specifically designed reverse-fracture 

stem (RSA-Fx), coupled with a standardized technique for tuberosity fixation, would 

facilitate tuberosity healing and improve results in displaced PHFs in an elderly 

population.

The data of the present study confirm our hypothesis: in the elderly patients with 

displaced PHFs treated with a RSA and bone grafting, successful tuberosity healing 

can be achieved and is associated with better active external rotation and decreased 

risk of postoperative complications. In spite of the advanced age of the patients of 

our series (average 80 ±4 years), their weakened physiology and significant osteo-

porosis (95% women), tuberosity healing was achieved in 88% of the cases (Figure 

3 and 4). This is, by far, superior to what has been reported in previous series with 

the use of conventional RSA without bone grafting, with up to 50% of tuberosity 

h i

Figure 4. Displaced 4-part valgus impacted proximal humeral fracture in a 75 yo woman with 
Parkinson disease. Pre and postoperative X-rays (A,B,C); pre and postoperative CT-scan images 
(D,E) Excellent functional outcomes at 24 months (F–I).
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non-union, migration or lysis.8-11,13,17,21,23-25,28,30-33,35 Our data suggest that the use of 

autograft (harvested from the fractured humeral head) together with standardized 

tuberosity suture repair, maximizes the potential for tuberosity healing in RSA for 

fractures. Levy and Badman, in a small series of 7 patients, have also emphasized the 

importance of performing a bone graft to improve the surface area for tuberosity 

healing; they reported 86% union rate, which is comparable to ours.24 In addition, 

it has been shown that GT that heals with any degree of posterior position has a 

smaller impingement-free arc of motion to external rotation and a decreased pulling 

vector.2,5,7,24 Thus, the use of a “low profile” reverse-fracture stem is, in our opinion, 

advantageous, as it allows anatomical (lateral) reduction of the GT. The outcomes of 

the present study compare favourably with most of those published in the literature 

using conventional reverse shoulder prostheses (Table 3).

Restoration of external rotation (ER) strength is, for the elderly patients, at least 

as important as active elevation for the accomplishment of their ADLs and main-

tenance of their functional independance.5,23,24,33 Thus, our data is suggesting that 

recovery of active ER is important, since we found significantly better ER in those 

cases where the tuberosities healed around the prosthesis. Our study confirms that 

the posterior rotator cuff muscles play a key role in the restoration of active external 

rotation, and that tuberosity non-union, malunion, and/or resorption will result in 

functional rotator cuff deficiency.1,7,24 These results confirm what we have already 

learned from our previous experience of the treatment of cuff tear arthritis with 

RSA: restoration of ER strength is dependent on the function of the ER muscles, 

and more specifically the teres minor muscle.1,35,37 In the absence of teres minor, 

functional results of RSA are significantly lower and patients are disappointed.1,35,37 

The absence of ER strength make them unable to control their arm position in space 

and struggle to accomplish simple tasks as eating, drinking, combing hair, etc.

In contrast to other series 8-11,13,17,21,29, no instability, infection, or implant loos-

ening were observed in our series, and no patient required further surgery. Our 

interpretation is that tuberosity reattachment and healing around the prosthesis, 

protects from some of the complications classically encountered with the use of the 

RSA in acute fractures. This is confirmed by some recent publications. Cazeneuve 

et al11, in a series of 30 fractures treated with a RSA without tuberosity reinsertion, 

reported a 40% rate of complications, including 2 instability, 2 implant loosening, 

1 infection, and 7 proximal humerus bone lysis. In another series, Cazeneuve and 

Cristofari reported that the principal complication was dislocation, with a rate of 

11%.11 Klein et al.21 reported 2 early infections and 2 dislocations in a series of 20 

fractures treated with a RSA where they exised the tuberosities. Gallinet et al.17 

comparing a group of patients with tuberosity healing in anatomic position versus a 

group without repair (with malunion or non-union of the tuberosities), reported two 
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Table 3. Functional results after reverse shoulder prosthesis published in the literature

Series, Year Nb of 
Patients

Mean 
age

FU
Months
(range)

AAE AER Constant 
Score
(range)

Adjusted
Constant
Score

Complications

TUBEROSITIES EXISION

Cazeneuve, 
20069

30 cases
75y

59 12/30 (40%): 2 instability; 1 
infection ;
1Glenoid loosening ; 7 Prox. Hum. 
Bone lysis ; 1 humeral loosening

Cazeneuve, 
200813

25/36
75y

72 mo 59 1 instability ; 1 infection ; 2 SDRA ;
1Glenoid loosening ; 6 Prox. Hum. 
Bone lysis

Cazeneuve, 
201110-12

30/41
75y

78 mo
(12-168)

53 4/30 (13%): 2 SDRA ; 1 infection ; 
1 dislocation
18 (60%) radiological evolutive 
and progressive images

Gallinet, 
200917

16 cases
74y

12 mo
(6-18)

98° 9° 53
(34-76)

1 deep & 1 superficial infection ;
1 SDRA,
5 radiolucent lines on humeral 
side without loosening

Klein, 200821 20 cases
75y

33 mo
(24-52)

122° 25° 67
(47-98)

1 dislocation ; 2 early infections

TUBEROSITIES RE-ATTACHMENT

Bufquin, 
20078

40 cases
78y

22 mo
(6-58)

97° 8° 44
(16-69)

66%
(25%-
97%)

11/40 (28%): 1 Glenoid & 1 
acromial fracture;
1 dislocation ; 1 deltoid rupture ;
5 transit. nerve palsy ; 3 SDRA

Sirveaux, 
200631

20 cases 79 mo 107° 10° 55
(31-73)

81%
(45%-
106%)

Reitman, 
201130

13 cases
70y

28 mo
(8-46)

125° 67
(45-77)

2 post injury axillary nerve palsies
1 post injury radial nerve palsy 
and 1 postoperative wound 
hematoma

Lenarz, 
201123

30 cases
77y

23 mo
(12-36)

138° 27° 1 patient with CRPS, DVT, and 
tuberosity resorption

Tisher, 
200833

1 case
79y

33 mo 150° 0° 61 88%

Valenti, 
201234

30 cases 23 mo 112° 13° 55

TUBEROSITIES RE-ATTACHMENT + BONE GRAFTING

Levy, 201124 7 cases
86y

14 mo
(12-23)

117° 19° 1 tuberosity nonunion and 
acromion fracture,
1 nonbridging heterotopic bone 
formation

Our series, 
2013

50 cases
80y

32 mo
(24-59)

131° 24° 64
(31-91)

93%
(45%-
142%)

1 haematoma and 1 pulmonary 
embolism

(AAE: Anterior Active Elevation; AER: Active External Rotation)



154 Chapter 8

infections and one anterior dislocation of the implant, all three complications in the 

group without tuberosity repair.

Based on the data of the present study and the review of the literature, we 

believe that there are, at least, five compelling reasons to reattach the tuberosities 

and obtain bone healing when performing a RSA for a displaced PHF in the elderly 

patient: (1) humeral length is restored and thus the deltoid is tensioned optimally, 

providing optimal strength in active elevation and joint stability; (2) the reattached 

posterior rotator cuff muscles allow to restore strength in external rotation, which is 

critical for ADLs in elderly patients and maintenance of functional independence; (3) 

joint stability is improved as a function of the reconstructed anterior and posterior 

soft tissue walls and restored humeral length; (4) the risk of infection is reduced 

as the peri-prosthetic dead-space is minimised and the surrounding soft tissues 

are better vascularised; and (5) the probability of humeral implant loosening are 

decreased since the fixation of the stem does not rely only on its distal part.

Our study has some limitations. First, there is no comparative group with a 

conventional RSA; this would have reinforced our findings. However, based on the 

better results observed in HA with the use of a specific fracture stem7, we found 

that it would not have been ethical to perform such a comparative study. Second, 

a possible potential bias is that some of the operating surgeons were implicated 

in the design of this novel implant. This is why, in order to minimize such a poten-

tial bias, we have ask other observers, not involved in the surgical treatment and 

without any personal interest, to assess the clinical and radiologic outcomes. Our 

study has some potential strengths, including its design, with a well-defined study 

population (only patients over 70 years) and a well-defined type of fracture (only 

displaced 3 and 4-part fractures). Although multicentric, surgeons have used the 

same specific instrumentation for accurate placement of the prosthesis in height 

and retroversion, as well as the same standardized suturing technique for secure 

reattachment of the tuberosities to the shaft, and, finally, the postoperative care 

was the same for all patients.

ConClusions

The data of the present study allow us to conclude that: (1) Despite advanced age 

and potential osteopenia of the patients undergoing a RSA for acute fracture, 

successful tuberosity union can be expected if systematic bone grafting and a 

standardized technique of reattachment of the bone fragments is performed. The 

use of a specific “low profile” reverse-fracture stem, by allowing ample bone graft-

ing and more anatomical placement of the GT, is helpful to reduce the chance of 
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tuberosity non-union, malunion, or resorption; (2) Tuberosity healing around the re-

verse prosthesis (by restoring optimal rotator cuff function) is associated with better 

active external rotation, which is critical to perform ADLs and maintain functional 

independence for the elderly patients; (3) Successful tuberosity repair and healing 

provides a vascularized bone and soft tissue envelope around the reverse pros-

thesis, which contributes to greater stability of the implant, better stem fixation, 

and better protection against infection, resulting in a lower rate of postoperative 

complications.
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For the treatment of patients with massive unbalanced rotator cuff tears and ar-

thritis, hemi-arthroplasty has been the recommended treatment option for a long 

time, but the results have been less predictable in terms of mobility and pain re-

lief 4,8,10,11,24,29,39,41. With the introduction of the Delta™ reverse prosthesis by Gram-

mont from Dijon, France, in 1985, a new era began. The idea of this newly invented 

prosthesis relied on the deltoid muscle to provide motion as well as stability 13,14. 

And like one of the former presidents of the American Shoulder and Elbow Sur-

geons (ASES) Society, Evan L. Flatow, said: “The reverse shoulder prosthesis is like 

heroine! Once you have tried it, you will be wanting to use it more.” However, there 

are still some unsolved mechanical problems with the reverse shoulder prosthesis 

and the clinical results are not always consistent and predictable.

The three major issues are:

1. Deltoid tensioning and potential prosthetic instability,

2. Scapular notching and polyethylene wear, and

3. The problem of deficient or absent (active) external and internal rotation.

The question is whether these side effects of the medialisation (scapular notching; 

deficient active external/internal rotation) and distalisation (deltoid tensioning) of 

the center of rotation can be compensated by a prosthetic design, thus solving 

these issues as well as provide better active Range of Motion (ROM) in terms of 

elevation and abduction.

The general statement: “Shoulder surgery is soft-tissue surgery” is summarizing the 

issues we investigated in this thesis.

In chapter 2, by measuring both active and passive Range of Motion (ROM) we 

were able to demonstrate that patients with a Total Shoulder Arthroplasty (TSA) 

used for osteoarthritis have a better active ROM compared to patients with a Re-

verse Shoulder Arthroplasty (RSA) used for cuff tear arthropathy, mainly because 

the TSA patients show a larger contribution in the glenohumeral joint, especially 

in the scapular plane. The integrity of the rotator cuff muscles and especially an 

intact and functional supraspinatus muscle-tendon unit (soft-tissue) is the most 

important factor to provide a near normal motion pattern of the TSA. In chapter 

3, however, we could only demonstrate moderate to strong significant correlations 

for the postoperative Constant-Murley subscore strength in relation to abduction, 

adduction and isokinetically produced internal rotation joint torques for the TSA 

patients but not a direct correlation with isokinetic strength and functional outcome 

after prosthesis placement. What the same chapter does demonstrate, however, is 

that the shoulder joint torques produced by TSA patients are significantly larger 

than those produced by RSA patients. In combination with the findings from our 

kinematic analysis, it appears that a functional rotator cuff (soft-tissue) provides a 
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better clinical outcome. Nevertheless, a good functioning rotator cuff is no direct 

guarantee for normal shoulder motion in patients with a prosthesis. This is demon-

strated in chapter 4, where both TSA and RSA patients have more scapulothoracic 

motion compared to healthy individuals when performing elevation and abduction 

in the scapular plane. We already know that in a shoulder with a rotator cuff tear 

there is an increased amount of co-contraction between the deltoid muscle and the 

adductor muscles, leading to more scapulothoracic contribution to the shoulder 

in these patients 33. In the same cohort of patients studied in chapter 4, we were 

not able to demonstrate this increase in amount of co-contractions between these 

muscles in patients with an RSA as a reason for this larger scapulothoracic motion 

(de Toledo et al. in preparation). Walker et al. 38 examined the EMG activity of the 

deltoid and trapezius muscle and observed that both muscles demonstrated larger 

activity in RSA patients when compared to healthy subjects, and concluded that this 

leads to earlier scapular motion during the shoulder motion and a larger scapular 

contribution in those patients. To be able to better understand what the contribu-

tion is of an intact rotator cuff in patients with a shoulder prosthesis compared to 

healthy subjects, a new study should measure the EMG activity of especially the 

trapezius muscle and the rotator cuff muscles.

The difference in clinical outcome between patients with a TSA and an RSA 

used in revision surgery identified in chapter 5 shows that TSA patients have a 

better clinical outcome than RSA patients. We also demonstrated that results are 

better when the revision is performed for a bone than for a soft tissue problem, 

implying that an intact rotator cuff will provide better clinical outcome. In chapter 

6 we evaluated the clinical and kinematic results for primary (cuff tear arthropathy) 

and revision RSA patients. We concluded that the kinematic difference between 

these two groups mainly takes place in the GlenoHumeral joint, with larger GH 

motion for patients with a primary RSA. A possible explanation could be that in 

revision surgery soft-tissues are more altered with more scar tissue around the 

glenohumeral joint, reducing the tensile and elastic properties of tendons and 

ligaments, both very similar fibrous tissues 15,35,40. On the basis of these data we 

also expected to find a reduced force generating capacity in patients with an RSA 

used in revision surgery, compared to primary RSA patients. However, as described 

in chapter 7 it was observed that we could not prove this hypothesis while only 

62% of the primary cases and 69% of the revision cases were able to generate 

enough force to perform the tasks, with no difference in force generating capacity 

between the two groups. This was probably partly caused by our testing condi-

tions at a velocity of 60°/s, which appeared to be too high for most of the patients 

with an RSA. However, it also shows that apparently in RSA patients the deltoid 

muscle can produce similar joint torques within the available GH ROM, regardless 
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the GH restriction caused by the reduced tensile and elastic properties of the 

tendons and ligaments.

In the treatment of 3- and 4- part proximal humeral fractures by hemi-arthro-

plasty, clinical outcome is highly influenced by soft tissues. An essential element of 

this surgery is to re-attach the tuberosities in the normal anatomical position, thus 

facilitating the proper action of the rotator cuff muscles attached to the tuberosi-

ties. In the study described in chapter 8 we evaluated the results of RSA in fracture 

surgery and we were able to demonstrate that also in RSA active mobility, and 

especially active external rotation, which is of clinical importance for a patient to 

actively control the position of the hand in space, is negatively affected by greater 

tuberosity malposition or resorption, caused by less tension on the cuff in case of a 

malunion, or no tension on the cuff by resorption of the tuberosities. An interesting 

question is why in elderly patients with poor bone quality RSAs nevertheless appear 

to provide good tuberosity healing in the majority of cases 6,18,19,26,31,34,36. An answer 

could be that, in contrast to a hemi-arthroplasty, the intrinsic stability of RSA caused 

by the glenosphere on the glenoid neutralizes the cranially directed force of the 

deltoid muscle, thus avoiding the need for counteraction of the rotator cuff muscles 

to maintain the humerus in its anatomical position. This leads to less strain on the 

re-attached tuberosity, providing a better opportunity for the bone to heal. Future 

studies can possibly show that with creating as much bone contact as possible by 

using the specifically designed RSA for fractures with the medial window in the 

prosthesis and with a leaner design to preserve as much bone as possible, tuberos-

ity healing can be further enhanced.

With the data collected in our study, on the basis of which the most important 

finding is the decreased contribution of the glenohumeral joint in the motion of the 

shoulder with a RSA, it is obvious that the solution of the three major challenges 

as mentioned above (soft-tissue tensioning/deltoid tensioning; scapular notching 

AND deficient active external/internal rotation) should be solved by focusing on 

the glenohumeral part of the motion in RSA patients. Lateralization of the center of 

rotation, to mimic more normal anatomy and trying to place it at the same position 

as in TSA patients, seems to improve range of motion and decrease notching. By 

lateralizating the center of rotation, theoretically there would be less subacromial 

impingement, which would allow a larger GH motion. Langenderfer et al. 16,17 dem-

onstrated that there is an optimal muscle length of the rotator cuff muscles in rela-

tion to the force generating capacity. Lateralization also will provide a more closer 

to normal tension of the remaining cuff muscles, which can facilitate active external 

and internal rotation. Although not much is known on the adaptation capacity of 

shortened but still active and functional musculotendon units of the rotator cuff, 
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trying to preserve the remaining rotator cuff muscles or re-attaching the remaining 

one-third inferior part of the subscapularis muscle seems to be worth the effort. 

That it also is important to find the right soft-tissue tension of not only the remain-

ing rotator cuff muscles, but of the whole shoulder as well, was demonstrated by 

Schwartz et al. 30. They showed that with a too large glenosphere the soft-tissue 

tension of the whole shoulder is too large, negatively affecting the intra-operative 

passive ROM. By changing to a smaller glenosphere the intra-operative passive 

ROM improved dramatically. Besides the reduced passive ROM, too much tension 

can also lead to an increased risk of acromial and scapular fractures 1,23,42. On the 

other side of the spectrum, too low a tension will lead to instability and possibly 

dislocation of the prosthesis 1,42. It is therefore essential to create the “right” soft-

tissue tension in each individual patient to facilitate the maximum possible ROM 

and best functional outcome in that patient. While we have no objective tools to 

measure the proper soft tissue tension, we have to determine the right length of 

the arm with subjective criteria, especially the tension of the conjoined tendon and 

the deltoid muscles, as well as the stability of the prosthesis, with emphasis on test-

ing of the stability with the arm in extension an applying both external and internal 

rotation. This especially forms a challenge in patients undergoing revision surgery, 

where frequently the soft tissues are contracted or tethered and this tissue can 

stretch when ROM is regained during the post-operative rehabilitation period. This 

potentially could cause problems, when the soft-tissues stretch too far, increasing 

the risk of dislocation again 1,42.

Although it is most likely not a point of clinical concern 9, with the lateralization 

the scapular notching will also be decreased. The lateralization can either be real-

ized by adding bone to the native glenoid (Bony-Increased Offset Reverse Shoulder 

Arthroplasty (BIO-RSA)) and in that way creating a “long-necked” scapula, thus 

lateralising the center of rotation, but leaving this center still at the interface of 

bone and baseplate, with less shear stress at this interface 5, or by developing a 

metallic lateralization by using a glenosphere with two-third of a circle 12. In the 

study by Boileau et al. 5 with the use of the BIO-RSA, less scapular notching was 

reported and in the study from Frankle et al. 12 with the metallic lateralization (DJO 

Surgical, using two-third of a circle as glenosphere) no scapular notching was ob-

served. It should be realized that by using a glenosphere with two-third of a circle, 

the lateral off-set is increased and the center of rotation is placed outside the bone 

again, thus increasing the shear forces on the bone-glenoid component interface 

as well. In theory this would lead to more glenoid component loosening, which was 

the case in the earlier design of the prosthesis by Grammont and the reason why 

he abandoned that design. However, Frankle et al. 12 demonstrated no higher rate 

of glenoid loosening so far. This is probably related to the new improved fixation 
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methods of the glenoid component compared to the fixation of the component in 

the 1980s. Long-term follow-up needs to show whether these larger shearing forces 

are indeed a problem or that the modern fixation is capable of withstanding the 

moments caused by these forces.

Another theoretical advantage of lateralizing the center of rotation is that the 

anterior and posterior parts of the deltoid muscle can also become internal and 

external rotators again to some extent, and assist actively in producing these mo-

tions. However, Walker et al. 38 measured EMG activity of the three parts of the 

deltoid and compared the RSA from Tornier (Aequalis, Tornier, Edina, Minnesota, 

USA) with the medialized center of rotation, and the RSA from DJO Surgical (Re-

verse Shoulder Replacement, DJO Surgical, Austin, Texas, USA) with the “metallic” 

lateralized center of rotation, and were not able to demonstrate any difference in 

the contribution of the posterior part of the deltoid when external rotation was 

performed between these types of prosthesis. Furthermore, in the same study was 

found that the posterior deltoid activation did not exceed 20% of the maximum vol-

untary isometric contraction (MVIC) during external rotation, making the role of this 

part of the deltoid as contributor to external rotation in RSA patients questionable.

future perspeCtives

While the studies presented in this thesis have enhanced the knowledge on the 

kinematics of the Reverse Shoulder Arthroplasty (RSA), still many questions have 

not been answered and new questions have arisen. Related to the lengthening 

of the deltoid, which is inherent to RSA prosthesis placement to date, not much 

is known about the long-term effect of this lengthening of the sarcomeres of the 

deltoid on the functional outcome of the shoulder with an RSA. Clinical outcome 

studies have demonstrated that the Constant-Murley scores will deteriorate over 

time 9 which might be caused by “general fatigue” of the deltoid muscle. Mea-

suring sarcomere length of a muscle, using laser diffraction during surgery 20,22,25,32 

has provided valuable insights into muscle force-generating capacities. However, 

because it requires surgery to expose the muscle, these types of studies are lim-

ited. Second-harmonic generation (SHG) microendoscopy provides the ability to 

measure individual sarcomere lengths by using needle-sized microendoscopes 

inserted into human muscle 21 without the need of surgical exposure. Technical 

challenges such as motion artifacts and low signal-to-noise ratios have limited the 

systematic analysis of sarcomere lengths at specific joint angles in humans using 

this technique. Very recently, Cromie et al. 7 were able to improve this technique 

and used it to measure sarcomere lengths in humans in the extensor carpi radialis 
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brevis muscle. With the development of this technique it might become possible 

to combine the measurements of both techniques. By measuring the sarcomere 

length of the deltoid muscle during surgery with laser diffraction and measuring 

subsequently the lengthening of the muscle as well as the stretching over time with 

SHG microendoscopy, it might become possible to relate these changes with the 

clinical outcome on the longer term.

As previously discussed in chapters 3 and 7, the lack of isokinetic joint torque 

reference values of healthy subjects with a mean age of approximately 70 years 

makes it difficult to make valid statements about the shoulder strength of patients 

with a TSA or RSA and compare strength measurements. In the only available study 

on this topic 37, the abduction torque of 10 male healthy volunteers with a mean 

age of 73 years at 30° and 60° per second was measured, demonstrating torques 

of 50.0 and 46.0 Nm, respectively. Since active external rotation is of paramount 

importance to have control over the shoulder to be able to place the hand in space 

in the desired position, there is a need for isokinetic measured joint torques for 

external-/internal rotation in the elderly. While females in general produce lower 

joint torques than males, as was recently again demonstrated by Andrade et al. 3 

for external- and internal rotation in 13- to 36-years-old male and female handball 

players and volunteers, there is also a need for isokinetic measured joint torque 

values in both elderly males and females.

As mentioned in the discussion about the lateralization of the center of rota-

tion, this lateralization will reduce inferior scapular notching, theoretically providing 

less or later subacromial impingement while maintaining the original length of the 

remaining cuff muscles. It will also provide more space for the humeral cup to rotate 

around the sphere with the arm at the side before the cup runs into the anterior and 

posterior side of the glenoid (anterior and posterior notching) 5, in that way making 

a larger external- and internal rotation possible. However, up till now no study has 

made the kinematic comparison between patients with the standard RSA with the 

medialized center of rotation and patients with an RSA with a more lateralized center 

of rotation, either “bony” 5 or “metallic” 12, demonstrating that the lateralization is 

really providing more GH elevation, because of the later subacromial impingement 

and more GH axial rotation because of the later anterior and posterior notching.

With the further enhancement of diagnostic imaging it now starts to become 

possible to combine imaging and motion analysis. New developments in Computer 

Assisted Tomography has led to the possibility to perform 4-Dimensional scans of 

motion of the osseous structures of the shoulder joint in real time 2. However, the 

scanned motion needs to take place within the gantry of the CT-scanner, therefore 

restricting the possible ROM. Vertically open MRI has been used to scan the motion 

of the AC joint 27,28, but this was done in 7 static abducted positions with each image 
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requiring 2 minutes 35 seconds of scanning. Very recent the first dynamic MRI’s, 

using an open system, were made analyzing a throwing motion. If these systems 

will also allow motion analysis of patients with a prosthesis, which will probably 

give metallic artifacts, remains to be seen. However, this could play a valuable role 

in analyzing possible dynamic problems, providing visual dynamic information of 

impingement and possible reasons for prosthetic instability. It would also open a 

whole new field of research possibilities.
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With the introduction of the Delta™ reverse prosthesis by Grammont from Dijon, 

in 1985, a new era began for the treatment of patients with massive unbalanced 

rotator cuff tears with arthritis. However, there are still some unsolved mechanical 

problems with this reverse shoulder prosthesis and the clinical results are variable 

and not always predictable. Therefore, in this thesis we performed a number of 

clinical and biomechanical studies and obtained more detailed information on 

the motion pattern and force-generating capacity of shoulders in patients with a 

Reverse Shoulder Arthroplasty (RSA) and correlated these data with the clinical 

outcome. Furthermore, new developments and future potentials of this relatively 

new and still evolving prosthetic design are discussed, to create a more stable, 

better predictable and more consistent result in this patient population.

Chapter 1 provides a general introduction to the topic and raises a number of 

research questions to be addressed in the subsequent chapters.

In Chapter 2, in a biomechanical study, the active and passive kinematic motion pat-

tern, with special attention to their differences, was measured in 19 primary Reverse 

Shoulder Arthroplasties (RSA) and 20 primary Total Shoulder Arthroplasties (TSA), 

using the “Flock of Birds” (FoB) which is a six-degree of freedom electromagnetic 

tracking device (Ascension Technology Corp, Burlington, VT, USA) together with 

the MotionMonitor software (Innovative Sports Training Inc., Chicago, Illinois, USA) 

providing shoulder motion not only expressed as thoracohumeral (TH) motion, but 

also in the two components glenohumeral (GH) motion and scapulothoracic (ST) 

motion. There were no differences in passive Range of Motion (ROM) between 

the two types of prosthesis in both planes. However, primary TSA patients dem-

onstrated more active ROM for the TH motion compared to primary RSA patients 

during forward flexion and abduction, but not during active axial rotations. By mea-

suring both active and passive ROM, we found that the TSA showed an equal ROM 

during active and passive elevation in the scapular plane (abduction), while the RSA 

showed less excursion in the active motion compared to passive motion in both 

sagittal and scapular plane. This demonstrates that patients with a TSA are better 

able to actively utilize the possible GH motion of the prosthesis, which approaches 

the motion pattern of a normal shoulder. However, when considering the contribu-

tion of the two different parts of the total motion (GH/ST motion, expressed as 

the GH/ST ratio), although both types of prostheses behave differently, interest-

ingly enough the ratio’s were comparable but different from normal shoulders, thus 

showing that shoulders with either prosthesis generally do not perform as normal 

shoulders.
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Chapter 3, is also a biomechanical clinical study, comparing the difference in force 

generating capacity of 18 primary RSA patients (21 shoulders) and 12 primary TSA 

patients (14 shoulders), measured with an isokinetic dynamometer, the Biodex 

System 3 Pro (Biodex Medical Systems, New York, NY, USA) and correlating the 

obtained joint torques to the post-operative clinical outcome, measured with the 

Constant-Murley score. The relatively low velocity of 60° per second, used for this 

study, appeared to be too high for a lot of the RSA patients, especially for the rota-

tion tasks, but not for the TSA patients. The RSA patients demonstrated significantly 

lower joint torques for both protocols (abduction/adduction and external/internal 

rotation) compared to TSA patients, which is probably caused by the absence of the 

rotator cuff muscles in RSA patients. In RSA patients the external rotation torques 

are strongly correlated to the post-operative subscores of the Constant-Murley 

score activity, mobility and strength, demonstrating that active external rotation 

is essential for a good clinical outcome. For TSA patients all joint torques are only 

moderately to strongly correlated to strength.

In Chapter 4, the shoulder kinematics with special emphasis on the ST contribution 

in the total shoulder motion were measured in 17 patients (20 shoulders) with a TSA 

and 8 patients (9 shoulders) with an RSA as well as in 15 healthy individuals, during 

rehabilitation exercises (anteflexion and elevation in the scapular plane) using 3 

different loading conditions (without external load, 1kg load and elastic resistance). 

The excursions were measured till 90° of elevation/abduction, using the “Flock of 

Birds” (FoB) electromagnetic tracking device. Compared to the healthy subjects, 

RSA and TSA patients were demonstrating a larger scapulothoracic contribution to 

the shoulder motion in all 3 scenarios. By adding the external load, the scapulotho-

racic contribution became larger both in the healthy subjects as well as in the RSA 

and TSA patients. The type of load (elastic resistance (teraband) or 1 kg dumbbell) 

did not make any difference. Following these data it can be expected, that dur-

ing arm movements in a shoulder rehabilitation program, patients with a shoulder 

arthroplasty will demonstrate more scapulothoracic motion, compensating for the 

loss of glenohumeral motion and provoked by the external load.

In Chapter 5, a clinical prospective study, the difference in clinical outcome as well 

as complication rate between RSA and TSA used in revision surgery was evaluated 

by obtaining clinical outcome scores (Constant-Murley, Disablitiy of Arm Shoulder 

and Hand score (DASH), Simple Shoulder Test (SST), Oxford Shoulder Score (OSS) 

and SF-36). The indication for revision was divided in 2 groups: group 1) glenoid 

erosion or component loosening; group 2) infection, pain of undetermined origin 

or instability/soft-tissue problems. The post-operative clinical outcome scores 
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demonstrated that generally revision surgery is associated with moderate clinical 

outcome and a high complication rate. TSAs do better than RSAs and revision for 

soft-tissue problems leads to inferior results compared to revisions for bone related 

problems. Consequently, it can be advised that in revision shoulder surgery, when 

the rotator cuff is still sufficient, it is worthwhile to try to revise to a TSA, because 

this will provide better post-operative results.

In Chapter 6, a kinematical analysis in 19 primary RSA and 16 RSA cases used in 

revision surgery was performed and differences were measured, using the “Flock 

of Birds” (FoB) electromagnetic tracking device. Furthermore, clinical outcome 

was measured by obtaining the Constant-Murley, Disablitiy of Arm Shoulder and 

Hand score (DASH) and Simple Shoulder Test (SST). Also the distance between the 

prosthesis and the acromion was measured on the AP post-operative radiographs. 

The kinematic analysis demonstrated that primary inserted prostheses have a sig-

nificantly better glenohumeral motion in the sagittal and scapular plane compared 

to revision cases. However, the overall motion in the thoracohumeral plane was not 

different in the 2 groups. Therefore, this study is demonstrating that the difference 

in active ROM between primary and revision RSA cases is mainly taking place at 

the glenohumeral joint. In all the patients the Constant-Murley scores improved 

significantly post-operatively. Although we could not find any correlation with any 

of the kinematical parameters, we hypothesize, that soft-tissue contractures in revi-

sion cases play a role in the decreased glenohumeral motion in this group.

In Chapter 7, looking for another possible explanation, we evaluated the force 

generating capacity between 21 primary RSA and 16 RSA cases used in revision 

surgery, measured with the isokinetic dynamometer (Biodex System 3 Pro), cor-

relating these findings with the post-operative clinical outcome, measured with the 

Constant-Murley, DASH, and SST. We compared the measured torque values with 

values of normal shoulders, obtained from the literature. The measurements were 

performed at the relatively low velocity of 60°/s, but this even proved to be too high 

for 35% of the patients. A difference in force-generating capacity was expected 

between the two groups in favor of the primary placed prosthesis. However, this 

could no be confirmed for the abduction and adduction tasks, because only 62% 

of the primary cases and 69% of the revisions cases were able to generate enough 

force to perform the tasks. When comparing the joint torques to normal shoulder 

values obtained from the literature, it can be concluded that RSA patients have sig-

nificantly reduced strength in the shoulder. For abduction and adduction torque the 

strength was 19% to 78% of that of a normal shoulder and for external and internal 

rotation the strength was 13% to 71%. The correlation with the clinical outcome 
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demonstrated moderately strong relationships, especially for external rotation. It is 

therefore likely that limited strength is a major factor in reduced ROM.

Following the success of the RSA, the indication for this type of shoulder arthro-

plasty is still expanded. In Chapter 8 we report the operative technique and the 

early to midterm results of a new, specially designed, reverse fracture shoulder 

prosthesis, in a multicenter prospective clinical study. Forty-nine consecutive pa-

tients (50 shoulders) of 70 years or older with a three- or four-part fracture of the 

proximal humerus and a minimal clinical and radiological follow-up of two years, 

were enrolled in this study. In all cases a cancellous bone graft was harvested from 

the fractured head and placed in the medial window of the prosthesis, together 

with a standardized technique for prosthesis positioning in height, retroversion and 

tuberosity fixation. The radiographic evaluation demonstrated greater tuberosity 

healing in 88% of the cases, which was significantly associated with better active 

external rotation. In comparison with the available literature, only one out of seven 

other studies, which used a standard RSA and where the tuberosities were also re-

attached, reported similar results. Therefore, it can be concluded that in the elderly 

patient with a three- or four-part proximal humeral fracture, tuberosity healing can 

be achieved successfully with the use of the “low-profile” RSA for fracture stem.

answers to the speCifiC researCh questions

QUESTION 1: Is there a difference in ROM between RSA and TSA patients and 

where does this difference take place?

Kinematic analysis of primary RSA and TSA patients demonstrated that TSA patients 

have a better active ROM than RSA patients. By analyzing the passive ROM it is also 

demonstrated that in the scapular plane TSA patients hardly show any difference 

between the active and passive ROM, suggesting that these patients better actively 

utilize the possible GH motion of the prosthesis.

QUESTION 2: Is the force generating capacity of RSA patients compared to TSA 

patients altered?

Isokinetic force measurements at a relatively low velocity of 60° per second in both 

patient groups demonstrate that the RSA patients have significantly lower joint 

torques for both protocols (abduction/adduction and external/internal rotation) 

which is probably caused by the absence of (part of) the rotator cuff muscles in RSA 

patients.
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QUESTION 3: Does the application of external loads to the arm during rehabilita-

tion exercises influence shoulder kinematics in RSA and TSA patients?

By analyzing the shoulder kinematics of RSA and TSA patients as well as healthy sub-

jects during rehabilitation exercises (anteflexion and elevation in the scapular plane) 

using different loading conditions (without external load, 1kg and elastic resistance), 

it was demonstrated that by adding the external load, the scapular contribution of 

both the healthy subjects, and the RSA and TSA patients increased. The type of load 

(elastic resistance (theraband) or 1 kg dumbbell) did not make any difference.

QUESTION 4: Is revision surgery influencing the kinematics of the shoulder in RSA 

patients and where does this influence take place?

By analysing the kinematical difference between primary placed RSA cases and 

RSAs used in revision surgery, it was demonstrated that primary placed prosthesis 

did not have a better thoracohumeral motion in the sagittal and scapular plane 

compared to revision cases. The glenohumeral motion on the contrary, showed a 

significant difference in favor of the primary placed prosthesis. Therefore, it can be 

concluded that revision surgery is negatively influencing the ROM of RSA patients, 

mainly due to a decreased glenohumeral motion.

QUESTION 5: Does revision surgery alter the force generating capacity of RSA 

patients?

We hypothesized that there would be a difference in force-generating capacity 

between primary and revision RSA cases, in favor of the primary placed prosthesis 

because of the reported lower improvement in function and higher complication 

rate in revision cases and the results mentioned in Chapter 6. However, by mea-

suring the isokinetic force generating capacity this could no be confirmed for the 

abduction and adduction tasks, mainly because only 62% of the primary cases and 

69% of the revisions cases were able to generate enough force to perform the tasks, 

demonstrating similar joint torque values. For that reason it cannot be concluded 

that revision surgery alters the force generating capacity of RSA patients.

QUESTION 6: Is greater tuberosity healing facilitated by the use of a specific reverse 

shoulder fracture-prosthesis and does this provide better active external rotation?

By evaluating the clinical and radiological results of the specially designed, reverse 

fracture shoulder prosthesis used in the treatment of three- and four-part proximal 

humeral fractures in patients of 70 years of age or older with a minimum follow-up 

of two years in a multi-center prospective study, it was demonstrated that in 88% 

of the cases greater tuberosity healing was obtained, which also was significantly 

associated with better active external rotation.
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samenvatting en Beantwoording van de vragen

Met de introductie van de Delta™ omgekeerde schouder prothese door Grammont 

uit Dijon, Frankrijk, in 1985, is een nieuw tijdperk ontstaan voor de behandeling van 

patiënten met een massieve rotator cuff ruptuur en de daardoor ontstane arthrose 

(cuff scheur arthropathie). Desondanks zijn er nog steeds onopgeloste mechanische 

problemen met de omgekeerde schouder prothese en de klinische resultaten zijn 

niet altijd even betrouwbaar en voorspelbaar.

In dit proefschrift wordt in een aantal klinische en biomechanische studies meer 

gedetailleerde informatie verzameld over het bewegingspatroon evenals het ver-

mogen tot genereren van kracht van schouders in patiënten met een omgekeerde 

schouderprothese (Reverse Schouder Arthroplastiek (RSA)). Deze gegevens worden 

vervolgens gerelateerd aan de klinische uitkomst. Daarnaast worden de nieuwe 

ontwikkelingen en toekomstige toepassingen van deze relatief nieuwe en zich nog 

steeds ontwikkelende prothese besproken, met het doel om zo een meer voorspel-

baar en consistenter resultaat te kunnen behalen in deze patiëntenpopulatie.

In Hoofdstuk 1 wordt een algemene introductie over het onderwerp gegeven en 

worden een aantal onderzoeksvragen geformuleerd, welke in de verschillende 

hoofdstukken behandeld zullen worden.

In Hoofdstuk 2, een biomechanische studie, wordt door gebruik te maken van de 

“Flock of Birds” (FoB), een gevalideerd electromagnetisch volgsysteem met zes 

graden van vrijheid (Ascension Technology Corp, Burlington, VT, USA), het actieve 

en passieve bewegingspatroon gemeten van 19 primaire Reverse Schouder Arthro-

plastieken (RSA) en 20 primaire Totale Schouder Arthroplastieken (TSA) en het 

verschil hiertussen bepaald. Door gebruik te maken van de software van de Motion-

Monitor (Innovative Sports Training Inc., Chicago, Illinois, USA) wordt de schouder 

beweging niet alleen uitgedrukt in de beweging van de bovenarm (humerus) ten 

opzicht van de borstkast (thorax) (thoracohumerale (TH) bewegelijkheid), maar ook 

apart ontleed in de twee componenten waaruit de schouder beweging bestaat, de 

bewegelijkheid van de schouderkop ten opzichte van de kom (glenoid) (glenohu-

merale (GH) bewegelijkheid) en de bewegelijkheid van het schouderblad (scapula) 

ten opzichte van de borstkast (thorax) (scapulothoracale (ST) bewegelijkheid).

Er werden geen verschillen gevonden in de passieve Range of Motion (ROM) 

tussen de twee type schouder protheses. Voor de actieve ROM daarentegen laten 

de TSA patiënten meer TH bewegelijkheid zien vergeleken met de RSA patiënten in 

het sagittale (anteflexie) en scapulaire vlak (elevatie), maar niet voor axiale rotaties 

(draaiing rondom de lengteas van de arm).
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Door zowel de actieve als de passieve bewegelijkheid te meten konden wij aan-

tonen dat het verschil in actieve bewegelijkheid tussen RSA en TSA patiënten wordt 

veroorzaakt door het feit dat in het scapulaire vlak (zijwaarts bewegen van de arm 

in het vlak van het schouderblad/scapula) TSA patiënten geen verschil laten zien 

tussen de passieve en actieve bewegelijkheid. Dit betekent dat patiënten met een 

TSA beter in staat zijn om actief de volledige GH bewegelijkheid van de prothese 

te benutten, waarmee het bewegingspatroon van een normale schouder wordt 

benaderd. Wanneer echter de bijdrage van de twee verschillende componenten 

van de totale schouderbeweging (GH bewegelijkheid en de ST bewegelijkheid, 

uitgedrukt als de GH/ST ratio) worden beschouwd, zien we dat, hoewel de beide 

type protheses een ander bewegingspatroon laten zien, de ratio’s hetzelfde zijn, 

zonder onderlinge significante verschillen, doch wel significant anders dan een 

gezonde schouder. Dit laat zien dat beide protheses in het algemeen niet bewegen 

zoals een normale schouder.

Hoofdstuk 3, eveneens een biomechanisch klinische studie, laat de resultaten 

zien van een analyse van het vermogen tot genereren van kracht (uitgedrukt in 

gewrichtsmomenten) van 18 primaire RSA patiënten (21 schouders) en 12 primaire 

TSA patiënten (14 schouders), gemeten met een isokinetische dynamometer, het 

Biodex Systeem 3 Pro (Biodex, Medical Systems, New York, NY, USA). Tevens 

worden deze verkregen gewrichtsmomenten gecorreleerd aan de post-operatieve 

klinische uitkomsten, gemeten met de Constant-Murley score. De relatief lage 

snelheid van 60º per seconde, welke gebruikt werd met de dynamometer, bleek 

te hoog te zijn voor veel RSA patiënten, vooral bij de rotatie taken, doch niet voor 

de TSA patiënten. De TSA patiënten lieten significant hogere gewrichtsmomenten 

zien voor beide bewegingsprotocollen (abductie/adductie en exo-/endorotatie), 

hetgeen waarschijnlijk het beste valt te verklaren door de afwezigheid van de rota-

tor cuff spieren in de RSA patiënten. De sterke correlatie in RSA patiënten voor de 

exorotatie gewrichtsmomenten en de post-operatieve subscores van de Constant-

Murley score activiteit, mobiliteit en kracht, laten zien dat actieve exorotatie van 

essentieel belang is voor goed klinisch functioneren. In de TSA patiënten groep zijn 

alle gewrichtsmomenten slechts gemiddeld tot sterk gecorreleerd aan de subscore 

kracht.

In Hoofdstuk 4, werd de schouder kinematica als ook de ST bijdrage aan de totale 

schouder beweging gemeten bij 17 patiënten (20 schouder) met een TSA, 8 pa-

tiënten (9 schouders) met een RSA en bij 15 gezonde proefpersonen, gedurende 

revalidatie oefeningen (anteflexie en elevatie in het vlak van het schouderblad) 

door middel van verschillende externe belastingen (zonder belasting, 1kg dumbell 
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en elastieke weerstand) gemeten tot 90° elevatie/abductie, wederom met behulp 

van de “Flock of Birds” (FoB) (het electromagnetische volgsysteem). Vergeleken 

met de gezonde proefpersonen, demonstreren RSA en TSA patiënten een grotere 

scapulothoracale contributie aan de totale schouder beweging. Door de toevoe-

ging van externe belasting neemt de scapulothoracale bijdrage toe bij de gezonde 

proefpersonen en ook bij de RSA en TSA patiënten. De type belasting (elastieke 

weerstand (teraband) of 1 kg dumbbell) maakt echter geen verschil. Daarom valt 

het te verwachten dat, gedurende de beweging van de arm tijdens schouder reva-

lidatie programma’s, patiënten met een schouderprothese meer scapulothoracale 

beweging zullen laten zien, ter compensatie voor het verlies aan glenohumerale 

bewegelijkheid, hetgeen versterkt wordt door externe belasting.

In Hoofdstuk 5, een klinisch prospectieve studie, is het verschil in klinische uitkomst 

geëvalueerd tussen RSA en TSA toegepast in revisie chirurgie. Dit is gedaan door 

uitkomstscores te verkrijgen (Constant-Murley, Disability of Arm Shoulder and 

Hand score (DASH), Simple Shoulder Test (SST), Oxford Shoulder Score (OSS) 

en de SF-36) en vervolgens deze gegevens te differentiëren naar de reden voor 

de revisie: glenoid erosie of component loslating (groep 1) of infectie, pijn van 

onbekende origine of instabiliteit/weke delen problematiek (groep 2); daarnaast 

werden complicaties in beide groepen geëvalueerd. De postoperatieve klinische 

uitkomst scores lieten zien dat revisie chirurgie is geassocieerd met matige klini-

sche uitkomsten en gepaard gaat met veel complicaties. TSA-en vertonen betere 

klinische scores dan RSA-en en revisies voor weke delen problemen leiden tot een 

minder goede klinische uitkomst dan wanneer de revisie verricht wordt voor een 

bot- gerelateerd probleem. Op grond van deze gegevens kan geadviseerd worden 

om in revisie schouder chirurgie, als de rotator cuff nog intact is, te proberen te 

reviseren naar een TSA.

In Hoofdstuk 6, werd een kinematische analyse van 19 primaire RSA en 16 RSA, 

gebruikt in revisie chirurgie, verricht en de verschillen werden gemeten door ge-

bruik te maken van het “Flock of Birds” (FoB) electromagnetische volgsysteem. 

Verder werd de klinische uitkomst gemeten door de Constant-Murley score, 

Disablitity of Arm Shoulder and Hand score (DASH) en de Simple Shoulder Test 

(SST) te verkrijgen. Daarnaast werd ook de afstand tussen de prothese en het 

acromion gemeten op de anteroposterieure (AP) postoperatieve röntgen foto’s. 

De kinematische analyse liet zien dat primair geplaatste protheses een significant 

betere glenohumerale bewegelijkheid vertonen in het sagittale en scapulaire vlak 

ten opzichte van de revisie prothesen. De thoracohumerale (TH) bewegelijkheid liet 

echter geen significant verschil zien tussen de twee groepen.
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Deze studie laat zien dat het verschil in actieve ROM tussen primaire en revisie 

RSA vooral plaatst vindt in het glenohumerale gewricht. Bij alle patiënten ver-

beterde de postoperatieve Constant-Murley score significant, maar er kon geen 

correlatie worden gevonden tussen deze scores en de kinematische parameters om 

het verschil tussen de primaire en revisie prothesen te verklaren.

In Hoofdstuk 7, werd verder gezocht naar een mogelijke verklaring voor het verschil 

tussen 21 primaire RSA en 16 RSA, gebruikt in revisie chirurgie, door de capaciteit 

tot kracht generatie te vergelijken, eveneens gemeten met de isokinetische dyna-

mometer (Biodex System 3 Pro). Deze waarden werden gecorreleerd aan de post-

operatieve uitkomsten van de Constant-Murley score, DASH en SST. Ook werden 

de verkregen gewrichtsmomenten vergeleken met data over de normale schouder, 

verkregen uit de literatuur. De metingen werden verricht op een relatief lage snel-

heid van 60°/s, maar dit bleek toch te hoog te zijn voor 35% van de patiënten. 

Er werd verwacht een verschil te vinden in het vermogen tot kracht generatie in 

het voordeel van patiënten met een primair geplaatste protheses. Wij konden dit 

echter niet bevestigen voor de abductie en adductie taken, omdat maar 62% van 

de patiënten met een primaire prothese en 69% van de patiënten met een revisie 

prothese in staat waren om genoeg kracht te genereren om de taak uit te voeren. 

Vergeleken met de gewrichtsmomenten van normale schouder verkregen uit de lite-

ratuur, kan worden geconcludeerd dat RSA patiënten een verminderd vermogen tot 

het genereren van kracht hebben. Voor abductie en adductie is dit 19% tot 78% van 

de kracht van een normale schouder en voor exorotatie en endorotatie is dat 13% 

tot 71%. De correlatie met de klinische uitkomstscores liet een gemiddeld sterke 

relatie zien, vooral voor exorotatie. Daarom is het aannemelijk dat het verminderde 

vermogen tot kracht generatie een grote rol speelt in de verminderde actieve ROM.

In het zich nog steeds ontwikkelende veld van indicaties voor de toepassing van de 

RSA, worden in Hoofdstuk 8 de operatieve techniek en de vroege tot middellange 

termijn resultaten beschreven van een nieuwe, speciaal ontworpen, Reverse schou-

der fractuur-prothese, in een multicenter prospectieve klinische studie. Negen-en-

veertig op een volgende patiënten (50 schouders) van 70 jaar of ouder, met een uit 

drie of vier delen bestaande (luxatie) fractuur van de proximale humerus (bovenste 

deel van de bovenarm) en een minimale klinische en radiologische follow-up van 

twee jaar, werden geïncludeerd in deze studie. In alle gevallen werd spongieus 

bot uit de gebroken kop geplaatst in een speciaal aangebrachte opening (medial 

window) van de prothese, in combinatie met een gestandaardiseerde techniek voor 

zowel het plaatsen van de prothese op de juiste hoogte als wel de fixatie van de 

tubercula.
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De röntgenologische evaluatie liet een genezingspercentage van het tuberculum 

majus zien in 88% van de gevallen, hetgeen significant geassocieerd was met een 

betere actieve exorotatie. In vergelijking met de aanwezige literatuur, liet slechts 

1 van de 7 beschikbare andere studies, welke een standaard RSA gebruikte met 

re-fixatie van de tubercula, vergelijkbare resultaten zien. Daarom kan er geconclu-

deerd worden dat in de oudere patiënt met een uit drie of vier delen bestaande 

breuk van het bovenste deel van de bovenarm, genezing van de tubercula suc-

cesvol bereikt kan worden door gebruik te maken van de RSA voor fracturen welke 

een “low-profile” steel heeft.

Beantwoording van de speCifieke onderzoeksvragen

VRAAG 1: Is er een verschil in ROM tussen RSA en TSA patiënten en waar vindt dit 

verschil plaats?

Kinematische analyse van primaire RSA en TSA patiënten demonstreert dat TSA 

patiënten een betere actieve ROM hebben dan RSA patiënten. Door ook de passieve 

ROM te meten is het aangetoond dat in het scapulaire vlak TSA patiënten bijna geen 

verschil laten zien tussen de actieve en passieve ROM, hetgeen suggereert dat deze 

patiënten actief de door de prothese geboden GH bewegelijkheid beter benutten.

VRAAG 2: Is het vermogen tot genereren van kracht in RSA patiënten vergeleken 

met TSA patiënten, verminderd?

Isokinetische kracht metingen bij een relatief lage snelheid van 60º per seconde 

demonstreert in beide patiënt groepen dat TSA patiënten significant hogere ge-

wrichtsmomenten kunnen genereren voor beide protocollen (abductie/adductie en 

exorotatie/endorotatie), welk verschil waarschijnlijk het beste te verklaren valt door 

de afwezigheid van de rotator cuff spieren in RSA patiënten.

VRAAG 3: Wordt door het toevoegen van extern gewicht aan de arm tijdens 

revalidatie oefeningen de kinematica van de schouder in RSA en TSA patiënten 

beïnvloed?

Door de schouder kinematica van gezonde proefpersonen, RSA en TSA patiënten 

gedurende revalidatie oefeningen (anteflexie en elevatie in het scapulaire vlak) met 

verschillende externe belasting (zonder gewicht, 1 kg en elastische weerstand) 

te meten, is aangetoond dat door het toevoegen van de externe belasting, de 

bijdrage van de scapula van zowel gezonde proefpersonen, als in RSA en TSA 

patiënten, groter wordt. Het type belasting (elastische weerstand (theraband) of 

1 kg dumbbell) maakt geen verschil.
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VRAAG 4: Heeft revisie chirurgie invloed op de kinematica van de schouder in RSA 

patiënten en zo ja, waar vindt deze beïnvloeding dan plaats?

Analyse van het kinematische verschil tussen primair geplaatste RSA-en en RSA-en 

gebruikt gedurende revisie chirurgie, laat zien dat primair geplaatste protheses 

een betere thoracohumerale bewegelijkheid hebben in het sagittale en scapulaire 

vlak vergeleken met revisie prothesen; dit verschil was echter niet significant. De 

glenohumerale bewegelijkheid daarentegen, laat wel een significant verschil zien 

in het voordeel van de primair geplaatste protheses. Met andere woorden, revisie 

chirurgie heeft een negatief effect op de ROM van RSA patiënten en dit resulteert 

in een verminderde glenohumerale bewegelijkheid.

VRAAG 5: Verminderd revisie chirurgie het vermogen tot genereren van kracht in 

RSA patiënten?

Wij hadden verwacht een verschil te vinden in het vermogen tot genereren van kracht 

bij patiënten met een primaire en revisie RSA, in het voordeel van de primair gep-

laatste protheses, vanwege de verminderde gerapporteerde verbetering in functie 

en het hoge complicatie risico bij revisie chirurgie en de resultaten van Hoofdstuk 

6. Met de metingen van de isokinetische kon dit niet worden aangetoond voor 

de abductie en adductie taken, omdat maar 62% van de primaire RSA patiënten 

en 69% van de revisie RSA patiënten in staat waren voldoende kracht te generen 

om de taken uit te voeren, met vergelijkbare gewrichtsmomenten. Hierdoor was 

het niet mogelijk te concluderen dat vanwege de revisie chirurgie, met frequent 

gecompromitteerde weke delen, het vermogen tot krachtgeneratie vermindert in 

RSA patiënten.

VRAAG 6: Geeft het gebruik van een specifieke Reverse schouder fractuur-prothese 

een betere consolidatie van de tubercula en leidt dit tot betere actieve exorotatie?

Door de klinische en radiologische resultaten te evalueren van een specifiek 

ontworpen, Reverse schouder fractuur-prothese gebruikt in de behandeling van 

fracturen die bestaan uit drie of vier delen van het bovenste deel van de boven arm 

in patiënten met een leeftijd van 70 jaar of ouder met een minimale follow-up van 

twee jaar in een multi-center prospectieve studie, is het aangetoond dat in 88% van 

de gevallen genezing van de tuberculum majus werd verkregen; deze consolidatie 

van de tubercula was significant geassocieerd met een betere actieve exorotatie.
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