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ABSTRACT
Sufficient refixation and healing is crucial for the function of a reverse shoulder arthroplasty within the treatment of

proximal humeral fractures. Conventional refixation with suture cerclage is time‐consuming and leads to healing in only

60–70% of cases. This study used a biomechanical test to investigate two different refixation procedures for treating

4‐fragment fractures of the proximal humerus. Eight paired humerus specimens were randomly assigned to two groups

and treated with reverse shoulder prostheses. One group received conventional suture cerclage fixation for 4‐fragment

fractures, while the other used a novel TendoClip system with screw fixation. Both groups were subjected to increasing

cyclic tensile forces until failure. Fragment movement relative to the prosthesis stem was measured to assess primary

stability. Tensile forces generated in the first four load levels resulted in significantly different relative motions between

the TendoClip and cerclage groups. 3 out of 8 specimens in the TendoClip group could be loaded over all load levels. This

was not possible for any cerclage group specimens. Recorded failure mechanisms showed that fixed bone fragments of the

cerclage procedure were affected significantly more often by loosening and visible relative movements compared to the

TendoClip procedure. However, limitations of the TendoClip restoration were also observed. In 2 of 8 cases, a bone

fragment was torn out of the fixation, and two other implants showed a loss of fixation in relation to the humerus. This

study reveals that the TendoClip procedure could be an alternative to conventional cerclage fixation procedures in

multifragmentary proximal humerus fractures.

1 | Introduction

Proximal humerus fracture (PHF) is a prevalent traumatic injury of
the upper extremity [1, 2]. Different treatment methods are used
depending on the severity of the fracture and its classification, e.g.
according to Neer et al. [3] but these methods are still not strictly
defined. Unstable and dislocated extra‐articular fractures are

usually surgically reduced and stabilized. There is no evidence for
an ideal procedure to treat 4‐fragment fractures. However, an en-
doprosthetic treatment is mostly considered in the case of osteo-
porosis or small and dislocated fragments. This applies especially to
elderly patients with displaced PHF, with reverse shoulder ar-
throplasty (RSA) taking precedence over hemiarthroplasty [4].
Compared to hemiarthroplasty, RSA is characterized by a better
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functional and clinical outcome [5, 6] but can lead to a reduction in
active rotation [7]. This disadvantage can be overcome by re-
attaching the tuberosities to the prosthesis. Healing of the tuber-
osities, including muscle attachments in their anatomical position,
can significantly improve rotation [8]. Even if the healing of the
tuberosities is not ideal, there is an improved functional outcome
compared to HA without reattachment [9–11].

Besides the functional outcome benefits, proper tuberosity
healing, including muscle attachments, also influences joint
stability in RSA. The functional rotator cuff can increase
compression forces, which can reduce possible shear forces
[12, 13]. This can minimize the risk of complications, such as
instability of the prosthesis and loosening of the humeral
component [14].

Nevertheless, refixation and with that the consecutive healing
of the tuberosities with the attached tendons, is still not per-
formed in a standardized manner using various suture fixation
techniques. Healing rates averaging 71% were reported in a
review study [15], with new prosthesis designs averaging 77%
[16]. This means that over 20% of tuberosity fixations still fail.
Insufficient attachment of the tubercula, a poor bone healing
rate, or too early and high patient activity may lead to mal‐
unions and non‐unions of both tubercles [17, 18].

The fixation techniques and materials used for reattachment of
the tuberosity in RSA resemble those used in HA. Strong, non‐
resorbable sutures or flexible titanium alloy cables are com-
monly applied to perform the cerclage‐like technique to treat
the fracture [19, 20]. Biomechanical investigations of these
techniques reveal further potential for improvement [21–23]. At
this point, the increased risk of obstruction of the bony con-
solidation during refixation of tuberosities is particularly
important [24].

With the aim of improving fixation, a new design for tuberosity
fixation that is standardized and easy to perform was developed
for anatomical and reverse shoulder endoprosthesis. It uses a
so‐called TendoClip made of titanium (Figure 1). These clips
clamp the tuberosity between them like a sandwich. The plates
with the inserted tuberosity are then fixed to the metaphyseal
prosthesis body with a central screw. TendoClip plates are made
of textured, rough titanium on the bone side for better bone
adhesion.

This study made an experimental biomechanical comparison of
a standardized 3D suture cerclage with the TendoClip on a
4‐part PHF model treated with RSA. The rotational and trans-
lational implant migration in all three axes was determined
by measuring the relative motion between the tuberosity

FIGURE 1 | (a) Reverse shoulder endoprostheses with TendoClip body, (b) Novel prosthesis body for TendoClip fixation, (c, d) TendoClips for

the lesser and greater tuberosities, (e) Surgical treatment with TendoClips.
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fragments, implant, and bone. Our hypothesis is that due to the
planar and screw‐retained connection of the tuberosity to the
prosthesis, the primary stability of the new TendoClip under
cyclic dynamic loading is significantly higher than the con-
ventional 3D suture cerclage fixation technique. This also ap-
plies to the maximum failure load.

2 | Materials and Methods

The local ethics committee approved this in vitro study using
cadaveric specimens (Ethikkommission der Medizinischen
Fakultät Heidelberg, reference S‐330/2022). The study was
performed in accordance with the Declaration of Helsinki.
Fresh‐frozen tissue samples were purchased from Science Care
(Phoenix, AZ, USA), which is accredited by the American
Association of Tissue Banks. A complete donor report, includ-
ing each specimen′s medical history, was available before
sample acquisition. Exclusion criteria were a history of shoulder
injury or surgery, bone tumors or other malignant diseases in
the shoulder part, serological concerns, and high‐performance
sport. Biomechanical properties were preserved before the
experimental periods by frozen storage [25].

Eight paired fresh‐frozen human shoulders (4 females; 4 males;
16 specimens) were purchased for the experimental investiga-
tion. Mean donor data were: age 55.4 ± 6.5 years, weight
68.3 ± 27.6 kg, height of 169.4 ± 6.7 cm, and body mass index
23.9 ± 8.1 kg/m². The right and left sides of the 8 shoulder pairs
were randomly allocated to the cerclage and TendoClip groups
through a computer‐generated list (Randlist 1.2; Datinf GmbH,
Tübingen, Germany). Both groups were treated with a reverse
shoulder endoprosthesis from Lima (SMR Reverse, Lima-
corporate S.p.A., Udine, Italy), whereby the prosthesis shaft is
identical and the prosthesis body differs in the two different
types of treatment.

Bone mineral density (BMD) was assessed for all 16 specimens
to improve comparability. As there are no standardized ex-
amination procedures for the upper arm, the analysis was
performed according to Doetsch et al. [26]. BMD was measured
using standard dual‐energy absorptiometry (DXA) with stan-
dard hip parameters (Hologic QDR‐2000, Marlborough, Mas-
sachusetts, USA). The region of interest (ROI) was delimited by
the proximal area of the humerus and the joint space between
the glenoid and humeral head. ROI size was defined as the
same for all samples. For all 16 shoulder joints, native radio-
graphs in anterior‐posterior and lateral projections were
obtained to exclude bone pathology and determine prosthesis
size using TraumaCAD software (Voyant Health Ltd., Brainlab
AG, Munich, Germany). Since the right and left humeri sizes
did not differ considerably, the same prosthesis size was plan-
ned, and an optimal fit was provided for both sides of each
shoulder pair.

2.1 | Specimen Preparation

Specimens were prepared by removing the skin and soft tissue.
Humeri were dissected while preserving the rotator cuff

tendons inserting to the greater tuberosity (M. subscapularis),
lesser tuberosity (M. infraspinatus) and tendon of the M.
supraspinatus.

A standardized 4‐part proximal humerus fracture was created
using an oscillating saw. The fracture model described by
Charles Neer was used for standardization and reproducibility
of the fracture model [3]. First, fracture lines were cut between
the lesser and greater tuberosities and the humerus shaft. The
fracture line was placed lateral to the intertubercular sulcus.
The lesser and greater tuberosity were separated from the shaft.
Care was taken not to injure the muscle tendons and to preserve
the entire tendon to bone insertions of the rotator cuff tendons.
For optimal alignment of the arthroplasty, the humerus was
initially not shortened and the distal elbow joint was preserved.

2.2 | Implantation and Tuberosity Fixation

All 16 treatments were performed by the same surgeon with
original surgical instruments. First, the humeral stem was im-
planted with a press‐fit according to the manufacturer′s
instructions. The prosthesis system has a modular design and is
available for two structurally different prosthesis bodies. The
humeral shaft does not differ. After the humeral shaft compo-
nent was implanted, the corresponding prosthesis body was
attached according to the randomization.

The standard prosthesis body for the cerclage restoration has
passages at defined increments to adequately fix the bony frag-
ments (Figure 2a). In accordance with the surgical instructions,
the greater tuberosity was first fixed in the correct anatomical
position with two sutures. They were passed through the infra-
spinatus and supraspinatus tendon to bone insertion and the
passages of the prosthesis body. The lesser tuberosity was then
also fixed to the prosthesis body as well as the greater tuberosity,
which was fixed with two sutures through the subscapularis and
infraspinatus tendon. This ensures horizontal fixation by four
double stranded cerclage sutures, two around the greater tuber-
osity and the reverse humeral body and two around the greater
and lesser tuberosity and the reverse humeral body. For the final
fixation and vertical support, two doubled sutures, which were
passed through drill holes in the humerus, were applied. Once
was placed clockwise through the lower subscapularis, upper
subscapularis and supraspinatus tendon and once counter-
clockwise through the infraspinatus, supraspinatus and upper
subscapularis tendon around the attached tuberosities. Non‐
resorbable polyethylene sutures (Fiberwire 5, Arthrex, Naples,
USA) were doubled up, tensioned manually, and tied by applying
the Nice knot [27] for the applied fixation. The cerclage tech-
nique is shown in Figure 2.

The novel prosthesis body for the TendoClip fixation was
specially manufactured for this application (Figure 1). The
TendoClip consists of two titanium plates that correspond to the
average size of the lesser and greater tuberosity, and the
tuberosity is clamped between them like a sandwich. The plates
are then fixed to the metaphyseal prosthesis body with the
inserted tuberosity using a central titanium screw. The Tendo-
Clip plates are made of textured, rough titanium on the bone
side for better adhesion. A central hole for the fixation screw

3Journal of Orthopaedic Research®, 2025
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must be drilled into the fragment to fix the tuberosity using the
sandwich method.

2.3 | Biomechanical Analysis

The humeral shaft was initially shortened and cast in a defined
mold using synthetic resin (RenCast FC 53, Huntsman,
Advanced Materials, Germany). The specimen was therefore

fixed 10mm below the tip of the stem. For the biomechanical
investigation of treatment stability, muscle forces of the
inserting muscle groups must be simulated. The technical
configuration was adapted from previous studies conducted by
Schmalzl et al. [21] and Knierzinger et al. [23]. The specimens
were placed in a servo‐hydraulic testing machine (MTS 858
Mini Bionix II, MTS Systems Corporation, USA) at 30° abduc-
tion on a bearing table, allowing for rotational movements of
the base plate of ±7.5° (Figure 3a). The prosthesis body with the

FIGURE 2 | (a) Reverse shoulder endoprostheses with cerclage body, (b) standardized cerclage treatment, (c) Surgical treatment with cerclage.

FIGURE 3 | (a) Test setup in servo‐hydraulic testing machine: embedded humerus shaft is brought into contact with the glenosphere through

passive deltoid muscle force (PDMF) through sliding bars (/). Tendon force (TF) was generated from rotational forces (RF) of the actuator (A) via

tensioned ropes over pulleys. (b) Coordinate system with the center of rotation in the humeral head.

4 Journal of Orthopaedic Research®, 2025
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inserted inlay was brought into contact with the glenosphere
through a passive deltoid muscle force with a dead weight of
1 kg. This aligns the prosthesis′s center of rotation with the
testing machine′s axis of rotation. The muscle tendons of the m.
subscapularis and m. infraspinatus were fixed with special 3D‐
printed clamps. They were connected to the testing machine via
steel cables. Tensile forces can be generated in the muscle
tendons by redirecting the cables to the rotary drive of the
testing machine. Muscle tendons were loaded with a preload of
10 N before the test was started to prevent the cables from
slacking.

A cyclical load was chosen to determine the primary stability of
the different treatments. A torque of ± 1 Nm was applied to the
muscle tendons in the first load stage. This torque results in a
pulling force at the tuberosity of 50 N. The torque was increased
stepwise by ± 0.25 Nm (corresponding to 10 N) after 100 load
cycles. One load cycle lasts 15 s. A total of 10 load stages were
run through up to a torque of ± 3.25 Nm (140 N). Failure limits
were defined by the maximal angle of rotation of the actuator
(± 60°) or failure to reach the target torque of the load level
within the specified time.

Relative motion between the tuberosities and the humeral shaft
was used to indicate primary stability. The three‐dimensional
relative motion was measured using optical, camera‐based
measurement techniques (PONTOS‐GOM – Gesellschaft für
Optische Messtechnik GmbH, Braunschweig, Germany). Bone
and implant makers were applied to the fracture borders of the
tuberosities, on the humeral shaft of the specimen and on the
prosthesis body (Figure 3b). The maximum relative motion was
analyzed in relation to all three spatial axes, with the z‐axis
reflected to the humeral shaft axis. The y‐axis was set vertically
to the z‐axis, pointing from anterior to posterior. The x‐axis
crossed the y‐axis vertically, pointing from medial to lateral
(Figure 3b). Relative motion between the components was
measured at cycles 10, 50, and 90 for each load level.

2.4 | Statistical Analysis

Before the start of the experimental study, a sample size cal-
culation was performed using G*Power 3.1.5 (University Kiel,
Germany) based on the reported data by Schmalzl et al. [21].
Input parameters to compute the required sample size were
tails: two, effect size dz: 1.63, α err prob: 0.05 and power (1‐β err
prob): 0.95. This results in the output parameters sample size 8
for each group and an actual power of 0.97.

Statistical analyses were performed using SPSS 25 (IMB, Ar-
monk, NY, USA) with a significance level of p< 0.05. Empirical
distribution of the measured parameters is reported with mean
value, standard deviation, range, and confidence intervals (CIs).
Before analysis, the normal distribution of the data was eval-
uated using a Shapiro–Wilk test, and the homogeneity of vari-
ance was verified using the Levene test. P‐values are seen as
descriptive statistics and have no confirmatory value.

Relative motion was compared with a single‐factor analysis of
covariance with repeated measures, and bone density as a
continuous covariate was performed. Different measurement

times were used as within‐subject factors and the investigated
treatment techniques as between‐subject factors. For significant
differences regarding between‐subject factors, a post‐hoc test
with Bonferroni correction was used to check whether signifi-
cant differences existed between measurement times with
regard to the relative motion. A t‐test for dependent samples
was used to analyze the maximum force of the two types of
treatment.

3 | Results

The statistical analysis included 7 fresh‐frozen paired human
humeri thawed for testing and preparation. One pair was ex-
cluded from the relative motion analysis due to a loosening of
the prosthesis during the test preparations.

3.1 | Bone Mineral Density

Density differences between the cerclage group (0.57 g/cm² (SD
0.19)) and TendoClip group (0.56 g/cm² (SD 0.14)) were tested
using the Shapiro–Wilk test and showed a normal distribution
(p= 0.806). The following paired t‐test showed no significant
differences in bone density between the two groups (t(7) = 0.191,
p= 0.854, d= 0.69).

3.2 | Testing Cycles and Reason of Failure

The cerclage group reached 675 ± 100 cycles and the TendoClip
group reached 790 ± 228 cycles before any fixation failure oc-
curred (p= 0.299). Figure 4 shows the reasons for failure
depending on the load stages of both groups.

All specimens in the cerclage group resisted a pulling force of
100 N, with 2 even achieving 120 N. In the TendoClip group, all
preparations passed a pulling force of 80 N before failures oc-
curred. Here, 5 resisted a pulling force of 120 N and 3 completed
the entire test (140 N).

FIGURE 4 | Reason of failure depending on pulling force and

reached testing cycles.

5Journal of Orthopaedic Research®, 2025
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In the cerclage group, the main reason for failure was a major
fragment motion of the tuberosities (< 2mm) (n= 6). In one of
the preparations, the tendon tore out of the clamps. In the
TendoClip group, the tuberosities were torn out of the Tendo-
Clips in two treatments. Furthermore, the limit of maximum
fragment motion was reached (n= 1) and the prosthesis rotated
in the humeral shaft (< 2°) (n= 1).

3.3 | Relative Motion

The first four load levels were included to evaluate the maxi-
mum relative motions between the humeral shaft and the

tuberosities, as all the preparations have passed through the full
cycles in this load level. The main direction of fragment motion
is in the x‐axis for the greater tuberosities. In the y‐axis, it is for
the lesser tuberosities. This corresponds to the main direction of
tension through the treatment and the tendon cables on the
tuberosities. Figure 4 illustrates the resulting maximum relative
motion for the greater (Figure 5a) and lesser (Figure 5b)
tuberosity as a function of both groups and incrementally
increased pulling forces (50–80 N).

For the motion of the greater tuberosity relative to the humeral
stem, increasing pulling forces showed a statistically significant
difference in relative motion in both groups (cerclage group:
F(1.42, 8.53) = 24.37, p< 0.001; TendoClip group: F(5.97,
10.18) = 5.97, p= 0.022)) (Table 1). Data in all four load levels
was normally distributed (α= 0.05). The dependent‐samples
t‐test showed significant differences in maximum relative
motion at each of the four load levels.

The analysis of the smaller tuberosity also showed normally
distributed data from the second load level onwards (α= 0.05).
The dependent variable t‐test shows a statistically significant
difference between the two treatment groups in all four load
levels. Increasing pulling forces exclusively had a statistically
significant influence on the relative motion between the lesser
tuberosity and the humeral stem in the cerclage group (F(1.12,
6.72) = 19.38, p= 0.003). There was no significant difference in
the TendoClip group (F(1.01, 6.07) = 2.03, p= 0.203) (Table 1).

The motion of the humeral stem in the humeral shaft should be
low with optimal press‐fit implantation. Any loosening of the
implanted stem is reflected in a rotation around the z‐axis
between the humeral shaft and the implanted stem. Figure 6
shows the rotation of two implanted stems as a function of the
rotation around the z‐axis over the biomechanical test cycles. In
all included specimens from both groups, the rotation of the
implanted stem was less than 2°.

4 | Discussion

Stable fixation of the tuberosities for treating proximal humerus
fractures is decisive for the success of bony consolidation and for

FIGURE 5 | Resulting maximum relative motion (XYZ) as a func-

tion of increased load levels for (a) the greater tuberosity and (b) the

lesser tuberosity. *Significant differences (p< 0.05).

TABLE 1 | Resulting (XYZ) maximum relative motion between the tuberosities and the humeral stem for both groups and the first four load

levels.

Greater tuberosity Lesser tuberosity

Load level (N) N= 7 Mean values ± SD (µm) p‐value Mean values ± SD (µm) p‐value

1 (50) Cerclage 465.9 ± 445.8 0.042* 2401.3 ± 1947.7 0.019*

TendoClip 42.4 ± 15.2 47.0 ± 13.3

2 (60) Cerclage 1186.7 ± 940.9 0.020* 4106.6 ± 2652.0 0.008*

TendoClip 58.9 ± 32.5 92.0 ± 99.7

3 (70) Cerclage 2138.6 ± 1127.4 0.003* 5737.2 ± 3344.4 0.005*

TendoClip 73.3 ± 28.9 147.7 ± 208.3

4 (80) Cerclage 3189.5 ± 1363.9 < 0.001* 7769.8 ± 4178.1 0.003*

TendoClip 93.7 ± 45.6 204.0 ± 292.6

6 Journal of Orthopaedic Research®, 2025
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a positive clinical therapeutic outcome [14, 15, 28]. This study
investigates the primary stability of a cerclage fixation technique
and the novel TendoClip procedure for fixing the tuberosity
fragments after 4‐part PHF on reverse shoulder arthroplasty. One
indicator for stability is movement of the tuberosity fragments.
The results of the biomechanical investigation show increased
relative motion of the fixed tuberosities in the cerclage group in
relation to the humeral shaft compared to the TendoClip group.
Overall, a higher primary stability of the fixed tuberosity frag-
ments was observed with the TendoClip procedure. This is
confirmed by the measured relative motions between the lesser
tuberosity and humeral shaft, which were significantly higher in
the cerclage group than in the TendoClip group within the first
four load levels (p= 0.003–0.019). The same could be observed
for the greater tuberosity and humeral shaft (p= 0.001–0.042).
The first cases of failure occurred in both groups when pulling
forces above 120 N were applied. For the individual measure-
ments, it should be noted that only 2 specimens in the cerclage
group resisted pulling forces of 120 N. In contrast, 3 specimens in
the TendoClip group were tested over the entire test without
failing. The magnitude of the relative motion measured within
the load levels also indicates that the TendoClip procedure en-
sures a significantly more stable fixation of the tuberosity frag-
ments. The difference in relative motion of the greater tuberosity
to the humeral shaft was over ten times higher, even at the first
load level (TendoClip 42.4 ± 15.2 μm, cerclage 465.9 ± 445.8 μm).
In addition, the nonsignificant increase in relative motion with
increasing force level for the lesser tuberosity indicates that a
more rigid attachment of the bone fragments to the prosthesis
body could be achieved with a TendoClip treatment.

Previous research in the field of tuberosity fixation after 4‐part
PHF has focused on comparing the primary stability of different
cerclage fixation techniques with cerclage materials. A com-
prehensive review of the scientific databases revealed that a
novel procedure, such as the TendoClip, has not yet been
considered alongside the conventional fixation procedure. Dietz
et al. [29] investigated the influence of different fixation mate-
rials (wire vs. suture) in the tuberosity fixation method on
primary stability using a biomechanical model under cyclic
tensile forces of up to 40 N. The maximum dislocation of the
greater tuberosities in both treatment groups (wire: 0.64 mm;
suture: 3.30 mm) was already evident after 4 cycles. Relative
motions of the tuberosities in relation to the humeral shaft
were significantly greater in the suture cerclage group than in

the wire cerclage group. Another cadaver study by Borowsky
et al. [30] concluded that suture cerclage has mechanical defi-
ciencies. These are reflected in the suture cutting into bone and
tendon material and in the force‐induced elongation of the
suture material. Under defined cyclic loads with forces up to
175 N under internal rotation and 87.5 N under external rota-
tion, all tuberosity fragments dislocated and could be moved by
at least 10 mm in most cases. The research group of Grubhofer
et al. [31] compared the primary stability of two different suture
cerclage techniques in a similar test scenario. The treatment of
4‐part PHF with the double‐thread technique, also known as
the “cow hitch”, and with the conventional thread technique
were subjected to cyclic loading under tensile forces between
250 N and 350 N. Only the relative motions of the greater
tuberosity in relation to the humeral shaft were considered in
the evaluation. In tests by Grubhofer et al., fracture treatment
using the “cow hitch” technique resulted in significantly less
dislocation of the greater tuberosity in relation to the humeral
shaft (0.73 mm± 0.33mm) compared to the conventional cerc-
lage technique (2.28 mm± 1.08mm). Research by Knierzinger
et. al [23] used a test setup similar to the present study to
compare primary stability between suture and wire cerclage.
The specimens were subjected to cyclically increasing rotational
loads, starting with tensile forces of 20 N. Loads were gradually
increased by 5 N until failure occurred. The evaluation criterion
used was rotation of the tuberosities in relation to the shaft axis.
The first occurrence of the specified limits of 15° rotation oc-
curred at tensile forces of 65 N. On average, the wire cerclage
group resisted a tensile load of 90 N. A comparison of the rel-
ative motion of the greater tuberosity under suture cerclage
with corresponding tensile forces in this study showed that
these are lower in comparison to Dietz et al. (3.30mm vs.
0.91 mm (40 N)) and Borowsky et al. (10 mm vs. 4.55 mm
(87.5 N)). In contrast, the measured relative motions of the
TendoClip group in our study are significantly lower compared
to those of the suture cerclage and wire cerclage groups in
Knierzinger et. al. From this, it can be concluded that the
primary stability is higher with the TendoClip.

A relevant limitation of the TendoClip procedure is the screwing
of the bone fragments to the prosthesis body. The tubercle
fragments must be drilled through so that they can be screwed to
the prosthesis. The drilling weakens the already small bone
fragments and may contribute to difficulties in adequately
securing these. During this study, bony avulsion of the lesser
tuberosity occurred in two cases. In the author′s opinion, care-
fully clamping the entire surface without drilling through the
fragment could help to improve the treatment. However,
clamping of the tuberosities also carries the risk of compression
necrosis caused by excessive pressure on the bone fragments.
This could lead to destruction of the bone and could be a possible
factor in early implant failure. In addition, the predetermined
positioning of the tubercle due to the screw connection can lead
to significant gaps between the bony parts during restoration. In
everyday clinical practice, this would rule out the possibility of
bony consolidation. These gaps could be closed with bone sub-
stitute materials. However, direct contact after the restoration
would still be preferable. Another limitation of the system is the
loosening of the prosthesis in the humeral shaft. This was clearly
observed in two cases in this study. The rotational force applied
on the prostheses caused the prosthesis stem to rotate in the

FIGURE 6 | Rotation of non‐fixed implanted stems around the

z‐axis.

7Journal of Orthopaedic Research®, 2025

 1554527x, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jor.70105, W

iley O
nline L

ibrary on [16/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



humeral shaft. This phenomenon did not occur with a suture
cerclage. This is possibly due to differences in the fixation
mechanisms In the cerclage procedure, the tuberosity fragments
are held to the fracture body by sutures. The force exerted on the
prosthesis by pulling on the fragments is lower than in the
TendoClip procedure, in which higher retention forces can be
generated on the prosthesis body by screw clamping. Never-
theless, the treatment of a 4‐part PHF with a reattachment of the
tuberosities with TendoClips provided promising results for pri-
mary stability compared to the cerclage procedure used. The
knowledge gained could be used to improve the product before
market approval. This should be supplemented by further bio-
mechanical investigations. The TendoClip could represent a
standardizable, reproducible procedure for use in everyday clin-
ical practice to support patients starting postoperative rehabili-
tation at an early stage.

4.1 | Limitations

Biological bone healing cannot be taken into account in this
cadaveric study. Even though our experimental setup re-
produced the clinical situation as realistically as possible, the
physiological effects of surrounding soft tissues, bone density
differences, and present 4‐part PHF could not be reproduced.
This limits the extrapolation of our results to the clinical sce-
nario. Another limitation is the representation of a simplified
load situation. In this study, we focused on rotational loading of
the shoulder joint. Other shoulder joint movement patterns,
such as abduction or flexion, were not considered. It can be
assumed that a refixed supraspinatus tendon would also affect
the primary stability of the fixation technique. Due to the failure
of one preparation, the calculated sample size for the statistical
analysis of the relative motion could not be achieved. However,
as the results are highly evident, this probably does not influ-
ence the statements made.

5 | Conclusion

In this study, the relative motions of individual fracture frag-
ments of a 4‐part proximal humerus fracture to the shaft of the
humerus were measured as an indicator of primary stability.
Applying tensile forces resulted in a significant difference in the
relative motions between the TendoClip and the cerclage group.
The experimental investigations showed that 3 out of 8 speci-
mens in the TendoClip group could be loaded for the entire test
with pulling forces of 140 N. In the cerclage group, none of the
preparations passed the test completely. The recorded failure
mechanisms also showed that fixed bone fragments of the
cerclage procedure were significantly more frequently affected
by loosening and visible relative motion compared to the Ten-
doClip procedure. However, the TendoClip restoration has
some limitations as well. In 2 out of 8 cases, a bone fragment
was pulled out of the fixation. A possible cause of this is the
weakening of the bone fragments when they were prepared for
fixation by drilling a hole through them to be fixed to the
prosthesis body. In the future, this tear‐out could be minimized
by modifying the design of the prosthesis body. The observed
stem loosening of the prosthesis in the TendoClip group also

needs to be investigated because there might be a connection
between loosening and fixation method, as the loosening only
occurred in the TendoClip group.

In summary, the data collected show that using the TendoClip
reduces bone‐fragment micromotion for 4‐fragment fractures of
the proximal humerus. Further investigations of the treatment
procedure, such as longer loading times, higher force applica-
tion, and consideration of further muscle tractions, would be
helpful in comprehensively demonstrating the performance of
the TendoClip procedure. In conclusion, the TendoClip may
represent an alternative to conventional fixation procedures for
multifragmentary proximal humerus fractures.
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