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Multi-fragment fractures are still a challenge: current clinical practice relies on plates and screws.
Treatment of fractures of the proximal humerus has the intra-operative risk of articular damage when
inserting multiple screws. Distal-varus collapse of the head is a frequent complication in osteoporotic
patients. The aim of this biomechanical study was to investigate if an Innovative-cement-technique (the
screws are replaced by injection of cement) provides the same or better stability of the reconstructed
head compared to the Standard-technique (locking screws). A four-fragment fracture was simulated in
twelve pairs of humeri, with removal of part of the cancellous bone to simulate osteoporotic ‘‘eggshell”
defect. One humerus of each pair was repaired either with a Standard-technique (locking plate, 2 cortical
and 6 locking screws), or with the Innovative-cement-technique (injection of a partially-resorbable rein-
forced bone substitute consisting of PMMA additivated with 26% beta-TCP). Cement injection was per-
formed both in the lab and under fluoroscopic monitoring. The reconstructed specimens were tested
to failure with a cyclic force of increasing amplitude. The Innovative-cement-technique withstood a force
3.57 times larger than the contralateral Standard reconstructions before failure started. The maximum
force before final collapse for the Innovative-cement-technique was 3.56 times larger than the contralat-
eral Standard-technique. These differences were statistically significant. The Innovative-cement-technique,
based on the reinforced bone substitute, demonstrated better biomechanical properties compared to the
Standard-technique. These findings, along with the advantage of avoiding the possible complications asso-
ciated with the locking screws, may help safer and more effective treatment in case of osteoporotic multi-
fragment humeral fractures.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access articleunder the CCBY-NC-ND license

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

Proximal humeral fractures affect approximately 66 out of
10,000 persons yearly (Lanting et al., 2008), accounting for about
10% of all fractures in elderly patients (Barrett et al., 1999;
Palvanen et al., 2006; Singh et al., 2015). The golden standard for
such fractures is fixation with locking plate with screws
(Charalambous et al., 2007; Gavaskar et al., 2016; Rosengren
et al., 2015; Schliemann et al., 2015). The second-generation of
these locking devices overcame many drawbacks experienced with
first-generation non-locking plates in elderly patients (Gavaskar
et al., 2016; Olerud et al., 2011). However, locking plates create
several problems, increasing with patients’ age and fracture com-
plexity (Berkes et al., 2013; Brunner et al., 2009; Schliemann
et al., 2012; Sproul et al., 2011; Thanasas et al., 2009). This system
is associated with intra-operative risks, chiefly cartilage damage
while drilling or inserting the screws (incidence: 12–25%
(Charalambous et al., 2007; Olerud et al., 2011)). This risk is higher
in osteoporotic patients: due to the lack of bone in the center of the
humeral head, the screws must be long enough to reach the sub-
chondral bone, increasing the risk of cartilage perforation or
prominence over the cartilage layer (Erhardt et al., 2012). Further-
more, four-parts fractures require a large number of screws to
stabilize each fragment, multiplying the risks (Charalambous
et al., 2007; Varga et al., 2018). Secondary loss of reduction is the
most common post-operative failure mechanism (Schliemann
et al., 2015). Bone quality, associated with medial comminution
of the humeral neck undermines stability of fixation (Namdari
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et al., 2012; Schliemann et al., 2015). In fact, the low mechanical
properties in low-density bone reduce the pull-out and cut-
through strength of the screws (Fankhauser et al., 2003;
Maldonado et al., 2003; Seebeck et al., 2004). The locking screws
in the humeral head act as cantilevers connected to the plate on
the lateral humerus; repetitive loading gradually induces the tip
and thread of these screws to damage the osteoporotic bone,
cutting-through the cancellous bone and leading to varus disloca-
tion of head (Choma et al., 2011; Hertel, 2005; Jabran et al., 2018;
Kammerlander et al., 2016). Acromial impingement is another fre-
quent problem with plate fixation, affecting up to 21% of patients
(Bachner et al., 2019; Kirchhoff et al., 2008).

Another critical point is the desire to early mobilize the shoul-
der and prevent disabling stiffness. Therefore, in patients with poor
quality bone and multiple-fragment fracture, a higher number of
screws is often required to obtain sufficient stability (Varga et al.,
2018).

In order to overcome these problems, screw augmentation has
been proposed, mainly with acrylic cement. Despite the initial con-
cerns, cement has been proven not to cause thermal bone necrosis
or cartilage apoptosis in these applications (Blazejak et al., 2013;
Danesi et al., 2017). Biomechanical studies reported how screw
augmentation is effective in stabilizing the fragments and prevent-
ing head migration when positioned in critical area (Kathrein et al.,
2013). Nevertheless, to the Author’s knowledge only few studies
report clinical application of this technique in four-parts proximal
humeral fractures, in relatively small studies (<100 cases) (Egol
et al., 2012; Hengg et al., 2019; Katthagen et al., 2018;
Knierzinger et al., 2020; Siebenburger et al., 2019). These papers
often report complications such as screw penetration of the col-
lapsed humeral head and avascular necrosis, even if incidence is
reduced by the use of cement (Hengg et al., 2019; Knierzinger
et al., 2020; Siebenburger et al., 2019). Polymethylmethacrylate
(PMMA) cement in itself is unable to promote bone healing and
does not address problems of vascularization. Calcium-phosphate
cements are osteoconductive, but provide limited mechanical sup-
port, leading to risk of early fixation failure (Danesi et al., 2017).
The need of conjugating the advantages of the different augmenta-
tion materials led to the development of innovative products. A
combination of PMMA and beta-tricalcium-phosphate (beta-TCP)
was introduced to provide adequate mechanical properties for ini-
tial fixation, and promote bone ingrowth with partial substitution
of the cement over time. This composite material allows formation
of interconnected porosity by resorption of the beta-TCP (Dall’Oca
et al., 2014; Dall’Oca et al., 2017). Due to its open microporous
structure, this cement allowed the blood vessels and bone cells
to colonize superficially the gap left by the beta-TCP reabsorption,
and it permitted the osteoblasts to re-create homogeneously the
bone tissue at the bone-cement interface (Dall’Oca et al., 2014,
2017). Similar products have already been used in pre-clinical
studies, showing biomechanical positive support to conventional
plate and screw fixation (Kuang et al., 2018). This led to the idea
to verify in a biomechanical setting if it would be reasonable to
develop a construct with the positive aspects of cement augmenta-
tion without the drawbacks of screws presence in the long term. A
recent in vitro biomechanical study reported encouraging results
when the number of screws was reduced and replaced with a rein-
forced bone substitute consisting of PMMA additivated with 26%
beta-TCP (Cristofolini et al., 2020).

The aim of this study was to test the biomechanical validity of
an innovative technique to repair humeral fractures, based on
the injection of a partially-resorbable reinforced bone substitute
to replace the screws normally used to stabilize the fragments.
The hypothesis was that this technique would provide the same
or better stability of the bone fragments compared to the standard
technique. The focus was the risk of slippage of the reconstructed
2

head in case of four-fragment fractures in proximal humeri with
bone defects.
2. Materials and methods

2.1. Bone specimens

This Study was authorized by the Bioethics Committee of the
University of Bologna (Prot. 68448, 10 May 2018). Twelve pairs
of frozen humeri were obtained through an ethically-approved
donation program (Anatomy Gifts Registry, Hannover, USA)
(Table 1). In order to allow reproducible alignment, the humeri
were cleaned removing all soft tissues and exposing the bone land-
marks, which were used to identify the anatomical reference axes
(Cristofolini, 2012). The distal portion of the intact humeri was
resected. The diaphysis was potted using PMMA in an aluminum
box. A fixed fraction of the humerus was left free (40% the biome-
chanical length of the intact humerus, Table 1) to grant comparable
biomechanical conditions to the different humeri. Hydration was
preserved wrapping the humeri in cloths soaked with physiological
saline solution.

2.2. Fracture simulation

In all humeri, a four-fragment fracture (adapted from AO-11-C2
(Rüedi and Murphy, 2001)) was simulated. In order to allow con-
sistent preparation of the fractures, the bones were processed in
pairs, following well-defined resection planes, aligned with the
previously-defined references, using custom-built cutting jigs
(Fig. 1):

� 1st cut: the head was resected on a plane parallel to the end of
the epiphysis.

� 2nd cut: the metaphysis was resected at the height of the end of
the epiphysis.

� 3rd cut: the lateral fragment was cut in a frontal plane between
greater and lesser tuberosity.

In addition, to simulate in a reproducible way the cases where
the innovative technique is possibly indicated, a portion of the can-
cellous bone was removed to mimic lack of support due to severe
osteoporosis (‘‘eggshell defect”) (Kamer et al., 2016). In both
humeri of each pair, a hole was drilled in the cancellous bone
under the drill press following a standardized procedure. In the
head a ø30 mm bit was used, for a depth equivalent to 40% of
the head diameter. Cancellous bone from the metaphysis was
removed (ø20 mm bit) for a depth of 26–30 mm (the depth was
adjusted in each pair to avoid compromising the cortical bone).

2.3. Surgical technique

The reconstructions of the fractured humeri were performed by
an experienced shoulder surgeon (Fig. 2). The surgeon identified
the optimal position of the plates, preparing the humeri in pairs,
aiming to minimize inter-pair differences. One of the most com-
mon pre-contoured plates (Philos, DePuy-Synthes, Oberdorf,
Switzerland) was used in conjunction with its locking and cortex
screws. The recommended procedure was adapted for deployment
in a laboratory setting. All the screws-hole were pre-drilled
(ø2.5 mm) using the dedicated aiming device (Philos, DePuy-
Synthes). The surgeon chose the length of each screw using the
dedicated probe (Philos) following the standard procedure. A total
of 6 plates (regular size) and 51 screws (ø3.5 mm) of titanium alloy
were used for all the humeri. The locking screws were between 35,
40, 45, 50 mm; the cortex screws 28 and 34 mm. The plates and



Table 1
List of the humeri used in this study, including the donors’ details and the biomechanical length of each bone specimen (defined as in (Cristofolini, 2012)). Two types of implant were prepared (Standard-technique and Innovative-cement-
technique). No information about donor’s laterality was available.

Donor Cause of death Sex Ethnics Age (years) Height (cm) Body weight (kg) Side Biomechanical length (mm) Type of Reconstruction Amount of cement injected (ml) Preparation

#1 Renal Failure F Caucasian 56 163 204 L 300 Standard – In the lab
R 315 Innovative-cement 10 In the lab

#2 Glioblastoma F Caucasian 62 163 113 L 332 Innovative-cement 15 In the lab
R 335 Standard – In the lab

#3 Diabetes Complications M Caucasian 69 163 91 L 340 Standard – In the lab
R 340 Innovative-cement 20 In the lab

#4 Pulmonary Fibrosis F Caucasian 70 175 136 L 295 Innovative-cement 20 In the lab
R 300 Standard – In the lab

#5 Cardiogenic Shock F Black 66 170 136 L 340 Standard – In the lab
R 340 Innovative-cement 20 In the lab

#6 Cardiac Arrest F Caucasian 50 158 136 L 310 Innovative-cement 20 In the lab
R 305 Standard – In the lab

#7 Sepsis F Caucasian 75 167 144 L 313 Innovative-cement 14 Fluoroscope
R 310 Standard – In the lab

#8 Respiratory Failure F Caucasian 58 162 142 L 306 Innovative-cement 20 Fluoroscope
R 304 Standard – In the lab

#9 Cardiac Arrest F Caucasian 70 170 75 L 347 Innovative-cement 18 Fluoroscope
R 348 Standard – In the lab

#10 Respiratory Failure F Caucasian 70 150 216 L 289 Standard – In the lab
R 290 Innovative-cement 15 Fluoroscope

#11 Respiratory Failure F Caucasian 72 175 124 L 321 Standard – In the lab
R 320 Innovative-cement 20 Fluoroscope

#12 Pneumonia F Caucasian 69 167 130 L 312 Standard – In the lab
R 312 Innovative-cement 18 Fluoroscope

Median 69 165 136 – 313 – 19.0
Range 50–72 158–175 75–216 – 289–348 – 10–20
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Fig. 1. Left: schematic view of the three resection planes to simulate a four-fragment fracture (left humerus: anterior and lateral views). Center: the steps of 1st, 2nd and 3rd
cut to simulate a four-fragment fracture. Right: to mimic poor bone quality (‘‘eggshell defect”) the cancellous bone was removed by drilling the head and the metaphysis,
without affecting the cortical bone.

Fig. 2. Comparison between the two reconstruction techniques tested in this study. Top: preparation of the holes and insertion of the locking screws in the humeral head for
the Standard-technique. Bottom: injection of the cement (the fragments were temporarily kept in place by Kirschner wires and a plate) for the Innovative-cement-technique.
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screws were carefully checked before re-use following a validated
procedure to exclude critical damage of the threads, or bending
(Danesi et al., 2011). One humerus of each pair was randomly
assigned to one of these two techniques:

� Standard-technique: In each specimen the distal portion of the
Philos plate was fixed with two cortex screws (distally); six
holes were prepared for the proximal locking screws (Fig. 3a).
To enable reproducible and accurate preparation, the screw
holes were drilled using the plate as a guide, before simulating
the fracture. The plate and screws were then implanted after
fracture simulation (see below).

� Innovative-cement-technique: The innovative treatment was
performed after reduction of the fragments. In order to keep
all the fragments in place, a plate was temporarily fixed to the
diaphysis with two cortex screws; Kirschner wires (ø1mm)
were inserted proximally before injecting the cement. A rein-
forced bone substitute consisting of PMMA additivated with
26% beta-TCP (Cal-CEMEX, Tecres, Sommacampagna, Italy)
was injected into the humeral head (Fig. 3b). The monomer
and powder were mixed in the dedicated kit (Shakit, Tecres)
4

for 2 min. The cement was delivered 4 min using the propri-
etary kit (Xtruder) through the central hole of the Philos plate,
in order to reach the eggshell defect. As a first part of the study,
the surgeon injected cement in six humeri in the laboratory: the
amount injected was chosen based on the volume of the bone
cavity: no leakage of cement was observed through the bone
fractures. For the remaining six, the surgeon injected the
cement under a fluoroscope (Vision-FD Vario-3D, Ziehm-
Imaging, Nuremberg, Germany), and stopped injection based
on cavity filling, as it would happen during real surgery
(Fig. 4). The quantities of cement injected in laboratory (10–
20 ml) and under the fluoroscope (14–20 ml) were not signifi-
cantly different (Table 1). The cortex screws, plates and wires
were removed from the Innovative-cement specimens before
the mechanical test.

To allow the cement to season before mechanical testing, the
specimens were stored for 48 h at 37 �C in physiological saline
solution (additivated with 0.18% methyl-4-hydroxybenzoate to
avoid degradation). This corresponds to the earliest time when a
patient would load the operated limb (Doshi et al., 2017).



Fig. 4. Left: injection of the cement under the fluoroscope to monitor the flow of the cement in the Innovative-cement-technique. Right: the fluoroscopic images showing the
amount and the distribution of cement at different steps of the injection (from left to right). The cement first spread into the head of the humerus filling the entire cavity.
When the head of the humerus was completely full, the cement filled the diaphyseal cavity of the humerus. The images show also the plate and the Kirschner wires
temporarily used to hold the fragments in place during cement injection.

Fig. 3. Pair of humeri (anterior, lateral and posterior views) after simulation of fracture and reconstruction with the Standard-technique (on the left, (a)) and with the
Innovative-cement-technique (on the right, (b)).
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2.4. Biomechanical test

The biomechanical test was similar to a recent study
(Cristofolini et al., 2020) and allowed comparing the two recon-
struction techniques (Standard-technique vs. Innovative-cement-
technique). One of the most commonmechanisms of failure is a dis-
tal sliding of the humeral head with respect to the humeral diaph-
ysis. For this reason, all the humeri were tested imposing a cyclic
force of increasing magnitude with a specific loading direction.
Due to repetitive axial loading, the screws gradually cut into the
cancellous bone causing the sliding of the head (Brianza et al.,
2010; Lescheid et al., 2010). To test this scenario, the distal end
of the humerus was fixed to the load-cell of the testing machine
(Mod.8800, Instron, Canton, USA; Fig. 5). A vertical force (aligned
with the axis of the humerus) was applied to the humeral head
by the actuator. The biomechanical test was the worst-case-
scenario: a force aligned with the humeral axis elicits the highest
risk of distal slippage of the humeral head (Anglin et al., 2000;
Westerhoff et al., 2009).

A cyclic force was applied at 1 Hz: the baseline was constant
(80 N) while the amplitude started from 60 N, and increased at
each cycle by 1% of current amplitude until failure. The force and
5

displacement were measured with a high-performance datalogger
(PXIe-6341 + PXIe-8135, National-Instruments, Austin, USA).

2.5. Identification of failure

To quantitatively and objectively measure the strength of the
reconstructions, failure was defined when the distal migration of
the head exceeded 5.0 mm with respect to the initial condition
of the test. The migration of the head was measured through the
displacement of the actuator since the humeri were aligned with
the testing machine (Fig. 6). This is consistent with the criterion
indicated by Neer et al, where a displacement of 5.0 mm or more
was considered an indication for surgical treatment for humeral
head fractures (Neer et al., 1982) (Fig. 7). A first failure event was
defined as a change of slope in the force-displacement curve. This
would correspond to an initial migration of a reconstructed hum-
eral head in a shoulder patient. To identify such a transition in
an operator-independent way, the first failure event was defined
similar to the identification elastic limit in material testing: the ini-
tial slope of the force-displacement curve was first identified; a
line with a 0.2 mm offset was then drawn; the intersection of
the offset line with the force-displacement plot defined the end



Fig. 5. Left: Overview of the test setup, showing a reconstructed left humerus (wrapped in a plastic bag to prevent leakage of fluids), and the system for application of the
force (actuator and low-friction bearings); the load cell is below the distal aluminum pot. A metal plate was used to ensure that the force was applied to the humeral head
(and not to the greater tuberosity). Right: The diagram explains the load profile (of increasing amplitude) applied during the mechanical cyclic test. A cyclic compressive force
was applied at 1 Hz. The baseline force was constant (80 N), while the amplitude increased at each cycle by 1% of the current amplitude, starting from an amplitude of 60 N for
the first cycle. The entire test lasted between 152 and 412 cycles (between 2 and 7 min).

Fig. 6. Pair of humeri, reconstructed with the two different techniques (left:
Standard-technique, right: Innovative-cement-technique) after the biomechanical
test. In both cases there was a distal migration of the head which lead to failure.
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of the linear region (first failure). Additionally, the maximum force
was defined as the largest force recorded from the beginning to the
test. This corresponds to the maximal force that can be resisted by
the reconstructed humerus before gross failure occurs.

2.6. Measurement of the curing temperature

In order to measure the temperature increase due to cement
curing, twelve specimens were instrumented with four thermo-
couples (three in the head, one in the metaphysis) prior to cement
injection. More details are reported in the Supplementary
materials.

2.7. Statistics

To ensure that the two preparations with the Innovative-
cement-technique (cement injections in laboratory and under the
fluoroscope) were comparable, a F-test was performed. As the
laboratory-prepared and the fluoroscope-prepared specimens
6

were not statistically different, the two sub-groups were pooled
together for a total of twelve pairs. The F-test was used also to
compare the variance of the two reconstruction techniques. The
Wilcoxon signed-rank two-sided non-parametric test was used to
compare the strength of the paired samples. All statistical analyses
were performed with Matlab 2018 (MathWorks, Natick, MA, USA).
3. Results

3.1. Distribution of the injected cement

For all the specimens reconstructed with the Innovative-cement-
technique, the cement injected through the hole first spread into
the head of the humerus filling the entire cavity (Fig. 4). Subse-
quently, when the head of the humeruswas completely full, the addi-
tional cement injected flowed to the diaphyseal cavity of the
humerus. No leakage of cement was observed between the frag-
ments, both for the fluoroscope and for the laboratory preparations.

3.2. Failure mechanism

For both types of reconstruction, our test elicited the expected
type of failure: a progressive varus-distal collapse of the humeral
head respect to the diaphysis (Fig. 6). The force-displacement plots
had a monotonic trend until failure for all the specimens (Fig. 7). In
several specimens of both types of reconstruction, the force
showed a second increase after a migration of several millimeters
was reached: this was associated with a compaction of the
fragments.

Each group showed a typical and consistent failure mechanism
(Table 2):

� The Standard-technique (i.e. repaired with 6 locking screws)
failed progressively, starting at a force (first failure) that was
lower than the maximum peak. The maximum force was 1.36
times larger (median of 12 specimens) than the first failure.

� For the Innovative-cement-technique (i.e. with injection of the
cement, and tested without any plate or screws), failure was
more progressive than with the Standard-technique, with the
force still increasing after the first failure. The maximum force
was 1.58 times larger (median of 12 specimens) than the first
failure.



Fig. 7. Typical force-displacement plots throughout the mechanical destructive test for the Standard-technique and for the Innovative-cement-technique. The envelope of the
load peaks is shown. While the criterion for failure was a migration of 5.0 mm, the test was extended as far as 8.0 mm to ensure that failure became clear in all specimens.

Table 2
The values of force at 1st failure and maximum force are reported for each specimen
both for Standard-technique and Innovative-cement-technique. For the Innovative-
cement-technique, also the normalized values are reported, as a fraction of the
contralateral specimens prepared with the Standard-technique.

Standard-technique

Donor # Force at 1st failure (N) Maximum force (N)

#1 347 504
#2 383 511
#3 303 383
#4 468 626
#5 464 804
#6 368 603
#7 185 269
#8 276 385
#9 425 437
#10 323 594
#11 329 394
#12 –* 154

Median 347 470
Range 185–468 154–804

Innovative-cement-technique

Donor
#

Force at
1st failure
(N)

Maximum
force (N)

Force at 1st fail as
fraction of Standard-
technique

Max Force as
fraction of
Standard-technique

#1 919 1294 2.65 2.57
#2 1644 2520 4.29 4.93
#3 1111 1834 3.67 4.79
#4 1757 2912 3.75 4.65
#5 1582 1995 3.41 2.48
#6 1372 2331 3.73 3.87
#7 514 686 2.78 2.55
#8 1021 1231 3.70 3.20
#9 296 1066 0.70 2.44
#10 1154 1933 3.57 3.25
#11 898 1537 2.73 3.90
#12 564 633 –* 4.11

Median 1066 1685 3.57 3.56
Range 296–

1757
633–2912 0.70–4.29 2.44–4.93

Note * missing data due to data recording problems during the mechanical test.

Fig. 8. The strength measured of the Innovative-cement-technique was normalized
in comparison with the corresponding value measured for the Standard-technique.
The force to reach first failure event and the maximum force are reported (box-and-
whiskers plot with quartiles over 12 pairs of specimens). Values of 100% indicate
that the Innovative-cement-technique was as strong as the contralateral Standard-
technique; values larger than 100% indicate that the Innovative-cement-technique
was stronger.
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3.3. Strength of the reconstructions

The force at first failure of the Innovative-cement-technique
(range: 296–1757 N) was 3.57 times larger (median of the ratio)
7

than the contralateral Standard-technique (range: 185–468 N)
(Table 2). This difference was statistically significant (Wilcoxon
signed-rank, p = 0.002). Similarly, the maximum force of the
Innovative-cement-technique (range: 633–2912 N) was 3.56 times
larger than the contralateral Standard-technique (range: 154–
804 N) (Table 2). This difference was statistically significant
(p = 0.00049). Remarkably, all of the Innovative-cement-technique
specimens were at least as strong as the contralateral Standard-
technique (Fig. 8).

The inter-specimen variability (coefficient of variation = stan
dard deviation/mean = 23–42%) was similar for the Standard-
technique and the Innovative-cement-technique both for the force
at first failure and for the maximum force (F-test, p > 0.1).
3.4. Curing temperature

The peak temperature at the cement-bone interface during
cement curing was 59.2 �C; it exceeded 45 �C for 1001200, and
48 �C for 702500 (mean of 12 specimens). More details are reported
in the Supplementary materials.
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4. Discussion

Treatment of multi-fragment fractures of the proximal humerus
in osteoporotic patients often leads to dissatisfactory results
(Brunner et al., 2009; Hertel, 2005; Owsley and Gorczyca, 2008).
Locking plates represent a milestone for these fractures, but still
outcomes need to be improved due to the difficulties for the sur-
geon to achieve a good reduction and a stable fixation on osteo-
porotic bone. In fact, fractures in elderly patients are often
comminuted with bone impaction, where after an anatomic reduc-
tion, bone stock supporting the screws and other fragments is
missing from the central part of the humeral head. For this reason,
different cements based on PMMA and on calcium-phosphate were
proposed, reporting positive results (Blazejak et al., 2013;
Kammerlander et al., 2016; Röderer et al., 2013). PMMA provides
adequate strength immediately (Kammerlander et al., 2016) and
no concerns seems to be justified relating to the curing tempera-
ture when used for screw augmentation (Blazejak et al., 2013;
Kammerlander et al., 2016). However, PMMA inhibits healing
when interposed between fractures rims. Recently, bioactive
cements have been introduced for augmentation at different sites
(Kuang et al., 2018), showing positive biological results in vitro
(Lu et al., 2001). Calcium-sulphate cements are biologically better
than PMMA, but they lose mechanical property too rapidly, due
to their fast degradation (Urban et al., 2004). A reinforced bone
substitute consisting of PMMA additivated with 26% beta-TCP
was introduced to promote bone ingrowth with partial substitu-
tion of the cement over time, while granting adequate short- and
long-term mechanical support (Dall’Oca et al., 2014; Dall’Oca
et al., 2017), helping to partially rehabilitate the space that would
be occupied by the screws with conventional technique.

To test if this Innovative cement-technique provides the same or
superior strength compared to Standard-technique, 12 pairs of
cadaveric humeri reconstructed with both techniques were tested
to failure. All the specimens showed a clinically relevant failure
mechanism. The biomechanical test showed that, before failure ini-
tiated, the fractured humeri reconstructed with the Innovative-
cement-techniquewithstood a significantly larger force (3.57 times)
compared to the Standard-technique. Similarly, the Innovative-
cement-technique withstood a significantly larger maximal force
(3.56 times) compared to the Standard-technique, before catas-
trophic failure occurred. This confirms that the Innovative-cement-
techniquemay better prevent both early post-operative headmigra-
tion and gross failure due to loads typical of early loading.

Biomechanical studies showed that augmentation increases the
mechanical properties of plate fixation (Jabran et al., 2018;
Kammerlander et al., 2016). No technique is completely satisfac-
tory yet. In fact, different conclusions are found in the literature
comparing the outcome of augmented and non-augmented plate-
and-screw fixation: the clinical studies reported always an inci-
dence of screw penetration at follow up over 12 months also with
augmented screws (Hengg et al., 2019; Siebenburger et al., 2019).
This led to the idea to verify in a biomechanical setting if it would
be reasonable to develop a construct with the positive aspects of
cement augmentation without the drawbacks of screws presence
in the long term.

The aim of the surgeon is to allow patients to recover function-
ality as soon as possible, and to minimize the limitations caused by
the fracture. An important and critical motor task for a patient with
upper limb surgery is raising up from seated using the arm support
(Brianza et al., 2010; Lescheid et al., 2010). This action causes a
peak force of about 1.8 times the body weight (Anglin et al.,
2000), that means 1413 N for an 80 kg patient. The failure strength
measured in this study matches positively this requirement: in
fact, the maximum force for the Innovative-cement-technique was
8

1686 N, whereas the Standard-technique could only resist 471 N,
confirming that the innovative reconstruction may allow a patient
to raise the functional level in the post-operative period. Similar
considerations apply to other activities: abduction of the straight
arm causes a resultant force at the glenohumeral joint of 600 N,
lifting a weight of 1.1 kg a force of 2070 N, wheelchair propulsion
a force of 1900 N (Bergmann et al., 2007). Therefore, these actions
would not represent a risk of failure for the Innovative-cement-
technique, but some of these would be critical with the Standard-
technique.

A limitation of this study is the focus on the possible slippage of
the reconstructed head as failure mechanism. The most challeng-
ing load for this specific scenario was simulated aligning the force
with the humeral axis. Since the angle spanned by the force for dif-
ferent activities like abduction, external rotation and internal rota-
tion is large (30–95�) (Westerhoff et al., 2009), multiple failure
scenario not simulated in this study are possible, due to loading
in different directions. The mechanism investigated in the present
study was chosen because it was reported to be the most common
failure scenario in elderly patients (Hertel, 2005).

Another limitation relates to the repositioning of fragments
after fracture simulation: the reconstructions performed in the
lab represents an ideal condition that might not always occur in
real patients where soft tissues prevent direct visibility of entire
fragments. However, as the same condition applies to both tech-
niques, comparisons between the two techniques are possible.

The donors were possibly younger than the target patients for
this treatment. This would result in better bone purchase of the
screws in the Standard-technique (i.e. overestimating the strength)
and worse interdigitation of the cement in the bone, due to higher
bone density (i.e. an underestimation of the strength of the
Innovative-cement-technique). Therefore, considering that paired
humeri were tested, if there was a bias this could only make the
Innovative-cement-technique seem less advantageous than it would
be indeed in lower-quality bone. DXA-based measurements of
bone quality in the proximal humerus have been found to be scar-
cely reproducible (Oh et al., 2014), and sub-optimal predictors of
the fracture risk (Skedros et al., 2016). BMD was not directly mea-
sured in our specimens. The eggshell defect created to simulate the
osteoporotic setting was another simplification: due to the impos-
sibility to obtain multiple paired specimens with comparable grade
of osteoporosis, a defect was reproducibly created in all the heads
following an anatomical study (Kamer et al., 2016).

The Innovative-cement-technique offers significant potential
benefits in terms of reconstruction strength and avoidance of
screws-related risk factors in particular subgroups of patients. In
fact, avoiding the use of plate and screws would prevent complica-
tions such as screw protrusion on the humeral head, screws cut off
or secondary protrusion at follow-up after a humeral head collapse
(e.g. due to osteonecrosis), and acromial impingement of the plate.

The cement adopted in this study is partially-resorbable and is
able to fill the defect, providing good support of the fragments and
encouraging bone integration in the cement over time. This is pos-
sibly advantageous in case of head osteonecrosis: the presence of
cement instead of the screws in the subchondral bone would pre-
vent rapid scratching damage of the glenoid cartilage, giving the
surgeon more time to see if revision is required. Furthermore, in
osteoporotic patients with proximal humerus fracture the risk of
re-fracture is higher (Jung et al., 2019). The cement used in the
innovative technique cannot be easily removed. However, in this
case a new fixation with conventional Philos technique is possible,
because the described cement can easily be drilled to host the
screws.

Moreover, the specific properties of the reinforced bone substi-
tute consisting of PMMA additivated with 26% beta-TCP used in
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this study are expected to promote bone formation. In fact the
osteoconductivity due to the with beta-TCP, and the size and mor-
phology of the pores in the PMMA after dissolution of the mineral
component, promote significant apposition of new bone (Dall’Oca
et al., 2014, 2017). This cement has a relatively low curing temper-
ature as the beta-TCP serves as a ballast. The temperature increase
measured during cement curing could raise some concern, as it
could cause partial osteonecrosis (Blazejak et al., 2013). This issue
requires further investigation (which is beyond the scope of the
present biomechanical study).

5. Conclusions

The innovative technique, based on injection of a reinforced
bone substitute consisting of PMMA additivated with 26% beta-
TCP without the use of plate and locking screws, showed positive
results, demonstrating better biomechanical properties compared
to the Standard-technique. These laboratory findings, along with
the advantages of not using screws, may help the surgeon perform
a procedure that is surgically safer, and more effective for the
patient. Further studies are necessary to confirm the clinical valid-
ity of these laboratory findings, and to verify if it would be clini-
cally possible to perform a fracture fixation with a temporary
plate, cement and no screw as the results of this study suggest.
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