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INFLUENCE OF GAP SHAPE ON BIOMECHANICAL
PROPERTIES OF EXTRA-ARTICULAR DISTAL
HUMERAL FRACTURE - A FINITE ELEMENT STUDY
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SUMMARY - The aim of the study was to assess the influence of gap shape on biomechanical
results in extra-articular distal humeral fracture: with contact on the posterior part (by anterior gap)
and contact on ulnar column (by radial gap). The goal was to examine if and to what extent did
displacements decrease in comparison with previously examined parallel gap without bony contact.
The finite element analysis on the three different plate constructs was performed, i.e. parallel, perpen-
dicular and newly designed Y shape plate were considered. Displacements were measured on articular
surface and gap point. The most visible decrease of maximum displacements in the distal part of the
model was detected in the Y plate model with axial loading: in case of anterior gap 58.5% and espe-
cially at radially formed gap 60.9%. Similarly, at axial loading, displacement at the analyzed point on
fracture gap most significantly decreased in Y plate model (by 49.4%) at posterior bony contact. More-
over, the latter showed displacement decrease by 68.5% at ulnar bone contact. Furthermore, if a longer
radial plate than the ulnar one was used, varus stress could have been avoided. Study results suggested

that suflicient stability could be ensured with the newly designed Y shape plate.
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Introduction

Fractures of distal humerus in adults are often
challenging in operative treatment. In practice, it has
been shown that 16% of humeral shaft and 10% of
distal humerus fractures in adults are distal humeral
shaft and extra-articular supracondylar humerus frac-
tures'. The focus of this article is comminuted extra-
articular distal humeral fracture. This type of fracture
often results from a gunshot wound (Fig. 1) or motor
vehicle injuries in the younger population®. Such inju-
ries can also result from a simple fall in the elderly
population®. Although Y shape plate*® has been used
for years in the treatment of intra-articular distal hu-
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meral fracture, with a few modifications with two dor-
sal plates® or distal part of Y shape plate” (Lambda®
plate, Zimmer, Etupes, France), it is not frequently
used in the treatment of extra-articular distal humeral
fracture and distal shaft fracture.

'The aim of this study was to preconfigure the old Y
reconstructive plate intended primarily for the treat-
ment of intra-articular fractures of distal humerus and
to convert it for extra-articular fractures of distal hu-
merus and distal humeral diaphysis, as well as to exam-
ine its biomechanical performance comparing it to the
existing osteosynthesis methods with two reconstruc-
tion plates in perpendicular and parallel position using
the finite element method.

The principal objective of treating extra-articular
distal humeral fractures is restoring alignment and
achieving stable fixation aimed at facilitating early el-
bow range of motion, essential for good functional
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Fig. 1. Gunshot fracture of distal humerus: (left) treated
with an external fixator; and (right) later treated
with two plates in perpendicular position (90-90°).

outcome. It is often difficult to obtain rigid fixation in
distal fractures of humeral diaphysis without compro-
mising the elbow®. However, fixation of these fractures
remains a challenge due to the restricted space for in-
strumentation at the distal segment and the need to
maintain repair integrity under a large range of motion
and low to moderate loading’.

Through many stages of development, from con-
servative to operative treatment, open reduction and
internal fixation with dual plating systems are the gold
standard for fixation of distal humerus fractures>>%%17,
Double-plating techniques using two 3.5 mm recon-
struction plates or LCP plates in dorsal plating, 90-90
or 180-180" (Fig. 2) pattern are generally accepted for

3,8,10-1618-23 and extra-articular frac-

both intra-articular
tures' %117, Previous studies have shown that surgery
surpasses the results of conservative treatment®®. Sco-
laro ef al?* in a recent biomechanical study suggest
that single posterolateral column fixation of extra-ar-
ticular humerus fractures is appropriate for more prox-
imal fractures. However, it has been reported that the
treatment with dual plate fixation is more suitable for

distal fractures.
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Fig. 2. Double-plating technique using two 3.5-mm
reconstruction plates in parallel (180-180°)
configuration.

Fig. 3. Varus deformity after non-union of the extra-
articular distal humeral fracture after osteosynthesis:

(left) with one plate; and (right) with two plates.

Even if the above mentioned techniques are ap-
plied, this does not exclude non-union as a complica-
tion of distal humerus fractures, with a reported inci-
dence of 8% to 25%". Poor initial fixation, which is not
easily manageable in the presence of extensive com-
minution and osteopenia, can be the main factor for
hardware failure®.

Migration of the plate and screws or non-union
with cubitus varus deformity (gunstock deformity) can
occur when applied to inadequate osteosynthesis with

one plate (Fig. 3).
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In a previous study, by using the finite element cal-
culations, attempts were made to find the optimal
plate configuration which would improve its biome-
chanical properties, taking into account the specific
anatomy of distal humerus®.

The article presents the effect of the gap shape in
case of extra-articular distal humerus fracture on bio-
mechanical properties. The finite element calculations
are used to simulate these phenomena. In the first
study, models with parallel gap® were investigated,
while the goal of this study was to examine whether
contact in the posterior part (by anterior gap) and con-
tact on ulnar column (by radial gap) influenced biome-
chanical properties.

(b)

Fig. 4. Computational model: (a) with anterior gap;
and (b) with radial gap.

Materials and Methods

The finite element analysis was performed on the
three different plate constructs. Two different gaps
placed 25 mm above the olecranon fossa were taken
into account. First, anterior gap and bony contact in
posterior segment were investigated, while the second
one dealt with radial gap and bony contact in ulnar
segment (Fig. 4). The creation of numerical models
and the prescribed boundary, as well as the loading
conditions are described in detail in Sabalic ez al?.
Therefore, this article only briefly depicts them.

The finite element models of distal humerus with
the newly designed Y plate and two 3.5 reconstruction
plates in parallel and perpendicular configuration were
created from 3D optical scans (Atos III Triple Scan,
GOM mbH, Germany). Each model was 140 mm
long and constrained with respect to the proximal end.
'The loading conditions of the models were the same as
those previously used*. Nonlinear computational sim-
ulations under axial (200 N), lateral and bending (30
N) loading regimes were conducted using the finite
element software Abaqus 6.10-1 (Dassault Systemes,
France). In all finite element models, contact interac-
tions were applied as surface to surface finite sliding
with a coefficient of friction of 0.3. The contact is de-
fined between the bone and the plates and the connec-
tion of osteotomy interfaces. Tied constraints were ap-
plied between the screws and plates, as well as between
the screws and the surrounding bone in all constructs.
All models were meshed using ten node quadratic tet-
rahedral elements. The number of elements in the pro-
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posed models altered from 796100 to 884200 elements
depending on the plate type and number of screws.
The chosen material was defined as linear elastic,
homogeneous and isotropic. The Poisson’s ratio for os-
teoporotic bone was taken to be 0.4. Young’s modules
applied for the cortical bone in axial compression, pos-
terior deflection and varus loading were 3400 MPa,
1150 MPa and 660 MPa, respectively. Both stainless
steel and titanium alloys were assigned with a Poisson’s
ratio of 0.3, while the Young’s module for steel equals

200 GPa and for titanium 110 GPa.

Results

In the following section, the calculation results for
the three different plate designs are reported. Figure 5
shows the maximum computed displacements on the
distal end for the investigated plate models subjected
under three different loading directions (i.e. axial,

Fig. 6. Point A on the distal edge of the fracture gap.

bending and lateral direction) when the gaps were po-
sitioned 25 mm above the olecranon fossa and defined
as parallel, radial and anterior.

Displacements on the fracture gap for all models
are observed at point A (Fig. 6), due to the reasons
mentioned earlier®®. Maximum displacements at point
A on the distal edge of the fracture gap for all the tests
are reported in Figure 7. Estimated maximum stress
levels in the bones and plates for the three investigated
plate designs subjected under various loading regimes
and gap definitions are shown in Table 1.

Discussion

By forming a gap in the segment of distal humerus
with cortical bony contact using computational simu-
lations we wanted to examine the influence of the gap
shape on the biomechanical properties of the fracture
in the segment of distal humerus in three methods of
osteosynthesis. For this purpose, models from the pre-
vious study were used”. The aim was to examine if and
to what extent the displacements decreased in com-
parison with previously examined parallel gap without
bony contact.

The most visible decrease of maximum displace-
ments in the distal part of the model was detected in
the Y plate model with anterior gap at axial loading
(58.5%) and especially at radially formed gap (60.9%).
'This was not detected in the models with parallel and
perpendicular plate configuration. In all three models,
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Table 1. Maximum von Mises stresses in the bones and plates

Axial compression Posterior deflection Varus loading
Parallel | Anterior| Radial | Parallel | Anterior | Radial | Parallel | Anterior| Radial
gap gap gap gap gap gap gap gap gap

Parallel plate Bone | 10.86 | 14.42 | 2246 | 1398 | 1502 | 15.09 | 14.12 | 20.51 | 23.64
Plate | 309.40 | 173.30 | 152.40 | 143.10 | 119.60 | 140.30 | 160.80 | 153.60 | 153.60

Perpendicular | Bone | 18.48 | 25.06 | 46.29 | 1495 | 15.01 | 15.12 | 1519 | 1547 | 18.45
plate Plate | 280.40 | 255.30 | 205.30 | 152.40 | 137.20 | 149.70 | 193.80 | 165.80 | 165.90
Y plate Bone | 25.01 | 3256 | 48.49 | 14.87 | 1537 | 1542 | 16.54 | 22.58 | 22.67
Plate | 567.40 | 276.80 | 160.30 | 189.00 | 221.10 | 220.90 | 189.00 | 83.66 | 83.68

such visible changes were not detected at bending and
lateral loading when compared to radial and anterior
gap.

Similarly, at axial loading, the displacement at ana-
lyzed point A on fracture gap most significantly de-
creased in Y plate model (49.4%) at dorsal bony contact,
and by 68.5% at ulnar bone contact. In general, the
shape of fracture gap, that is bony contact, did not have
significant influence on displacements at bending and
lateral loading of radial condyle, as in axial loading.

Significant stress changes were also detected in axial
loading in terms of decreasing the stress in the plate and
increasing the stress in the bone, in all three models.
Stress decrease was most evident at axial loading of Y
plate, specifically in radial gap (354%), with increase in
the stress in bone (97%). Such visible stress changes
were not detected at bending, where stresses in Y plate
in the models with anterior and radial gap were even
greater than in the model with parallel gap. At lateral
loading of Y plate model the stresses in the plate de-
creased (55.7%), while bone stresses increased (36.7%)).

The current standard of treatment of the extra-ar-
ticular distal humerus fracture is osteosynthesis with
two plates in posteromedial and posterolateral posi-
tion. Biomechanical stability on the transition of the
distal humerus diaphysis into the distal segment of the
humerus has been the object of several studies.

'The incidence of distal humeral fracture is relative-
ly low, with a large number of fracture subtypes. Clini-
cal studies are often functionally insufficient because
of the limited number of patients. There are no pub-
lished prospective randomized studies, the majority of
the studies were retrospective and carried out on a
small number of samples. Therefore, on the basis of
these clinical studies, it is not possible to draw conclu-
sions about the recommendable implant configuration
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in case of fractures of distal humerus. A biomechanical
study is therefore required®.

The majority of non-unions happen at the supra-
condylar level, while healing of the articular compo-
nents may occur in their reduced position. Nonethe-
less, the stability of the construct requires adequate
bony contact with interfragmentary compression. In
case of a distal humeral fracture, by far the greatest
number of fixation failures occurs at the supracondylar
level, while typically the articular fragments unite, and,
with time, fracture union occurs at this level.

Maximizing stability between the distal fragments
and the shaft of the humerus at the metaphyseal level
should be the focus of the fixation strategy”!.
O’Driscoll®® lists the technical principles to apply in
order to achieve stable internal fixation of distal intra-
articular humeral fractures.

From the previous research' concerning the plates
used for fixation, it has been reported that the latter
should be applied in such a manner as to achieve com-
pression at the supracondylar level for both columns.
However, at the same time, the plates used must be
strong and stiff enough to resist breaking or bending
before union occurs at the supracondylar level.

The practical application of these principles in-
volves ‘parallel’ plates that permit a total of at least 4 to
6 long screws to be placed in the distal fragments, from
one side across to the other. The plates are placed with
a slight offset, posteromedially and posterolaterally?®.

Pajarinen e al?” conclude that satisfactory results
can be obtained when the stability of the humeral col-
umns is achieved and the articular platform recon-
structed.

O’Driscoll points out that the literature on frac-
tures of distal humerus pays far too little attention to
the reason why the failure of the fixation generally be-

385



S. Sabalié ez al.

Distal humeral fracture — a finite element study

gins in the lateral column. The force of gravity acting
on the long lever arm (the forearm), while the elbow is
flexed and extended during apparently minimal-use
activities leads to repetitive varus stresses across the el-
bow. This can be typically seen in the action of a person
reaching out to grab something, a glass of water for
instance, followed by bringing the hand to the mouth.
'This causes varus torque across the elbow, distracting
the lateral column away from the fixation placed along
its posterior surface™.

The load transfer in the elbow joint can be de-
scribed by a two column model'*. The medial ulnar
column and the lateral radial column form the articu-
lar block. The lateral column shares 60% and the me-
dial column 40% of the load???. This two-column
model is the basic principle of double plating osteo-
synthesis of C-type fractures of distal humerus1¢.

In recent publications, a higher stiffness and strength
of osteosynthesis in the parallel plating technique were
compared to the perpendicular technique with different
plate designs. The mechanical advantages of a parallel
plate configuration have been demonstrated for conven-
tional reconstruction plate design®, as well as for lock-
ing plate construct®. In other studies, no significant dif-
ferences were found'. As noted in previous studies,
pseudoarthrosis of distal humerus usually occurs in the
region at the metaphyseal and supracondylar level of ra-
dial columns due to varus stresses.

So far, there have been two biomechanical studies
on the supracondylar metaphyseal level on the border
of the distal humerus diaphysis. Except for these
two?*%, previous studies examined intra-articular or
low supracondylar fractures®>*.

In the proposed research, it is believed that frac-
tures in this part of the humerus have different biome-
chanical demands than intra-articular fractures of dis-
tal humerus. The previously described new design of Y
shape plate, which supports both columns and is at the
same time longer in the radial, more loaded column,
could be at least equal in strength as the two plates.

To prove the hypothesis, the following tests should
be performed: biomechanical studies at the supracondy-
lar metaphyseal level on the border of the distal humer-
us diaphysis using the finite element method, where the
gap would be done at the level of distal humerus 25 mm
above the fossa olecrani (Fig. 4). The gap is shown in the
figure as an interruption of the bone continuity.

The biomechanical study should be made to the
axial load in a position of flexion of 5, the bending
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load in a position of flexion of 75'and the lateral load
on the radial condyle. After applying the finite ele-
ment computations in order to choose the optimal po-
sition of the plates, a biomechanical study of the syn-
thetic or cadaver humerus would be undertaken. This
study would compare the stiffness of the Y-shaped,
parallel and perpendicular plate configuration by ap-
plying the same loads as those applied in the finite ele-
ment analysis.

In their publication Penzkofer ez al.! state the fol-
lowing: “... the system stiffness is influenced by two
kinds of factors: factors which cannot be influenced by
the surgeon and factors which allow the individual ad-
justment of an osteosynthesis. The initial situation is
the fracture pattern and fracture geometry with the
number and shape of the fragments. This initial frac-
ture situation strongly dictates the options for plate
positioning. On the other hand, the overall construct
stability can largely be influenced by placing the plates
at different anatomical positions”. This study did not
take into account the lateral load, as there is already a
load in the position of flexion and extension.

Furthermore, Zalavras ez al?* found that parallel
plate designs had significantly higher stiffness than the
perpendicular ones during cyclic varus loading. The
measurement of displacement was not made by precise
measuring instruments at the gap. In this article, loos-
ening of the implants was defined as gross displacement
(backing-out) of the screws during cyclic loading of the
specimens. When done, varus loading to failure resulted
in ligamentous disruption in all specimens, which oc-
curred prior to any catastrophic failure of fixation'. In
this way, they could not see displacements in the gap
and assess the mechanical stability of the specimens.

Recent biomechanical studies have considered
loads on the distal segment of the humerus in a posi-
tion of flexion of 75 %% or 50" #* to the longitudinal
axis of the humerus, or a position of flexion of 5 % or
15" 2. However, Zalavras ez al?* conducted experi-
ments with radial varus loads.

In clinical studies, significantly better results were
achieved with surgical than with conservative treatment
of extra-articular distal humeral fracture®''. Shin ez al.’’
compared clinical outcomes in patients with intra-artic-
ular distal humerus fractures and concluded that both
parallel and orthogonal plate positioning could provide
adequate stability and anatomic reconstruction of the
distal humerus fractures, while Sanchez-Sotelo e# a/.1o18

preferred the parallel configuration.

Acta Clin Croat, Vol. 55, No. 3, 2016
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Prasarn ez al.® have recently reported their good clin-
ical experience with the use of the locking compression
plate for extra-articular fractures of distal humerus,add-
ing two additional reconstructive plates to the radial
column. Consequently, Scolaro ez a/.* support this good
clinical experience with relevant biomechanical study.

As noted in previous studies, pseudarthrosis of dis-
tal humerus usually occurs in the region of the me-
taphyseal and supracondylar level of the radial columns
due to various stresses.

Previous studies have been differently designed with
different directions and types of loads, i.e. various static
and dynamic forms were applied with different cycles
on a wide range of different samples. Furthermore, mea-
suring instruments and their degree of precision in
measuring displacements and deformations are differ-
ent and hardly comparable. Therefore, it is difficult to
compare the results of biomechanical studies. Also, so
far, displacements in different directions when loads are
significantly different have not been taken into account.
Therefore, we believe that the direction of the load
which causes greater displacements has a greater impact
on the overall evaluation of the stability of the implant.
Consequently, displacements caused by bending and
lateral loads compared to the radial condyle are consid-
erably larger than the axial load, and thus with a greater
significance in the overall assessment of the structural
stability of implants. Therefore, the role of the implant is
to minimize the forces that cause greater displacements
in the area. Likewise, in the case of osteoporotic frac-
tures, we should know that osteoporosis is more pro-
nounced in the posterolateral part of the radial con-
dyle, and that the area of the lateral columns, espe-
cially the capitulum and the distal part of the lateral
column, has very thin cortices™.

A disadvantage of biomechanical studies of this
kind is the inability to take into account all factors that
influence treatment outcome. Among them, dynamic
loads that occur during everyday activities have an im-
portant place.

The well known issue of anatomical variations in
distal humerus requires making plates of different size
with the ability of remodeling according to anatomical
differences.

Conclusion

The biomechanical study proposed in this work
provides a proof of the hypothesis that the two plates
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model where the plate at the radial side is longer re-
sults in better biomechanical stability in comparison
with two plates of equal length in fractures of distal
humerus diaphysis at the turn of the distal humerus.
Furthermore, it has been shown that a newly designed
Y shape plate, as described previously, provides biome-
chanical stability as the two plate model.

In order to avoid varus stress, radial plate should be
longer than the ulnar plate. Sufficient stability can be
ensured with the newly designed Y shape plate with
the longer radial arm. Improving biomechanical stabil-
ity would avoid complications such as pseudarthrosis
or malunion.

The newly designed Y plate for extra-articular frac-
tures of distal humerus is a possible alternative to the
usual osteosynthesis method with two plates. A de-
finitive conclusion would require biomechanical stud-
ies, either with a synthetic or cadaveric model.
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Sazetak

UTJECA]J OBLIKA PUKOTINE NA BIOMEHANICKA SVOJSTVA EKSTRAARTIKULARNIH PRIJELOMA
DISTALNOG HUMERUSA - STUDIJA METODOM KONACNIH ELEMENATA

8. Sabalié, H. Maricic, Z. Tomicevic'i J. Kodvanj

Cilj ovoga rada bio je procijeniti utjecaj oblika pukotine na biomehanicke rezultate kod extraartikularnih prijeloma
distalnog humerusa s kontaktom na straznjem dijelu (procijepom u prednjem dijelu) i s kontaktom na ulnarnoj kolumni
(procijepom na radijalnom dijelu). Cilj je bio ispitati smanjuju li se i u kojoj mjeri pomaci u usporedbi s prethodno ispitanim
paralelnim procijepom bez ko§tanog kontakta. Provedene su racunalne simulacije metodom konaénih elemenata na mode-
lima s paralelnom i perpendikularnom konfiguracijom rekonstrukeijskih plo¢ica i s novodizajniranom Y plo¢icom. Mjerenja
su izvr§ena na zglobnoj plohi i u mjernoj to¢ki na distalnom rubu pukotine. NajizraZenije smanjenje maksimalnih pomaka
bilo je kod Y ploce pri aksijalnom opterecenju s procijepom u prednjem dijelu (58,5%), a osobito s radijalnim procijepom
(60,9%). Sli¢no, pri aksijalnom opterecenju smanjenje pomaka u analiziranoj tocki na frakturnoj pukotini bilo je najizrazenije
kod Y plocice (49,4%) s dorzalnim kontaktom i ulnarnim ko$tanim kontaktom (68,5%). Kako bi se izbjegla varusna napre-
zanja, radijalna ploca treba biti duza od ulnarne. Studija ukazuje na to da se dostatna stabilnost moze osigurati novodizajni-
ranom Y plocicom.

Klju¢ne rije¢i: Humerus, [frakture — kirurgija; Frakture, fiksacija; Biomebanicki fenomeni; Metoda konacnih elemenata; Kost,
[fiksacija plocicom
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