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Biomechanical effects of Evans e

versus Hintermann osteotomy for treating adult
acquired flatfoot deformity: a patient-specific
finite element investigation
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Abstract

Background Evansand Hintermann lateral column lengthening (LCL) procedures are both widely used to cor-
rect adult acquired flatfoot deformity (AAFD), and have both shown good clinical results. The aim of this study
was to compare these two procedures in terms of corrective ability and biomechanics influence on the Chopart
and subtalar joints through finite element (FE) analysis.

Methods Twelve patient-specific FE models were established and validated. The Hintermann osteotomy was per-
formed between the medial and posterior facets of the subtalar joint; while, the Evans osteotomy was performed
on the anterior neck of the calcaneus around 10 mm from the calcaneocuboid joint surface. In each procedure,

a triangular wedge of varying size was inserted at the lateral edge. The two procedures were then compared based
on the measured strains of superomedial calcaneonavicular ligaments and planter facia, the talus-first metatarsal
angle, and the contact characteristics of talonavicular, calcaneocuboid and subtalar joints.

Results The Hintermann procedure achieved a greater correction of the talus-first metatarsal angle than Evans
when using grafts of the same size, indicating that Hintermann had stronger corrective ability. However, its distribu-
tions of von-Mises stress in the subtalar, talonavicular and calcaneocuboid joints were less homogeneous than those
of Evans. In addition, the strains of superomedial calcaneonavicular ligaments and planter facia of Hintermann were
also greater than those of Evans, but both generally within the safe range (less than 6%).

Conclusion This FE analysis study indicates that both Evans and Hintermann procedures have good corrective ability
for AAFD. Compared to Evans, Hintermann procedure can provide a stronger corrective effect while causing greater
disturbance to the biomechanics of Chopart joints, which may be an important mechanism of arthritis. Nevertheless,
it yields a better protection to the subtalar joint than Evans osteotomy.

Clinical relevance Both Evans and Hintermann LCL surgeries have a considerable impact on adjacent joints and liga-
ment tissues. Such effects alongside the overcorrection problem should be cautiously considered when choosing
the specific surgical method.

Level of evidence Level lll, case—control study.
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Introduction

Adult acquired flatfoot deformity (AAFD) is a common
deformity with manifestations including hindfoot valgus,
forefoot abduction, and midfoot varus, while its histori-
cal nomenclature is still confusing. As a widely used tech-
nique to correct AAFD, lateral column lengthening (LCL)
surgeries are mainly recommended when the amount of
talonavicular (TN) joint non-coverage area is more than
40% [1]. There are multiple specific procedures for LCL, of
which Evans and Hintermann osteotomies are most com-
monly adopted in clinical practice [2, 3], but neither has
yet been proven more successful than the other [4, 5]. The
Evans osteotomy is usually performed at a position slightly
more than 10 mm proximal to the calcaneocuboid (CC)
joint [5]. Due to a close distance to the CC joint, some
researchers argued that the Evans procedure would desta-
bilize the anterior calcaneus, provoking the incongruency
and increase in pressure in the CC joint [6]. In contrast,
the Hintermann osteotomy is performed close to the ante-
rior border of the posterior subtalar facet, therefore con-
centrating on the TN joint axis, which is considered to be
the main center of rotation of the subtalar joint complex
[7]. Theoretically, Hintermann should exert a less impact
on the CC joint. Nonetheless, there is still no comparative
study focusing on the orthotic ability and biomechanics
influence of LCL procedures on the Chopart and subtalar
joints when using grafts of the same size, so further biome-
chanical research is warranted to confirm aforementioned
assumptions.

Traditional biomechanical studies are mostly carried out
using cadaver models, making it difficult to acquire the
strain data of soft tissues and contact characteristics [8]. In
this regard, computer simulation based on finite element
(FE) analysis is able to obtain internal biomechanical infor-
mation such as soft tissue strain and joint contact charac-
teristics under predetermined conditions and controlled
environment. Therefore, it can effectively and efficiently
evaluate a series of variables (such as surgical techniques
and various pathologies) to optimize the protocol design,
screening, prediction, and treatment in orthopedics [9].
The aim of this study was to compare the corrective abil-
ity and biomechanics influence between Evans and Hinter-
mann osteotomy procedures using a previously validated
FE model [10].

Materials and methods

The present study had been approved by the Ethic Com-
mittee of the authors’ institutions. Data were derived
from 12 volunteers with flexible flatfoot deformity (stage
IIb) recruited in our previous research [10]. Patient-spe-
cific three-dimensional FE models of the foot and ankle
joints (Fig. 1) were created in Abaqus/Explicit (Abaqus,
Pawtucket, RI). The contours of the entire bone struc-
ture of the foot and ankle (including the distal tibia and
fibula) and the articular cartilage were derived from MRI
images (Fig. 1), and the geometry of these structures was
reconstructed using Mimics 17.0 (Materialize Software,
Belgium). The extracted surface was then smoothed and
refined using Geomagic Studio 2013 (Geomagic, USA).
Since the smoothing operation tends to substantially
reduce the FE-predicted contact stress by 20-30% in
peak contact stress [11], for successful contact analysis,
the smoothing of the cartilage was kept as minimal as
possible. The average 3D deviation between the original
cartilage surface and the smooth surface was 0.27 mm.

FE meshes were obtained using commercial preproc-
essing software (Hypermesh, Altair Corporation, Troy,
MI), and the number of elements was determined by a
mesh convergence test. Mesh convergence was consid-
ered if the average variation in ligament stress between
subsequent meshes was less than 5%. The relevant mate-
rial parameters in the model are detailed in Additional
file 1: Supplementary tables 1-3. Specifically, the bony
structure was meshed by two-dimensional rigid trian-
gular shell element, while the joint cartilage was meshed
by three-dimensional tetrahedral deformable element
and fixed to the shell element of the bony structure. The
ligaments were simulated with one or multiple tension
only link elements. The spring ligament (SL) and planter
fascia (PF) were captured through arrays of multiple ele-
ments to depict the major bands of these structures. The
insertion and original positions of the ligaments were
determined based on both MRI images and the reported
anatomical positions. The cartilage was modeled as an
isotropic, homogeneous, linear elastic structure with the
Young’s modulus of 12 MPa and Poisson’s ratio of 0.42
[10].

To create accurate AAFD models for each individual
case, MRI images were analyzed by an experienced radi-
ologist to determine the degree of soft tissue degenera-
tion. The soft tissues of the medial column, such as SL
and PF, were graded according to their signal attenuation
and were assigned with a reduced stiffness value [12]. The
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Fig. 1 FE model: A, B lateral and medial view of the foot, C, D top and plantar view of the foot, E, F anterior and posterior view of the ankle. The red
lines represent different ligaments

cartilage—bone and cartilage—cartilage interfaces were
defined by the tied and sliding contact algorithms. The
contact behavior between joint surfaces was treated as
frictionless.

Numerical simulation was performed using ABAQUS/
Explicit (ABAQUS, Pawtucket, RI) software. The initial
position of the model was determined by the relaxed foot
ankle position of the patient during MRI examination.
In this study, simulation of the neutral position of the
foot ankle was achieved in Hypermesh by specifying the
translation and rotation of the foot. Therefore, prior to
the simulation, the neutral weight-bearing position was
prescribed by an experienced foot and ankle expert first,
and each model was contrasted with the foot standing
anteroposterior (AP) and lateral radiographs to obtain
accurate positioning. During this process, no stress
would be formed on the ankle ligaments, so the stress of

ankle ligaments was set to zero. Subsequently, a physi-
ological load was applied to the FE model to simulate the
midstance phase during gait. The weight of the patient
was applied vertically to the tibial axis, and at the same
time, linear elements were added to the model to provide
further support for bony constraints. The muscle tendon
activation values were treated as a tension only structure.
Five muscles, namely Achilles tendon, flexor hallucis lon-
gus, peroneus longus, peroneus brevis, and flexor digi-
torum longus tendons, were selected for simulation and
were assigned with a static load of 50%, 10.5%, 10%, 8.8%,
and 6% of the body weight, respectively [10]. The poste-
rior tibial tendon was excluded from the loading proto-
col as its dysfunction is the hallmark of stage IIb AAFD
[13]. And the anterior tibialis was also excluded for its
relatively less important in midstance phase. Ultimately,
each model was created based on the specific anatomy
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and body weight of the patient. After applying the body
weight and activating muscle forces, all the models were
equilibrated to their final state.

In the simulation process, the Hintermann osteotomy
was performed between the medial and posterior fac-
ets of the subtalar joint; while, the Evans osteotomy was
created on the anterior neck of the calcaneus around
10 mm from the CC joint surface (Fig. 2). Then, a trian-
gular wedge of a varying size was inserted at the lateral
edge in each surgery. The specific size (lateral length) of
the wedge ranged from 2 to 14 mm, with an increment of
2 mm (i.e., 2,4, 6, 8, 10, 12, and 14 mm).

The insertion of the wedge would produce disturbance
between the hindfoot and midfoot. To eliminate such
gaps, adduction was performed on the midfoot and fore-
foot (around the axis formed at the medial edge of the
surgery) to create a new TN joint coverage, while main-
taining the relative relationship of the bones. Then, the
bony structures distal to the Chopart joint were rotated
in dorsiflexion (around the axis on the dorsal side of the
navicular) to close the plantar gap at the Chopart joint,
and the distal bones were moved proximally to further
close the residual gap. Eventually, the FE model was
equilibrated to its final state. Throughout this simulation
process, the tension generated by the ligaments would
ultimately determine the physiological bone position. To
comparatively analyze the biomechanical effects exerted
by wedges of different sizes, the angular measurements,
contact stresses of joints, and ligament strains were
quantified in all molds.

A previous study found that PF and SL were the main
tissues supporting the arch; while, plantar ligaments
played a secondary role [14]. The SL was constituted by
the superomedial calcaneonavicular (SMCN) and infe-
rior calcaneonavicular ligaments. The strains of SMCN

Evans procedure
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ligaments, and the medial (calcaneus to the first met-
atarsal) and lateral parts (calcaneus to the fifth meta-
tarsal) of PF were determined respectively when the
equilibrium state was achieved. The contact character-
istics of CC, TN, and subtalar joints were then calcu-
lated accordingly. In addition, the talus-first metatarsal
angle (Tal-1MA) in the AP and lateral views was also
measured (Fig. 3), in order to assess the angle of inter-
nal rotation and arch correction [15].

To validate the FE model, distance and angular
measurements were conducted to replicate the clini-
cal radiographic measurements when the equilibration
was acquired under the applied loading condition. The
predicted values were compared between the model
results and the results derived from radiographs, and
the agreement between the two was quantified by linear
regression. It was found that the R? between the model
and radiograph for the angel and distance measure-
ments ranged from 0.276 to 0.884 [10]. Furthermore,
when comparing with normal controls and the AAFD
population, the means and standard deviations of the
12 subjects were markedly different from those of nor-
mal feet but similar to those of AAFD feet. Then, the
average and peak pressures of TN and CC joints were
compared with the published data, and the difference
between the simulation and the published experimental
results was found to be less than 10% [16—18]. Detailed
results of verification test can be found in Additional
file 1: Supplementary tables 4, 5. Lastly, a sensitivity
study was carried out on the mechanical properties of
the ligaments and cartilage. The parameter A and B of
the curve fit data, as well as the Young’s modulus of the
cartilage, were observed to vary within a range of + 10%.
The maximum difference in radiograph angle and dis-
tance measures was compared [10].

Hintermann procedure

Fig. 2 Simulation of the Evans and Hintermann osteotomy with triangular grafts
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AP view

Lateral view

Fig. 3 Talus-first metatarsal angle in AP and lateral view

Results
In general, the angle of correction showed a growing
trend with the increase in graft size in both Evans and
Hintermann osteotomy procedures. The Tal-IMA in
the AP and lateral views measured preoperatively was
25.3°+4.4° and 11.2° +2.7°, respectively. With the increase
in wedge length, the correction angle gradually increased
based on the data measured postoperatively (Fig. 4A, B),
and that of the Hintermann procedure was found to be
greater at the same graft size.

As shown in Fig. 5, the strain of the SMCN ligament
exhibited a declining trend with the increase in graft
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length (Fig. 5a), and that of the Hintermann group was
lower. Both surgical methods had an impact on the strain
of the medial and lateral parts of the PF. Specifically, the
strain at the medial part of the PF became smaller with
the increase in graft length (Fig. 5c); whereas, the strain
at the lateral part gradually increased (Fig. 5b). For the
same graft size, the Hintermann procedure had a greater
impact on the strain of the medial and lateral parts of the
PE.

As shown in Fig. 6, in both procedures, the aver-
age peak contact pressure of the TN and subtalar joints
exhibited a declining trend with the increase in graft
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Fig. 4 Talus-first metatarsal correction angle in AP and lateral views in two groups
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length (Fig. 6a, c), whereas that of the CC joint exhibited
a growing trend (Fig. 6b). For the same graft length, the
Hintermann procedure produced a greater peak pressure
in the CC and TN joints.

The contact stress distribution characteristics of
the TN, CC, and subtalar joints of a typical model are
shown in Figs. 7, 8 and 9, respectively. As it can be seen,
with the increase in graft size, the two centers of the
TN joint pressure gradually shifted toward the medial
region of the joint (Fig. 7). The peak pressure was
higher and the contact area was smaller in the Hinter-
mann group (Fig. 7). The stress center of the CC joint
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gradually shifted toward the dorsomedial region with
the increase in graft size (Fig. 8). Similarly, the peak
pressure was higher and the contact area was smaller
in the Hintermann group (Fig. 8). For the subtalar joint,
there were 3 peak pressure centers that were located in
the lateral, medial and anterior regions of the posterior
facet, respectively. With the increase in graft size, the
pressure centers of the posterior subtalar joint gradu-
ally shifted toward the lateral region and eventually
only 2 centers were left (Fig. 9). The peak pressure was
lower and the contact area was smaller in the Hinter-
mann group (Fig. 9).
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Fig. 8 Contact stress distribution of CC joint in a typical model
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Discussion

In this FE study, we compared two different LCL pro-
cedures (i.e., Evans and Hintermann) in terms of their
corrective ability and biomechanics influence on the
Chopart and subtalar joints. The results suggested that
the corrective ability of Hintermann was stronger than
that of Evans when using grafts of the same length. How-
ever, the contact stress characteristics of the surrounding
joints after Hintermann osteotomy appeared to be more
abnormal compared to the Evans procedure.

The corrective ability of Hintermann and Evans proce-
dures have been analyzed in previous studies. Chan JY
et al. found that when the mean amount of Evans oste-
otomy performed was 7.4+ 1.4 mm, the Tal-1MA on the
AP X-ray films decreased from 19.3° (range — 4.9° ~ 38.8°)
preoperatively to 8.5° (range — 15.6°~24.4°) postopera-
tively, with a mean reduction of about 10.8° [2]. Similar
results were obtained in our study. In the Evans group,
the Tal-IMA (AP view) showed a correction angle of
8.6°£2.8° and 12.4°+2.3° corresponding to the graft
length of 6 mm and 8 mm, respectively (Fig. 4a). Ettinger
et al. compared the postoperative radiological outcomes
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8mm 10mm 12mm 14mm

of both osteotomies and found no significant differences
between the two procedures [3]. However, the mean
length of grafts used in the Evans procedure was bigger
than that of the Hintermann procedure in their study
(11.0 mm vs. 9.4 mm). Such results, in another way, sug-
gest that the amount of correction of Tal-1MA after the
Hintermann procedure is greater than that after Evans
when using grafts of the same length.

Overcorrection is a severe problem in clinical practice
when LCL surgery is performed, so the typical range of
LCL recommended is 5-10 mm [19]. In our study, sim-
ulations were performed on triangular grafts ranging
from 2 to 14 mm, with an increment of 2 mm, and the
Tal-1IMA measured postoperatively was compared with
that in the normal population (7.1°+6.6° and 3.3°+4.7°
for the AP and lateral view [20], respectively). If the cor-
rected joint angle fell within 1 standard deviation of the
normal value, the correction would be considered appro-
priate [20]. Our results reveal that adequate Tal-1IMA
correction (15.7°+1.7° and 15.4°+3.7° for the AP and
lateral view, respectively) can be achieved by the Hinter-
mann procedure once the graft length has reached 8 mm



Xu et al. Journal of Orthopaedic Surgery and Research (2024) 19:107

(Fig. 4). This finding is consistent with a previous cadav-
eric study, which reported that 6 mm Hintermann LCL
restored the alignment closest to the intact foot; while,
10 mm lengthening tended to lead to overcorrection [21].

Malakoutikhah et al. investigated the effect of indi-
vidual ligament tears on the changes in joint contact
mechanics based on the peak pressure of the TN, CC
and subtalar joints [22]. In our study, the mean peak
pressure of aforementioned joints was 5.2+0.4 MPa,
2.5+0.5 MPa and 7.2+1.1 MPa, respectively, which
was similar to Malakoutikhah’s results [22]. The poten-
tial impact of LCL surgery on the surrounding joints is
an issue deserving careful consideration. Kimberly et al.
compared the pressure of the CC joint between Hinter-
mann and Evans procedures in a cadaveric study [23],
and found that the normalized mean and normalized
peak CC pressures were significantly higher in the Evans
group than in the Hintermann group at every lengthen-
ing level. However, their flatfoot model was created from
normal cadaveric specimens, and the graft shape and the
detailed technique of graft placement were unclear. In
a clinical study by Ettinger et al. [3], the postoperative
degenerative changes in the CC joint and subtalar joint
were 41% and 18% in the Evans group, versus 25% and
14% in the Hintermann group, suggesting a higher rate of
protection achieved by Hintermann for the CC and sub-
talar joints. However, the mean graft size for the Evans
procedure (11.0 mm) was bigger than that of Hintermann
(9.4 mm) in their study. Previous studies have found that
the pressure of CC joint would increase significantly
once the graft size exceeded 10 mm, thus tending to
cause arthritis [24—26]. Thus, if the graft size remains the
same (less than 10 mm), the degenerative change after
the Evans procedure may be equivalent to or even less
than that of Hintermann. Besides, the fixation method
is another key factor to be considered [3]. In Ettinger’s
study, headed screws were used in 88.2% of the Hinter-
mann cases and 55.6% of the Evans cases. When using
this type of implant, the screws are inserted at a position
very close to the CC joint, which will elevate the possi-
ble risk of joint damage and subsequent irritation. After
taking these known risk factors into account, the Hinter-
mann procedure does not necessarily outperform Evans
in terms of CC joint protection.

As a matter of fact, the results of our study indicate
that the contact stress characteristics of the Chopart
and subtalar joints in the Hintermann procedure
appeared to be more abnormal than those in Evans.
When using grafts of the same size, the peak pressures
of the CC and TN joints in the Hintermann group were
higher than those of Evans (Fig. 6a, b). In addition, the
pressures of the posterior subtalar and TN joints were
less evenly distributed in the Hintermann group than
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in the Evans group (Figs. 7, 9), and the TN joint rota-
tion center seems to play a key role in this phenome-
non. During a LCL surgery, the medial calcaneal cortex
needs to be properly secured and is used as the rotation
center of osteotomy. The closer this rotation center is
to the TN joint rotation axis, the easier the correction
of forefoot abduction will be. In this numerical study,
the rotation center of the TN joint was fit by MIM-
ICS, as shown in Fig. 10. It can be seen that the rota-
tion center of the TN joint was very close to that of
Evans osteotomy. Therefore, as the graft size increased,
the navicular articular surface could still maintain a
proper alignment in the Evans procedure (Fig. 11a),
but a severe dislocation of TN joint would occur in the
Hintermann procedure (Fig. 11b), leading to a time-
consuming process to search for a new biomechanical
equilibrium state in Abaqus.

The stress distribution and peak pressure of the TN
joint also verified this hypothesis (Figs. 6b, 7). The aver-
age peak pressure in the Hintermann procedure was
higher than that of Evans when using grafts of the same
size (Fig. 6b). With the increase in graft size, the stress
center of the TN joint gradually shifted inwards and
downwards (Fig. 7). The decrease was slower and the con-
tact area was relatively smaller in the Hintermann group,
which may be due to the TN joint mismatch caused by
the Hintermann procedure. However, an opposite trend
was observed in the posterior subtalar joint. The peak
stress of the posterior subtalar joint in the Hintermann
group was lower than that in the Evans group (Figs. 6c,
9). A possible reason may be that the whole anterior and
medial joint of subtalar joint was internally rotated dur-
ing the Hintermann surgery, and a better support was
provided to the head of talus, therefore resulting in a rel-
atively lower stress force on the posterior subtalar articu-
lar surface. Considering that the Hintermann procedure
was performed between the middle and posterior facets,
thus imposing a lower injury risk of the subtalar joint, the
Hintermann procedure can indeed provide better protec-
tion for the subtalar joint.

It has been well established that PF, SL and plantar liga-
ment play an important role in maintaining the stability
of the foot arch [27, 28]. The strain of SMCN ligament
and the medial part of PF exhibited a declining trend as
the graft size increased, which is consistent with previous
studies [20, 27]. This is probably attributed to a reduced
load on the ligaments due to the support provided by
cuboid and navicular [29]. The strain of the SMCN liga-
ment was very low when using a large graft, which means
that the attenuated SL is very loose. Therefore, it may be
necessary to reef and strengthen the SL during the LCL
procedure in order to provide additional support to the
talar head and the medial longitudinal arch.
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AP view Lateral view

Fig. 10 Rotation center of TN joint and both procedures (AP and lateral view)

Evans procedure Hintermann procedure

7 1 Wy

Fig. 11 Internal rotation of the mid and forefoot based on the rotation center of both procedures
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We also observed an increased strain in the lateral
bands of the PF in both groups, which may be attributed
to the lengthening of the lateral column. Smith et al. [20]
found that, when the strain in each fascia band remained
over 6%, it could lead to rupture or degenerative changes
of the ligaments. The rupture of the lateral part of liga-
ments could further result in lateral column pain [25]. In
this study, the strain of the lateral part of PF was basically
lower than 6% except for the condition when the graft
length reached 14 mm in the Hintermann group. There-
fore, the strain of the lateral part of PF is reliably within
the safe range as long as the graft length is less than
10 mm.

Generally speaking, neither Hintermann nor Evans
procedures are perfect. Hintermann procedure can pro-
vide better protection to the subtalar joint, but its dis-
turbance to the biomechanics of Chopart joint remains
a severe problem. Evans produces less disturbance to
the contact characteristics of the Chopart joint. How-
ever, its incidence of fused anteromedial facets of the
subtalar joint is reported to range 56—-65% [30-32], and
it will inevitably destroy the anterior subtalar joint of the
patients. Interestingly, Evans’ original description of his
procedure did not mention about the anterior or middle
facet violation. He performed the osteotomy at a posi-
tion about 1.5 cm from the CC joint and did not deliber-
ately expose the space between the anterior and middle
subtalar joints for the purpose of protecting the joint
surface. According to several later anatomical studies
[32-35], many of such surgeries in the first series must
have invaded the middle facet. However, Phillips [36]
reported that, in 17 of the 23 original patients, the results
were satisfactory in a mean follow-up period of 13 years.
Therefore, if these facet injuries have no noticeable effect
on the clinical outcome, the Evans procedure should be a
safer option, which of course needs further clinical stud-
ies with long-term follow-up to confirm.

Several limitations to this study are worth noting. First,
our model was based on some simplifying conditions,
and the material properties of ligaments were derived
from literature rather than actual measurements. Despite
these simplifications, the validation test showed that our
simulation results were very close to the experimental
measurements in previous studies. Second, the load-
ing model was a simulation of mid-term standing pos-
ture and was not able to reflect the effect of LCL on the
entire gait cycle. Third, computer simulation settings
allowed for idealized placement of grafts, so the possi-
ble dislocation of proximal calcaneus tuberosity and the
impact of fixation method during actual surgery were not
taken into account during simulation, which may both
affect the clinical outcomes. Fourth, we considered only
one direction of Hintermann osteotomy. The influence
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of individual differences of 3D morphology and facet ori-
entation of calcaneal on the osteotomy direction was not
considered [37].

The present FE study indicates that both Evans and
Hintermann procedures have good corrective ability for
AAFD. The Hintermann procedure provides a stronger
corrective effect than Evans, but can cause greater distur-
bance to the biomechanics of the Chopart joints, which
may be an important mechanism of arthritis. Further
clinical research with a long-term follow-up is needed to
compare these two procedures more comprehensively.
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