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Introduction

Hallux valgus is one of the most frequent chronic medical conditions affecting the
human foot. The financial and psychosocial burden imposed by the management of this disease
can reach a considerable magnitude. Along with the functional impairment caused by the
resulting metatarsalgia and the aesthetic concerns, hallux valgus amplifies the risk for traumatic
injuries among the elderly population and brings the threat of new complications for patients
with peripheral neuropathy caused by type Il diabetes mellitus or other chronic conditions.

Considering the aging tendency of human population and the high prevalence of
peripheral neuropathy in the setting of modern society diseases (type Il diabetes mellitus,
thyroid disfunction, autoimmune diseases), research and development of hallux valgus
management has a significant importance, even at present [1].

The evolution of hallux valgus treatment was disrupted by numerous changes and
controversies, researchers and medical professionals trying to develop a scientific, evidence-
based approach, sometimes resembling a logical flow diagram, adapted to specific factors to
establish the ideal indication for different surgical techniques. Unfortunately, none of the
advanced approaches succeeded to become a generally adopted standard of management,
current surgical treatment still being affected by a high incidence of complications and
recurrence of the deformities [2].

The challenges in optimizing surgical management of hallux valgus are generated
foremostly by a lack of a consensus and adequate knowledge about the etiopathogenesis and
biomechanics involved in the initiation and progression of the specific deformities. Therefore,
researching all sides of this condition, remains an important endeavor to be undertaken, with
the aim of bringing new and useful information, which can improve prevention, diagnosis and

treatment of hallux valgus.



I. General part

The first section of this work contains essential information required for the
understanding of hallux valgus as a distinct condition and of the analyzed surgical technique,
dedicated to the surgical correction of the characteristic deformities.

Because the structure and consequently, the function of human foot implies a very high
level of complexity, a description of the anatomy adjusted to the specifics of this condition and
its treatment was primarily performed. Also, for a better understanding of the specific factors
involved in the etiopathogenesis, diagnosis and treatment of hallux valgus, a series of applied
biomechanics details were presented. This information was bestowed considering the
biomechanical adaptation and specialization involved by human foot development, as well as
first ray and hallux instability, perhaps the most debated and scrutinized biomechanics principle
in literature.

The unique deformities of hallux valgus addressed by classification and surgical
treatment, include positional changes of first ray and of the whole foot in all three anatomical
planes, relative to the ground, but also in relation to one another. These changes must be
appreciated and described in a three-dimensional way, this requiring a close examination of the
terminology and anatomical positions and their importance for the management and
stratification process of this condition.

The next chapter incorporates fundamental information required for understanding the
management of hallux valgus, which demands considering its etiopathogenesis, epidemiology,
pathoanatomy, diagnosis, severity stratification and treatment options. All this knowledge
creates an up to date background necessary for an efficient investigation of the selected surgical
technique, considering the high level of intricacy implied by the management and its past
challenges.

To develop a virtual model for the implementation of the finite element analysis of the
biomechanical system formed by the first two metatarsal bones and the corresponding
cuneiforms, but also of the components required by the studied surgical technique, a set of
essential data regarding the methodology for computerized analysis of biomechanical

structures was presented in this last chapter of this part.



1. Special part

1. Medium-term outcomes after hallux valgus surgical correction based

on cortical suspension systems

1.1 Working hypothesis and objectives

Hallux valgus presents as a medial painful proeminence, with the apex at the first
metatarsophalangeal joint and as a disruption of the first ray’s ability to physiologically support
body weight during the push-off stage of human gait cycle. This biomechanical imbalance is
expressed in a clinical setting as transfer metatarsalgia, a painful medial proeminence
conflicting the shoewear and aesthetical concerns. Management of hallux valgus usually starts
with a course of non-surgical measures, which cannot alter the progression of the deformities
and usually with modest results. When this approach fails, the indication for surgical treatment
ensues. Although there are many types of surgical procedures developed for surgical correction,
they are merely variations of the same basic principles [7-9].

A non-invasive correction procedure included in the novel techniques category is the
Mini TightRope® technique. This correction method is the main focus of this work, which
investigates different aspects of the postoperative results and also the specifics of this surgical
technique. The first research course was directed towards perioperative management, surgical
technique details, complications and the postoperative results. Radiological evaluation of the
results and also a subjective assesment performed by the patients must be essential objectives
for any study analyzing a surgical treatment method for hallux valgus that has not stood the
test of time [10].

Another objective of this study was to advance any observations that can lead to the
improvement of clinical and functional results evaluation process or to the enhancements of
specific evaluation scores. Concerning the surgical technique, the aim was to identify any
planning, perioperative management or surgical metod details that could be improved or
altered, therefore ensuring better results, lower complication rates and a smoother learning
curve.

An important element that must not be overlooked is patients’ satisfaction, which is
very much affected by the aesthetical outcomes and the ability to return to the preffered

shoewear, denied by the painful symptoms. In order to adress this problem, we included the



assessment of postoperative satisfaction with local aesthetics, pain severity or footwear

restriction levels, in the results evaluation process.

1.2 Patients and methods

For this study, the hallux valgus cases diagnosed and treated in our department using
the MTR® technique during a five year period were followed up and the resulting data
analyzed. An indication for surgical correction was established after a first course of non-
surgical treatment did not lead to favorable results, with persisting painful symptoms and
functional impairment.

23 patients were included in this study, with only one case of unilateral procedure, and
all the other bilateral corrections performed simultaneously. As a result, a total of 45 separate
procedures were assessed.

The correction technique combined a soft tissue procedure performed at the first
metatarsophalangeal joint (modified McBride with the preservation of the peroneal sesamoid),
followed by the reduction and fixation of the first intermetatarsal angle using two cortical
suspension systems for each foot, provided in a sterile kit by the manufacturer, each system
comprising of two metalic buttons and high strength wires (2.0 FiberWire®) [10].

Radiological results evaluation was done by processing and analyzing data provided by
specific angles measurements of the first intermetatarsal angle (IMA) and the hallux valgus
angle (HVA), accomplished using the anatomical axis of the corresponding bones. The follow-
up period was at least three years for the patients under observation after surgery, repeated foot
radiographic examinations being completed for these cases. Bone mineral density was assessed
using preoperative DEXA (dual X-ray absorptiometry) scans, to diagnose osteopenia or
osteoporosis.

Quantitative variables collected for statistical testing were angle measurements
defining the specific deformities, age, bone mineral density (BMD) determined for lumbar
spine and bilateral femoral neck and the T score, resulted from processing the recorded values
of BMD.

Qualitative variables (ordinal variables) compiled for determining functional results
were the perceived aesthetics of the feet, pain severity levels and footwear restrictions. For the
assessment and recording of these variables we developed a subjective evaluation form,

administered to the patients under follow-up for at least one year after surgery.



Testing for data normality was performed using the Shapiro-Wilk test. The distribution
analysis of the specific angles measurements (IMA and HVA) was applied for every
determination point, considering these moments as dependent observations used for statistical
analysis of the correction potential. The radiographic evaluation moments were before (TO)
and right after surgery (T1), at minimum one year after (T2) and at least three years after
surgical correction.

Follow-up and comparative analysis of the radiological parameters between different
observation moments were accomplished using Wilcoxon signed-rank test for dependent
samples. The same test was used for comparing functional results expressed as ordinal
variables, between different observation points in time. Correlation between variables was
calculated using Kendall’s tau-b statistical test, which determines the strength and direction of
association between two ordinal variables. The independence analysis between the second
metatarsal fracture, considered the main specific complication, and bone mineral density
deficiencies (osteopenia or osteoporosis) was performed by running Fisher’s exact test, which

can calculate if there is an association between two dichotomous variables [11].

1.3 Results

The mean age of the patients included in our study was 46 years (£9,68), with a follow-
up period of minimum 12 months for most of the cases, spanning up to 62 months after surgery.

Normality testing results for specific angle measurements, using the Shapiro-Wilk test
revealed normal distributions for most of the data sets (p>0,05), with two exceptions
represented by the HVA values before correction (T0) and at one year (T2) after surgery. The
cause for these asimetrical results is the inclusion of two cases with severe bilateral HVA
distortion at (TO) and the occurence of three complications at (T2), in the form of HVA severe
deformity recurrence.

During the follow-up period, a fair maintenance of the correction for the specific angles
was recorded, up to at least three years after surgery, with a variable loss of initial correction
that did not cause any significant functional impairment, requiring revision procedures (Table
1.1)).



Table 1.1. Specific angles measurements recorded during the postoperative follow-up period

IMA (degrees) HVA (degrees) |
opservation mean value (SD) median mean value (SD) median
moment
TO (N=45) 13.19° (2,69) 13,28° 30,63°(9,01) 30,01°
T1 (N=45) 6,40° (2,98) 6,68° 15,89° (8,34) 15,320
T2 (N=37) 9,02° (2,11) 9,17° 23,95° (10,96) 20,78°
T3 (N=20) 10,43° (2,57) 10,06° 25,92° (8,37) 23,76°

After applying the Wilcoxon test, a correction of IMA median value of 6,6° was
calculated between (T0) and (T1), a statistically significant difference (Z = -5,84; p<0,001)
(Fig. 1.1.).
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A statistically significant correction of HVA median value equal to 14,69° was detected
for the same observation moments (Wilcoxon test; Z = -5,75; p<0,001). There was a positive
difference for one HVA measurement, which could be explained by the radiographic
examination deficiencies of that case (Fig. 1.2.).
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The radiological results recorded at one year after surgery (T2) for the remaining
patients under follow-up (N2=37) showed a loss of IMA correction by 2,62° (38,58% from T1
correction) and by 8,06° for the HVA (54,68° from T1 correction).

There was a statistically significant correction of IMA median value, with a 4,11°
difference between (TO) and (T2) moments, and a perfectly symmetrical distribution of
differences (Wilcoxon test; Z = -5,3; p<0,001) (Fig. 1.3.).
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Median HVA correction at (T2) was 9,23° (Wilcoxon test; Z = -4,08; p<0,001), with an
abnormal distribution of differences. The asymmetry was caused by 7 recurrences of HVA
deformity, representing 6 positive differences compared to the preoperative value and one case
that defined by the recurrence of a severe deformity (Fig. 1.4.).
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At the last radiographic evaluation performed (T3) on the 10 patients with bilateral
interventions (N3=20), an additional increase of 1,4° of the average IMA values (33,65% of the
T2 correction) and of 1,97° for average HVA values (29,49% of the T2 correction) was

observed.

There was a statistically significant reduction in median IMA value by 3,22° between
the time points (TO) and (T3). The absolute symmetry for the differences two observation
moments confirmed the sustainability of IMA correction for the MTR® technique on the
medium-term (Wilcoxon test; Z = -3,9; p<0,001) (Fig. 1.5.).
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A statistically significant reduction of 6.25° (Wilcoxon test; Z = -3,28; p=0,001), of the
median HVA value, was recorded at least 3 years postoperatively (T3) (Fig. 1.6.).
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Compared with immediate postoperative values (T1), at least three years after this

moment (T3), a mean increase of 2,76° was observed in the IMA values, which lost 4,03° (59%)

of the initial correction, and a mean increase of 14,74° in HVA values, with a loss of 10,03°

(68,04%) from the initial correction (Fig. 1.7.).
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Fig. 1.7. The evolution of IMA and HVA for the 10 patients (N=20) remaining under

follow-up for at least three years, expressed as average values

The IMA, which was preoperatively affected in 78% of cases by moderate and severe

changes, was corrected to normal values immediately after surgery or equivalent to a mild

deformity, for all cases (Fig. 1.8.).
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Fig. 1.8. Evolution of deformation severity for IMA expressed as percentage

If the potential for correction and maintenance of results was clear for the IMA, in the

case of HVA the radiological results generated by the MTR® technique were not as reliable
(Fig. 1.9.).
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Fig. 1.9. Evolution of deformation severity for HVA expressed as percentage

With the exception of one patient who described no differences, at (T2) the

disappearance of pain or just a minimal level was recorded for 95% of cases (Fig. 1.10.).
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Fig. 1.10. Evolution of pain severity expressed as percentage (T0)-(T2)
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Statistically, there was a significant decrease (Wilcoxon test; Z = -3,84; p<0,001)
between the perceived pain level at one year post-correction (T2) compared to the preoperative
moment (T0). Most patients experienced an improvement in pain symptoms, with at least one
level of improvement (95%) according to severity stratification.

From the total of 19 cases, 7 patients (37%) did not describe an improvement in the
ability to use the footwear prohibited by the pain symptoms, which were troubling the patients
before surgery (Fig. 1.11.).
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Fig. 1.11. Evolution of footwear restrictions severity expressed as percentage (T0)-(T2)

The level of footwear restriction showed a significant decrease at one year (T2)
(Wilcoxon test; Z =-3,17; p=0,001). There was an improvement of at least one level in 63% of
cases, with no patients mentioning any increases in limitation. 8 patients (47%) described the
resulting local aesthetics as excellent, 7 patients (37%) claimed the aesthetic result was
satisfactory and only 3 patients (16%) described it as unsatisfactory.

There was a strong negative (inverse) correlation between the level of satisfaction with
aesthetics and pain severity recorded at one year after surgery (T2), with proper statistical

significance (Kendall’s test; tb =-0.719; p = 0.001) (Table 1.2.).

Table 1.2. Correlation between satisfaction with aesthetic results and pain level

Aesthetic results Pain level
Aesthetic Correlation coefficient 1,000 -0,719
results Sig. (2-tailed) 0,001
N 19 19
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A moderate negative correlation could be observed between the level of satisfaction
with aesthetic results and the severity of footwear restrictions at least one year after the surgical

correction (Kendall’s test; tb =-0,537; p = 0,015) (Table 1.3.).

Table 1.3. Correlation between satisfaction with aesthetic results and footwear restrictions

Aesthetic results Footwear

restrictions

Aesthetic Correlation coefficient 1,000 -0,537
results Sig. (2-tailed) 0,015
N 19 19

No correlation was detected between the severity of pain symptoms and the degree of
restriction for footwear at one year after the surgical correction (T2) (Kendall’s test; tb = 0,05;

p =0,795) (Table 1.4.).

Table 1.4. Correlation between pain level and footwear restrictions

Pain level Footwear

restrictions

Pain level Correlation coefficient 1,000 +0,057
Sig. (2-tailed) 0,795
N 19 19

The analysis of correlation between the IMA values and functional results determined
preoperatively (T0) and one year after the correction (T2) did not reveal significant results
(Table 1.5.).

Table 1.5. Correlation between IMA values and functional parameters

Observation ) Correlation coefficient
Functional parameter ) p value
moment with IMA (tau-b)
- Pain -0,233 0,230
Footwear restrictions -0,127 0,534
Pain -0,009 0,963
T2 Footwear restrictions +0,113 0,571
Satisfaction with aesthetic -0,105 0,591
results
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There was only one case of positive, statistically significant correlation between the

HVA value and pain severity (Kendall’s test; tb = +0,396; p = 0,047) (Table 1.6.).

Table 1.6. Correlation between IMA values and functional parameters

Observation ] Correlation coefficient
Functional parameter ) p value
moment with HVA (1b)
o0 Pain +0,024 0,901
Footwear restrictions -0,054 0,790
Pain +0,396 0,047
T2 Footwear restrictions +0,269 0,177
Satisfaction with aesthetic -0,298 0,126
results

9 patients were diagnosed with osteopenia, with only one case of second MTS fracture
(3%), recorded at least one year after the correction (T2). We did not detect a statistically
significant association between bone density impairment and the occurrence of postoperative

fractures (Fisher’s test, p=1,00) (Fig. 1.12.).
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Fig. 1.12. Association analysis
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and second MTS fracture at (T2)
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Although no statistically significant association could be demonstrated between the
presence of severe preoperative HVA deformities and their recurrence after surgery (Fisher’s
test, p=0,88), this subject has be taken into account regarding the ability and limitations for

HVA correction of the studied technique (Fig. 1.13.).
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A total of 12 complications was recorded, representing 27% of the total number of
interventions under follow-up. The most common complication was the recurrence of
deformities (23%), followed by second MTS fracture (2%) and soft tissue reactions (2%). No
revision surgeries were required for the management of the recurrence or any other critical

complications.

1.4 Discussions

The main objective of deformities correction, using the Mini TightRope® technique or
any other procedure, is to optimize foot biomechanics, which is essential for normal gait
kinetics and kinematics, while avoiding all the severe complications associated with
osteotomies [12,13].

For an adequate analysis of our series, we performed a systematic review of data
presented by papers based on the MTR® technique, published between 2010 and 2022. In terms
of follow-up time, our study exceeded any work that evaluated the results of techniques based
on this type of implants, most of the procedures reported in literature relying on a single MTR®
system for IMA fixation and metatarsal bone tunnels with a diameter of 2.7 mm, which may
increase the risk for metatarsal fractures.

The reported complications rates in literature show high variability, with an average of
24%, which is similar to our results (27%). The difference was the order of complication types,
the literature data reporting the second MTS fracture (10%) as most frequent complication,
followed by the recurrence of deformities (6%), hypercorrection (3%) and soft tissue
complications (3%). The paper published by Dayton et al. in 2015 performed a meta-analysis
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of possible complications reporting a similar order, the most common being second MTS
fracture (13.6%) followed by recurrence of deformity (7.6%) and hypercorrection (3.8%). Our
results revealed the recurrence of deformities as the most frequent type of complication,
especially for the hallux valgus angle (HVA), with a percentage of 23% [13].

The advantages suggested by the MTR® technique are the preservation of bone
integrity, which can be useful in case a revision procedure is required, and limitation of invasive
procedures performed on soft tissues, therefore reducing the risk of infection and facilitating
postoperative recovery [14-15]. The statistical analysis of data showed that the studied
technique effectively corrects the angle values, with functional results similar to other
techniques, despite a partial loss of the initial correction. Graphical and numerical statistical
evaluation confirmed the correction potential, which was clearly better for IMA, consistent
with other published series. Regarding HVA correction, the potential for reduction and
maintenance was lower and it is based on an indirect effect of biomechanical realignment at
the level of the first metatarsophalangeal joint, for which a soft tissue procedure was applied.
Mean angular values obtained from our analysis and those reported by relevant studies
published in literature were almost equivalent, both for the preoperative and postoperative
moments [14-25].

In literature, the percentage of deformities recurrence is 6%, identified rather in
association with other complications, while our results placed this complication first, with a
percentage of 23%. Although in most cases, not causing any significant functional impairment,
we believe that a more accurate description of the diagnostic criteria for recurrence, supported
by objective parameters such as angular values, is necessary for a more effective diagnosis
[13].

Thus, we can state that the main problem of the MTR® technique is represented by the
high risk of HVA deformities recurrence that can be attributed to the use of only a soft tissues
procedure for the correction at this level. Recurrence of deformities may or may not be
associated with the loss of fixation provided by the suspension systems and may occur
independently of the aforementioned causes, the reduction of the angles showing a decrease
even without any associated complications. We believe that this complication is not specific to
the MTR® technique, as all HAV surgical correction interventions have significant recurrence
rates of up to 50-70% [14-25].

To reduce the risk of second MTS fracture, a series of changes regarding the surgical
technique or its indication have been suggested. A pattern of association between older age,
expressed as decreasing bone density, and a higher incidence of fractures does not seem to
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exist, which means that the surgical technique details or implant design play a greater role in
determining the fracture risk.

The main factors on which the patient’s satisfaction and the perceived postoperative
results depend are pain mitigation, ability to use the desired footwear and aesthetics. To
evaluate the clinical results, we developed a simplified evaluation form starting from the
AOFAS model, which kept three main components represented by pain, footwear restrictions
and the level of satisfaction given by the aesthetic appearance and quality of life. Most studies
report radiological outcomes or complication rates, but this approach focuses more on the
surgeon’s perspective and less on the subjective feedback from the patients tailored to their
needs and wishes. We support the crucial role of pain symptoms in describing and evaluating
functional and clinical outcomes following correction, regardless of the used technique [14-
26].

Our results showed a positive statistical correlation between the amplitude of the HVA
and pain severity, an interesting observation, considering that the recurrence of HVA
deformities shows the highest incidence and associates unfavorable outcomes. Nevertheless,
there was a weak level of positive correlation between the two. This observation highlighted
the importance of the HVA deformity effect on the results and the need to optimize correction
and its reliability, especially in the setting of HVA deformations recurrence as the main specific
complication detected in our series.

According to our analysis, the general decrease in shoewear restrictions level, recorded
before surgery, reached a statistically significant level. None of the relevant studies published
in recent literature have evaluated and specifically discussed this parameter. However, we
believe that this element must be addressed during the management of hallux valgus, because
it plays an important role in maximizing the perceived result.

Moreover, we found that there was a strong negative correlation between satisfaction
with aesthetic result and pain symptoms, which confirmed the high level of subjectivity and
complexity involved in the assessment of postoperative satisfaction and the extremely
important effect that pain exerts on this process. Among the reviewed papers, only one
explicitly assessed the level of postoperative patient satisfaction [14].

With a carefully formulated indication, the MiniTightRope® technique generates
comparable results to those of established surgical techniques for mild or medium cases of
hallux valgus. Our conclusions corresponded to those reported in literature, with good

functional results and a low level of medium-term complications.
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2. Finite Elements Analysis of hallux valgus surgical correction technique

based on cortical suspension systems

2.1 Working hypothesis and objectives

Complementary to experimental studies, the computational analysis method has
nowadays become an important technique for studying and understanding the etiopathogenesis
and biomechanics of musculoskeletal disorders. The evaluation of potential variations of
biomechanical parameters can provide useful information for the optimization of preoperative
planning, implants or surgical technique and prevention of complications.

In the case of the ankle and foot, computational studies carried out through finite
element analysis and applied to virtual three-dimensional reconstructions have generated data
that help the understanding of normal biomechanics, traumatic injuries or the pathogenesis of
chronic conditions, therefore contributing to the improvement of implant design or surgical
techniques, but also external orthopedic devices, such as adapted footwear [27,28].

Using computational analysis, hallux valgus has been investigated regarding its
pathogenesis and the role of risk factors, the variations of surgical correction techniques or
implant types [29-31]. The HAV correction technique based on cortical suspension systems
presents a series of specific complications. Among these, the second MTS fracture has been
reported in literature as the most frequent type of specific complication, with an incidence of
10% [13]. Several factors have been associated with fracture risk of the second metatarsal,
which that can occur intraoperatively, immediately after surgery, or later.

The present chapter presents the development, validation and implementation of a
biomechanical model created with the aim of analyzing the relationship between variations in
bone density, the geometry of implants or bone tunnels and the fracture risk, by simulating the
effect of hallux valgus correction on the stresses induced in the second metatarsal during the
push-off phase of gait cycle. The goal was to assess the fracture risk encountered in clinical
setting by studying the influence of some characteristics such as the impairment of bone
mineral density, the increased diameter of bone tunnels or design of the metal buttons, which

the cortical suspension system uses for fixation.
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2.2 Materials and methods

This chapter presents the steps required for the development of a finite elements model
based on the first two metatarsal bones and the corresponding cuneiforms, as well as the
implants necessary for surgical correction of hallux valgus using the Mini TightRope®

technique.

2.2.1 Geometrical reconstruction

A virtual reconstruction technique from computerized tomography scans was used for
modelling the bone geometries. Thus, following the segmentation process, three elements
corresponding to the geometries of all four bones necessary for the biomechanical model
creation resulted [32].

The conception of the virtual model was based on the tomographic images acquired
through the preoperative scan for one of the patients included in the study. The 36-year-old
patient required bilateral correction of the specific hallux valgus deformities, which was
performed during a single stage. The metal buttons were reproduced to their actual dimensions
using the Design Modeler application, from the ANSYS Workbench suite, 2022 R1 version.
The resulting geometries were exported to Materialise MIMICS image processing software and
positioned according to the surgical technique details provided by the implant manufacturer
[10].

2.2.2 Creation of a biomechanical model

A biomechanical model is the computational model comprised of the four bones (first
and second metatarsals together with the medial and intermediate cuneiform bones), the metal
buttons, the ligaments, the suspension wires, the imposed interaction conditions between
elements, the loading forces and boundary conditions [33].

Biomechanical model creation and finite element analysis were performed using the
ANSYS simulation software, 2022 R2 version. The following stages were completed, which
are essential for obtaining the computational model:

1) Discretization of volumetric components (bones and metalic buttons).
2) Defining the interaction between the components.

3) Modeling the ligaments.
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4) Modeling the suspension wires.
5) Setting boundary conditions.
6) Pretensioning of wires.

7) Modeling of plantar forces.

2.2.3 Material properties

A homogeneous distribution of the Young’s modulus was adopted throughout the
model (identical for all bones), and was determined by equating the structural stiffness
(Young’s modulus) of a heterogeneous distribution model variant, based on the radiodensities
analysis method.

Only the second metatarsal was extracted, for which material properties were defined
according to the radiodensities analysis results, within the MIMICS software, resulting in
heterogeneous distributions of density and Young’s modulus [34]. To equate the structural
stiffness, a static finite element model was then created using the ANSY'S software, for which
the discretization and distribution of material properties were imported from MIMICS. The
result was a model with a heterogeneous and overall anisotropic structure, developed using
radiodensities analysis of the patient’s bone structure CT scans.

Part of the model, corresponding to the second cuneiform, was set in a fixed position,
to simulate the interaction with the other unmodeled bone elements. All the degrees of freedom
for motion were blocked on the interaction surfaces with these unmodeled elements, resulting
in the complete immobility of the bone element base. A resultant force was applied for setting
the loading conditions, calculated for the second metatarsal by equating the subject’s weight,
based on the use of a recognized static model [35].

Similar models were then developed, but with homogeneous Young’s modulus
distributed throughout the bone volume. The initially chosen value was 7000 MPa (according
to data from literature), which led to a higher structural stiffness compared to the heterogeneous
material distribution [29-31,36]. An equivalent Young’s modulus value of 3720 MPa was

determined through repeated sensitivity analysis.

21



2.2.4 Analyzed variants and comparison criteria

There is a real interest in studying the influence of bone density variations or the
geometry of implants and bone tunnels on the risk of second metatarsal fracture, especially
since this complication is reported as the most frequent one.
Thus, the comparative study was carried out relying on three criteria:
1 - bone density variation; three models were developed, which differ in Young’s moduli, E1,
E2 and E3.
2 - the use of two standard buttons or an oversized button (SBP®) for the second MTS. The
comparison was made between two models, with the same Young (E1) modulus, which
differed only in the type of second MTS buttons.
3 - different dimensions of the tunnels diameter. In this case, the comparison was made between
two models with two standard buttons, the E1 Young modulus, but which differed in the
tunnels’ diameter (1.1 mm or 2.7 mm).
To carry out the mentioned comparisons, five models were developed, for which the
following abbreviations were adopted, for simplification:
e MBELld, MBE2d and MBE3d - models with two buttons, E1, E2, E3 Young’s
moduli and the small tunnel’s diameter (d = 1.1 mm).

e MPE1d - model with an oversized button (SBP®), E1 Young’s modulus and small
tunnel diameter (d = 1.1 mm).

e MBELD - model with two buttons, E1 Young’s modulus and large tunnel diameter
(D =2.7 mm).

2.3 Results

2.3.1 Equating the Young modulus

Fig. 2.1. presents the total displacements, using two views, corresponding to the
aforementioned variants of Young’s modulus distribution: heterogeneous (Fig. 2.1.a.) and
homogeneous equivalent (Fig. 2.1.b). It can be seen that the details of the deformed geometries
were similar and the maximum displacements were equal to the second decimal place (3.15
mm). It was therefore accepted that the value of 3720 MPa for Young’s modulus in the

homogeneous model structurally equated the heterogeneous distribution of bone density,
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obtained by the radiodensities analysis method. This value was used to define material
properties, for performing the comparative analyzes between the models with homogeneous

structure.
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Fig. 2.1. Total displacements for heterogeneously distributed (a) and homogeneously

distributed (b) Young’s modulus

Considering that the aim of developing this biomechanical model was to evaluate bone
tunnels von Mises stress, which is dependent on stiffnesses distribution, it is necessary to
compare the stress distribution between the equivalent heterogeneous and homogeneous cases
in the second metatarsal diaphysis (Fig. 2.2.). It resulted that, indeed, the stress was higher for
heterogeneous distribution, inside the bone cortex. Therefore, at cortical level, the
homogeneous model underestimates the stress, by about 25%. In the tunnels, however, the
stress was much lower. For the distal bone tunnel, the stress was almost the same for both
models (30.362 MPa for the heterogeneous distribution and 30.404 MPa for the homogeneous

one).
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Fig. 2.2. von Mises stress in longitudinal midsection of the second MTS bone for

heterogeneously distributed (a) and homogeneously distributed (b) Young’s modulus

2.3.2 Validation of biomechanical models

C1 criterion analysis. Fig. 2.3. shows the force values emerging in the suspension
wires, determined for all models under two loading conditions (wire pretensioning only or
plantar force loading). It can be seen that, in both wires, the forces are similar, in all models
and for both loading conditions.

According to literature data, if a single wire is used, it will be tensioned by 4.1 N for
each degree of IMA correction, and the average force developed in the wire after applying the
plantar load would be 33 newtons [37]. In our case, if a single wire were to be used, according
to the aforementioned data and considering the 5,45° required for IMA correction, specific to
our patient who was the basis for model creation, a resulting force of 22,35 N would be
generated in the wire after pretensioning.

If it is assumed that by using two wires they withstand equal forces (in reality, the
proximal wire is tensioned less), it results that the force for a single wire would be 11.175 N.

Compared to this value, the resulting forces in the two wires after prestensioning were higher,
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but within an acceptable margin considering the involved degree of approximation (Fig. 2.3.).
Factors such as bone stiffness, wire characteristics, metatarsocuneiform joint details, the

tunnels positioning and soft tissue, could affect the differences between resulting forces.
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Fig. 2.3. The resulting tensile forces in the suspension wires for the two loading conditions

(wire pretensioning only and plantar forces loading) for all models

Considering MBEI1d as a reference model, the relative deviations of the other models
results were determined (Table 2.1.). The maximum deviation resulted was 14.44%, which
corresponded to the proximal wire of the MBEID model. This value was admissible
considering the variability of biomechanical models, for which differences of up to 25% are
allowed. It was shown that large deviations (over 10%) occur for models with different Young’s
moduli (MBE2d and MBE3d) compared to the benchmark model and also for the MBE1D
model. For density variation, the result can be justified by stiffness differences, which
significantly manifest in the second metatarsal, with plantar loading. In the case of MBE1D
(tunnel diameter 2.7 mm), the differences were caused by the characteristics of this model,
which involved small differences, especially in terms of discretization, compared to the
reference model.

The MBE1d model was chosen as the standard instead of the literature data, as the
validation process was based on equivalence between the created computational models. The
deviation from literature data was greater, due to significant differences of the models
developed for this work and the characteristics of the experimental determinations in literature,

used for equating wire tension forces [37]. Therefore, a quantitative comparison in this sense
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was not justified, the values reported in literature being considered as reference only, and as an

order of magnitude of the resulting forces.

Table 2.1. Deviations of the resulting wire tensile forces compared to those resulting from the

MBE1d reference model
Model Deviation [%0]
Pretensioning Plantar loading
Proximal wire Distal Proximal wire | Distal wire
wire
MBE2d 6,18 3,04 11,86 12,51
MBE3d 9,79 4,63 11,50 11,90
MPE1d 4,65 3,64 2,20 1,16
MBE1D 14,44 12,03 12,46 9,93

C2 criterion analysis. In fig. 2.4., the maximum values of total displacement resulting

in the biomechanical model are presented, both after wire pretensioning and after the

application of the plantar forces. These highest values were extracted from the distributions of

total displacements for the biomechanical model. The following results were deduced:

For the first loading situation, which involved only the pretensioning of the wires, it
resulted that the total displacements decreased with the Young’s modulus. This result
can be justified by the fact that the total displacement is the cumulative result of the
component elements deformation and the rigid body motion (predominantly rotation)
of the first metatarsal, due to its mobile contact (joint) with the first cuneiform.
Therefore, for the maximum stiffness case (MBE1d), the second MTS deformed less,
forcing the first MTS to rotate more so that the displacement generated by the wires
shortening was ensured. The decrease in stiffness led to larger deformation in the
second MTS, which caused a reduction in the rigid rotation of the first metatarsal
bone. As a result, the maximum displacement in these cases, which occurs
predominantly at the level of the distal extremity of the first metatarsal, decreased with
Young’s modulus.

For the models with identical Young’s modulus, but with geometry differences,
pretensioning of the wires led to overall displacements with relative deviations below
1% (Fig. 2.4.). This result validated the similarity between the analyzed models.
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e For models with different Young’s modulus, the addition of plantar forces led to the
decrease of total displacement for the medium Young’s modulus model (MBE2d)
compared to the other two models (MBE1d and MBE2d). The effect can be justified
by the way displacement is being distributed in the volumes of the two bones, because
of different stiffness. For the stiffest model, the highest displacement was found in the
distal end of the first MTS, for the one with medium stiffness the displacement being
almost equally distributed between both bones, and for the one with minimum
stiffness, the second metatarsal deformation and displacement increased considerably.

e For the models with equal Young’s modulus, plantar forces produced similar
displacement distributions (Fig. 2.4.). Between models MBE1d and MPE1d, the
difference was insignificant (relative deviation of 1.87%), being caused by small
differences in the application of plantar forces, on the one hand, and by the differences
between the contact of the metallic implants with the second metatarsal bone (two
buttons in the case of MBE1d and one plate in MPE1d), on the other hand. A larger
maximum displacement resulted in the MBE1D model (10% deviation from the
MBE1d model), caused by differences in discretization, contact at the first
metatarsocuneiform joint, and orientation of the plantar forces. The latter depends on
the selected surface of each element where the force was applied, which can present
small differences resulting from the discretization.

According to the arguments in relation to C2 criterion, the models were validated.
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Fig. 2.4. Maximum total displacements in the biomechanical model corresponding to both

situations (wire pretensioning only and plantar forces loading) for all models
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C3 criterion analysis. Fig. 2.5. shows the maximum values of resulting displacements
of the second metatarsal, for all models. These were extracted from the distributions of total
displacements. The following conclusions were drawn:

* For both loading situations (wire pretensioning only and plantar forces loading), the
maximum displacement increased with decreasing Young’s modulus.

* In the case of models with equal Young’s modulus, the maximum deviations of displacements,
compared to the reference model (MBE1d), were 2.17% for wire pretensioning and 17.72%
for plantar loading. The larger deviation in the second case was caused by the differences
between the plantar force application surfaces on the second metatarsal. However, this
variation was below the accepted threshold of 25%.

* The directions of second metatarsal movements were predominantly in the transverse plane,
for wire pretensioning, and in the sagittal plane when plantar forces were added. The loading

directions were thus validated.
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Fig. 2.5. Maximum second MTS displacements in the biomechanical model corresponding to

both situations (wire pretensioning only and plantar forces loading) for all models

2.3.3 Stresses around bone tunnels

According to the Saint-Venant’s principle, the difference between the effects of two
different, but statically equivalent loads (which have the same resultant and produce the same
contact reactions) becomes very small at adequately large distances from the loading area [38].
Within the analyzed models, Saint-Venant’s principle is applicable for the diaphyses of the two

metatarsals, therefore also in the area of interest (in the second metatarsal bone tunnels). In the

28



contact areas (in the metatarsocuneiform joint and the intercuneiform joints), the defined
boundary conditions do not accurately reproduce reality for local force distribution, but they
recreate it as a resultant. Therefore, in these areas the resultant stress is unrealistic, but the
distant effect is not affected. All this shows that the stress distribution in the second metatarsal
diaphysis was practical, so the stress analysis in the bone tunnels is justified.

For all models, in the bone tunnels walls of the second metatarsal, the highest stress
resulted in the distal tunnel, as shown in fig. 2.6. Therefore, the stress assessment was limited
to this area. To extract the stress values in the aforementioned region, the nodes along the distal
tunnels walls were selected, with an adequate radius of the selected area, to accurately reflect

stress distribution and maximum values (Fig. 2.6.b.).
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Fig. 2.6. Distribution of the equivalent von Mises stress in the second metatarsal, for MBE1d

model: (a) global view with distal tunnel details; (b) selected nodes along the distal tunnel

In fig. 2.7. the maximum values of the von Mises stress developed in the distal tunnel
walls are presented, for comparison between all the analyzed models. The following
conclusions were drawn:

e For models with different Young’s modulus, after wire pretensioning, the stress
decreased insignificantly along with Young’s modulus. The result was acceptable,
considering the decrease of wire tensioning forces with the Young’s modulus. In
this study, the equivalence of Young’s moduli was carried out in relation to
stiffness, and it was admitted that in the areas where stress was analyzed, the global
stiffness did not influence it, since, upon prestressing, the second MTS behaves as
a statically determined system, working under small displacements (total
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displacements are much smaller than bone dimensions). It is known that, in such
systems, stress does not depend on stiffness.

e For models with different Young’s modulus, after applying the plantar load, there
are differences of about 13.5% between the maximum stresses obtained for the
stiffest model and the other two. For the latter two, the values are approximately
equal. However, the maximum values are not enough to characterize the stress state
since the maximum value develops locally and may depend on singularities.
Therefore, the stresses were compared using the volume of material in which it
exceeded the limit of 30 MPa, chosen for a better visualization. Thus, from fig.
6.24., it can be deduced that although the maximum values in the MBE2d and
MPE3d models were equal, the stresses exceeded 30 MPa on a smaller volume of
material in the latter model. Also, the volume of material affected by stresses above
30 MPa was greater in the maximum stiffness model. Therefore, as with the
pretensioning situation, it shows that stress decreases with stiffness, but not
significantly.

e Asignificant decrease compared to the reference model was found for the MPE1d
model, which involved the use of the supplementary, oversized button. The result
demonstrated the obvious contribution of the additional button (SBP®), which

distributed the pressure of with bone over a larger area.
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Fig. 2.7. Maximum von Mises stresses in the distal tunnel walls of the second metatarsal

corresponding to the two different loading situations for all models

A debatable result was obtained for the MBE1D model, with lower stress levels than

for the reference model, although the effect of stress concentration was expected to be more
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pronounced at larger diameters of the bone tunnels. However, the stress concentration effect
produced by bending caused by plantar forces was small, regardless of the tunnel’s diameter,
since these forces act in the neutral plane (longitudinal plane, horizontal in this case, which
contains the centroids for the diaphysis cross sections, where bending stresses is zero).
Therefore, the stress difference between the two different bone tunnels diameters did not come
from the stress concentration effect.

The differences were caused by the way the metal buttons rest on the bone surface and
by the way they transmit the load into the bone, on the edge of the tunnel (Fig. 2.8.). For the
MBE1D model, the button deformed more over a larger volume in the tunnel area, with a more
pronounced bending tendency. However, the maximum strain was higher in the button
corresponding to smaller diameter tunnels and was located closer to the tunnel. Therefore,
locally, the button placed over the small diameter tunnel deformed more, around the area of
the tunnel edge, where the maximum stresses were identified. For the larger diameter tunnel,
the contact was spread on a larger circumference and under the area with smaller deformations
of the implant. The effect discussed in this work is model dependent because button
deformations over the tunnels are determined by the constraint equations required for defining
the connection with the suspension wires. In reality, the wires transmit the local stress to the
buttons differently. Therefore, the comparison regarding the influence of tunnel diameter based
on this study cannot be quantitatively conclusive. However, it can be concluded that the
presented results raise the interest for more detailed studies on the influence of the tunnels

diameter.
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2.4 Discussions

Finite element numerical simulations are tools capable of providing detailed insights
into the behavior of biomechanical structures, as they can reproduce, with enough accuracy,
biomechanical interaction scenarios beyond the clinical and experimental possibilities of
investigation. Therefore, in the present work, numerical studies were carried out analyzing the
mechanical interaction occurring at the level of the first two metatarsals, generated by surgical
correction of specific hallux valgus deformities through the MTR® technique. According to
clinical reality, among the factors influencing the risk of second metatarsal fracture, bone
mineral density, the type of metallic buttons and bone tunnels diameter have been suggested.
Conclusions deriving from the numerical analyses targeting the aforementioned factors are
further discussed in this chapter.

Comparative criterion 1 — Bone density variation

The von Mises stresses decreased slightly with the decrease of the Young’s modulus,
both because of the pretensioning of the suspension wires and because of plantar loading,
corresponding to the push-off phase of the gait cycle. Although this reduction in material stress
could be considered a positive aspect, the effect is not at all beneficial in the case of low-density
bones, as they have lower physiological stress limits. According to the Frost mechanostat, the
limit value of 60 MPa of the pathological threshold of microdamage accumulation was
determined for a Young’s modulus of 20 GPa. For lower Young’s moduli, these physiological
limits decrease [39].

In addition, the determination of the stress limits in the Frost mechanostat based on
Young’s moduli imposed as homogeneous equivalents is not accurate. In reality, in the cortical
area of the bone, where the maximum stresses were identified, the Young’s modulus is close
to 20 GPa for patients with normal density and decreases, in the case of those with affected
density (osteopenia or osteoporosis), towards quantitatively unknown limits. For their
estimation, additional studies are needed, which transcend the scope and objective of this work.
Therefore, the stress values obtained in the present work were correct, within the limits of
modeling approximations, but cannot be compared with known limiting values for bone. Thus,
the variation in bone density does not significantly influence the level of stress in the wire
tensioning stage, but the risk of fracture is greater in the presence of lower bone mineral

densities, as the physiological limits decrease.

The microdamage threshold defined by the Frost mechanostat (MESp) does not
represent the static yield stress of the material. This threshold refers to a stress limit at which
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damage begins to accumulate faster than can be compensated by bone regeneration through the
remodeling process, if physical activities or trauma which exceed this limit are maintained
excessively, without allowing the bone to regenerate. A relevant example is represented by
second metatarsal stress fractures encountered in athletes or military recruits. This stress limit
corresponds to a specific strain level, indicated by Frost, of 3000 um/m. Experimental
measurements have determined specific deformations above this threshold in the case of
vertical jumps with landing on one or both lower limbs [40]. It was therefore accepted, for this
study, that the determined stress levels were within normal limits, considering the ability of
bones to continuously remodel under conditions of normal activity.

Considering the incidence reported by literature, the percentage of second MTS
fractures ranks first, with a value of 10% of the total case number. The risk for developing this
complication has been attributed to the influence of several factors, among which the damage
to bone density has also been greatly discussed [13-25].

If we acknowledge the stress obtained in the present work to be correct, within the limits
of the modeling approximations, the discussion remains open regarding the physiological stress
limits, extrapolated in this work from the Frost mechanostat, and how these limits change with
the decrease in bone mineral density. Even in the absence of a concrete objective
demonstration, from the reported clinical data and the results obtained by the finite elements
analysis, the idea of variable stress limits emerges, which most of the time ensures a favorable
interval for the body to compensate through bone remodeling. Thus, we consider that by
optimizing perioperative factors and surgical technique, the risk of second MTS fracture
secondary to procedures using MTR® systems can be kept within acceptable limits to further
support its implementation.

Comparative criterion 2 — Normal buttons versus oversized button

Most authors believe that the initiation point for a fracture line is located at the level of
the bone tunnels, below the metal button, an area where the implant would generate an
increased pressure on the bone cortex, already weakened by the drilling of the tunnel, thus
concentrating high stresses in the bone mass.

The suggested methods to mitigate this risk are an increased attention to centering the
initiation point of the bone tunnel at the level of the second MTS diaphysis, at an equal distance
between the plantar and dorsal cortex, at a proper distance from the metatarsal neck, which
must be of at least 5 millimeters, but also the use of an additional oversized button
(Syndesmosis Buttress Plate®) positioned below the two normal buttons, with the role of
redistributing the pressure on a larger surface of the cortex. The first two aspects relate to the
surgical technique and can be significantly improved by optimizing the learning curve and
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informing the surgeon as best as possible about these details. Because there is only one paper
in literature reporting the use of an extra oversized button, with no results supporting a clear
advantage, a comparative analysis with the standard technique was performed.

As shown in section 6.3.3, the oversized button (SBP®) induces considerably lower
stresses in bone than smaller metal buttons, due to a distribution of contact pressure over a
larger surface area. It is obvious, according to the study presented here, that this variant is more
effective in mitigating the risk of second metatarsal fracture. Thus, the use of an additional
oversized second metatarsal button in current surgical practice implementing this technique or
its variations is unquestionably supported.

Comparative criterion 2 — Bone tunnels diameter

This comparison criterion was chosen considering the information derived from the
reviewed papers, which included 85% studies based on correction variants using MTR®
systems and bone tunnels of 2.7 millimeters in diameter. These papers analyze the results of
152 surgical correction procedures, representing 80% of the total cases included in the
systematic review, and report a total of 16 cases of second MTS fracture, representing 84% of
the total number of fractures.

In contrast, in our study, clinical outcomes determined at least three years
postoperatively showed a much smaller number of second MTS fractures, only 2% of all
interventions. This discrepancy between the data and the introduction of a surgical technique
modification by the manufacturer, with the reduction of the bone tunnels diameter from 2.7
millimeters to 1.1 millimeters, with the stated aim of mitigating the fracture risk required a
comparative analysis between the two variations of diameter and on their influence on resulting
local stress.

Following the finite element analysis, lower stresses were recorded in the tunnels with
increased diameters. This was due to the way the buttons transmitted the load to the bone
through contact pressure. The effect discussed in this work is model dependent, however, the
button deformations at the holes are determined by the constraint equations required for
designing the connection with the suspension wire. In reality, the wires distribute the local
stress in the buttons (in the tunnels) differently. Therefore, the comparison regarding the
influence of tunnel diameter based on the study in this work could not be quantitatively
conclusive. However, it can be concluded that the presented results raise the interest for more
detailed studies on the influence of the tunnels diameter. By introducing a higher level of detail
in the geometry modeling of the buttons and the contact with the metatarsal bone, this effect
could be reanalyzed, and the importance of this comparison criterion determined more
precisely in future studies.
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3. Conclusions

The algorithm used for selecting the technique for surgical correction requires an
individual approach, considering the severity of specific deformities, joint congruence,
bone anatomy, osteoarthritis or accompanying deformities, especially pes planus and foot
hyperpronation, tarsometatarsal mobility, pain location and associated conditions.

. The leading indication of MiniTightRope® technique for surgical correction of
deformities is mild to moderate hallux valgus, with a correctable first intermetatarsal angle,
for which performing just a soft tissue procedure holds an unacceptable risk for
postoperative recurrence and osteotomy techniques bear a high risk for severe
complications.

. The primary objective for developing this technique is bone stock preservation, which
would improve results of a future revision surgery, and also mitigation of invasive
procedures performed on bone and soft tissue, resulting in a reduction of infection risk and
facilitation of postoperative rehabilitation.

. Another important advantage promised by the studied technique is risk mitigation for
major complications associated with osteotomies, complications that can lead to the
development of severe functional impairment and require a challenging management.

. The reported incidence rate for complications in literature is highly variable, with a mean
of 24%, percentage similar to the one recorded for our series, with 27% out of the total
number of procedures followed by complications.

. The particularity of our results is provided by the frequency ranking for all types of
complications, showing a 23% deformity recurrence rate, especially for the hallux valgus
angle as leading complication.

Concerning radiological results, a statistically significant level of correction for the first
intermetatarsal and hallux valgus angles was achieved and maintained on short and
medium-term, which confirms the therapeutic potential of the MTR® technique.

Mean recorded values for the specific angles resulted from our study are similar with the
ones reported by various authors during the last decade, with the papers presenting these
results based on the analysis of different MTR® surgical technique variations.

. The information stemming for our experience suggests a greater potential of the MTR®

technique for reducing and maintaining the correction of first intermetatarsal angle (IMA),
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similar with other published series, all these supporting the use of this technique especially
for those cases with an abnormal IMA as chief and most important deformity.

The MTR® technique potential for correcting and maintaining the reduced HVA is inferior
to its capability to manage the IMA deformity, and it is based on an indirect effect provided
by the realignment of the first metatarsophalangeal joint, augmented by the soft tissue
procedure.

The absence of a system or a single implant that can maintain the HVA correction
combined with a well-known risk for recurrence after using soft tissue procedures demand
further development and implementation of technique modifications for addressing these
disadvantages and for adjusting the indication criteria, nonetheless avoiding osteotomies.
There is no statistically significant association between a high severity of HVA deformity
recorded before surgery and an increased incidence rate for recurrence postoperatively,
this conclusion supporting the importance of a proper surgical technique for a reliable
correction.

Defining recurrence of the specific deformities after surgical correction of hallux valgus
poses a series of challenges, a better and accurate description of diagnostic criteria
supported by objective parameters being required for an efficient follow-up and diagnosis
of complications, despite an identifiable cause for correction loss.

Regardless of how it is identified, recurrence does not lead in most cases to significant
functional impairment that may require revision surgery or negatively affect the daily
activities of the patient, as it did before the surgery.

Postoperative recurrence of deformities is not a complication unique to the MTR®
technique, all the other procedures developed for surgical correction of hallux valgus
reporting similar rates of recurrence.

A pattern of association between aging or other factors that can negatively affect bone
density and an increased risk for fractures after surgery cannot be supported.

The percentage of second metatarsal fractures identified in our series represents 2% of all
included procedures, a much lower rate than the one reported in recent literature.

No significant statistical correlation was identified between the preoperative IMA
measurements or the ones extracted at one year and the functional results assessed for the
same moments in time, therefore questioning the extent to which the radiological
parameters are influencing the clinical outcome.

A mild positive correlation was statistically confirmed between HVA measurements and

pain severity registered at minimum one year after surgery, confirming the important effect
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of this deformity on the final results, and considering that we have identified recurrence as
the most common medium and long-term complication.

The statistically significant reduction of pain level confirms a good therapeutic potential
of the studied technique and the essential role of pain in assessing and defining the outcome
for all hallux valgus correction techniques.

The issue of footwear restrictions must always be discussed with the patient during hallux
valgus management, with the aim of maximizing the perceived results and, this parameter
must become a part of any algorithm for the assessment of postoperative results.

A strong negative correlation, with statistical significance was detected between the
satisfaction with aesthetics and pain perception, confirming the high degree of complexity
and subjectivity involved in the evaluation of postoperative patient satisfaction and the
crucial role pain symptoms play in this assessment process.

The level of satisfaction with foot aesthetics is the parameter influenced the most by all
the other factors involved in determining the postoperative results and must be a part of
the assessment process.

With proper indication, the MiniTightRope® technique can provide results similar to the
other generally accepted and established procedures, and to their published outcomes,
while maintaining a low level of postoperative mid-term complications.

Some specific details of this technique need further investigation and management, to
improve its results, especially the correction of HVA, enhancement of implant durability,
maintenance of correction after implant removal, the proper indication and best time for
removal, the effect on adjacent joints and the learning curve for this procedure.

The numerical results stemming for the Finite Element Analysis presented in the paper have
a qualitative significance, comparing different particularities of hallux valgus surgical
correction using the MTR® technique. The quantitative validations presented in the present
work demonstrated that the analyzed parameters, such as stresses and deformations, fall
within the limits identified in literature, validating the biomechanical models.

The comparative analysis of bone density effect on stresses in the metatarsal tunnels,
translated into stiffnesses from a modeling perspective, demonstrates that the risk of second
metatarsal fracture increases due to the lower resistance of low-density bones, not due to
the stress level, which is basically the same regardless of density.

The oversized button (SBP®) significantly reduces the risk for metatarsal 1l fracture, by
distributing the contact pressure more evenly with the bone, over a larger area, thus
ensuring local stress values that will fall below the bone microdamage threshold.
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29. The diameter of the tunnels influences the stress level inside and around their walls, but the
limitation regarding the detailed modeling of the contact between the buttons and the bone

surface does not allow a definite conclusion.

Personal contribution

- Carrying out a systematic analysis of the data reported by published papers during the
last 12 years, which included surgical procedures based on the studied technique or its
variations.

- To evaluate functional clinical results, we developed a simplified evaluation form
starting from the AOFAS model, with three main components.

- Starting from the images obtained by computer tomographic scanning of a foot affected
by moderate hallux valgus, we created a series of virtual biomechanical models, with
the aim of developing a platform for computational analysis of some characteristics of
the studied surgical technique.

- We introduced for the first time quality of the bone mass as a study parameter,
objectively measured by the bone density test to diagnose any decrease manifested as

osteopenia or osteoporosis, and we analyzed its relationship with other factors.
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