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Abstract

Background Transfemoral osseointegrated prostheses, like other uncemented prostheses experience the risk of
aseptic loosening and post-operative periprosthetic fractures, with an incidence between 3% and 30%. To date,
however, osseointegrated off-the-shelf prostheses are manufactured in a limited number of sizes, and some patients
do not meet the strict eligibility criteria of commercial devices. A customized osseointegrated stem was developed
and a pre-clinical in vitro investigation of the stem was performed, to evaluate its biomechanical performance.

Materials and methods Six human cadaveric femurs were implanted with commercial stems, while the six
contralateral were implanted with customized stems. Three more femurs that did not meet the eligibility criteria for
the commercial stems were implanted with the customized stems. Two different loading scenarios (compression-
flexion, and torsion) were simulated to measure the primary implant stability and the load transfer. For both loading
scenarios, the displacements of the implant with respect to the host bone, and the strains on the bone surface were
measured using digital image correlation (DIC). To measure the pull-out force, a tensile force was applied to the
prostheses.

Results The translational inducible micromotions during the compression-flexion test of the OsteoCustom stem
were more than 4 times smaller than the commercial one (p <0.05). The rotational inducible micromotions of the
OsteoCustom stem were more than 3 times smaller than the commercial one (p <0.05). Similar results were found
from the torsional test. The full-field strain distribution of the commercial stem showed a slightly higher strain
concentration near the stem tip (maximum principal strain=1928+127 ue) than the OsteoCustom (maximum
principal strain=1758+130 pe). Similar results were found for the femurs that did not meet the eligibility criteria for
the commercial stems and could be implanted with the OsteoCustom. No statistically significant difference was found
in the extraction force between the two groups.

Discussion and conclusion These results support the hypothesis that the OsteoCustom stem can offer better
primary stability and load distribution compared to commercial implants. The outcome highlighted the potential
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benefits of the OsteoCustom prosthesis, which is capable of including a wider range of femoral anatomies than the

current standard.

Keywords Lower-limb amputation, Transfemoral osseointegrated prosthesis, In vitro biomechanical test, Primary

stability, Stem-bone load transfer, Implant micromotions

Introduction

In European countries, 15 to 30 out of every 100,000 sub-
jects undergo a lower limb amputation every year [1], and
this number is expected to increase [2]. The use of osseo-
integrated prostheses in the treatment of transfemoral
amputation as an alternative solution to socket prosthe-
ses reported several advantages [3—5]. However, osseo-
integrated prostheses, like other uncemented prostheses
experience the risk of aseptic loosening and post-opera-
tive periprosthetic fractures with an incidence between
3% and 30% [6-9]. Bone resorption induced by stress-
shielding at the osteotomy level (distal part of the femur)
[10] is a frequent and potentially catastrophic scenario.
Indeed, (i) adverse bone resorption increases the risk of
periprosthetic bone fractures, (ii) it can be expected to
compromise the implant stability and (iii) it reduces the
bone stock available in case a revision surgery is needed
[11, 12]. Moreover, an inadequate contact area between
the prosthesis and the bone after the implantation could
lead to excessive post-operative relative motions and to
aseptic loosening. To reduce the risk of implant instabil-
ity, and to maintain physiological load transfer from the
implant to the bone, surgeons aim to achieve as much
contact area as possible, especially near the osteotomy
level [13-15].

To date, however, osseointegrated off-the-shelf pros-
theses are manufactured in a limited number of sizes,
where only the diameter and length of the implant vary,
thus failing to consider the variability of the other ana-
tomical parameters of the medullary canal [16]. Conse-
quently, some patients do not meet the strict eligibility
criteria of commercial osseointegrated prostheses. For
instance, osseointegrated implantation is not advisable
for patients whose bone diameter does not fall within
a specified range (e.g., excessively small/large medul-
lary canal) or in cases where canal reaming would result
in excessively thin cortical bone remaining around the
implant [16].

In order to increase the number of patients that can
be treated with osseointegrated prostheses, the pros-
thesis design should follow the anatomical variability of
the femoral medullary canal. Indeed, it has been demon-
strated that there is significant inter-subject anatomical
variability in parameters like diameter, radius of curva-
ture, conicity, and ellipticity of the canal [17]. Thus, a new
concept of osseointegrated transfemoral prosthesis has
been developed [16]. In that study, it has been shown that
the fit-and-fill can be improved if the stem matches the

diameter, radius of curvature, conicity, and ellipticity of
the host femur. Indeed, from a database of 70 CT images
(in which 19 did not meet the eligibility criteria for com-
mercial stem implantation), it was found that a custom-
ized stem (later referred to as “OsteoCustom”) would
significantly reduce the amount of bone to be removed if
compared to one of the most common commercial stems.
Similarly, the stem-bone contact area was also greater for
a OsteoCustom stem, particularly at the distal resection
level [16]. However, while improving fit-and-fill is gener-
ally expected to provide better implant stability and bet-
ter load transfer, this claimed advantage has to be proven.
Therefore, to perform the pre-clinical investigation of
the OsteoCustom device, it is extremely important to
evaluate its biomechanical performance, in particular
its implant primary stability and load transfer, which are
crucial for the success of uncemented prostheses.

This paper aims to assess whether the OsteoCustom
stem could be a reliable alternative to an osseointegrated
commercial press-fit stem. In particular, we hypothesized
that the OsteoCustom stem, if compared to a commer-
cial stem would provide (i) better primary stability under
a combination of compression and flexion load, and tor-
sional load, and in terms of pull-out extraction force (ii)
similar or better load transfer in terms of strain distribu-
tion in the host bone. Moreover, we hypothesized that
femurs failing to satisfy the eligibility criteria for standard
commercial stems could be successfully implanted with
the OsteoCustom stem and achieve similarly good pri-
mary stability.

Materials and methods

Design of the study

To assess the implant stability, load transfer, and whether
the OsteoCustom stem would allow the inclusion of more
cases, the specimens were categorized into two groups:

+ Group A: femurs that did meet the eligibility criteria
for the commercial stem (and thus were implanted
with both the commercial and the OsteoCustom
stems). In particular, six human cadaveric femurs
(49 + 11 years old, Table 1) were implanted with a
commercial stem OFI-C (Badal-X, OTN implants,
Netherlands), while the six contralateral femurs were
implanted with the OsteoCustom stem. Two of the
femurs implanted with the OFI-C stem were the
same that were tested in the previous methodological
study [18].
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Table 1 Details of the donors and of the implanted stems. GROUP A (top) contained paired femurs where one femur of each donor
was implanted with the commercial stem, and the contralateral one with the OsteoCustom stem; GROUP B (bottom) consisted

of femurs whose anatomy could not meet the eligibility criteria of the commercial stem and were implanted (unpaired) only with
the OsteoCustom one. The right column reports the size of the stem. For the OFI-C the nominal diameter is indicated. For the
OsteoCustom stems the size is indicated by five numbers: the first number indicates the diameter (in mm) of the proximal portion of
the stem, the second and third numbers indicate the major and minor axes (in mm) of the elliptical distal section; the fourth number
indicates the radius of curvature of the stem (in mm), the fourth number indicates the angle of internal/external rotation of the plane

of curvature with respect to the major axis of the elliptical cross-section)

Group A
Type of Donor ID Side Age Sex BMI Weight (kg) Height (cm) Prosthesis
prosthesis (year) (kg/mz) (size)
Commercial stem #1 (%) Left 58 M 34 100 170 15
#2 Right 52 M 24 72 172 16
#3 Right 56 M 35 113 180 16
#4 Left 57 F 44 127 170 15
#5 (%) Right 44 F 21 54 163 15
#6 Right 27 M 42 142 183 17
OsteoCustom stem #1 Left 58 M 34 100 170 15-18-15-849-69
#2 Right 52 M 24 72 172 16-19-16-664-33
#3 Right 56 M 35 113 180 16-23-20-739-47
#4 Right 57 F 44 127 170 15-18-15-632-17
#5 Left 44 F 21 54 163 16-19-16-664-33
#6 Left 27 M 42 142 183 16-23-20-944-17
Group B
OsteoCustom stem #7 Right 44 M 32 82 160 12-16-15-641-10
#8 Left 59 M 33 109 183 12-16-15-695-18
#9 Left 58 F 32 81.6 160 13-19-15-683-3

Note (*): For the commercial stem, the Specimens from donors 1, and 5, were previously tested as part of the study where the experimental protocol was developed

and validated [18]

+ Group B: femurs that did not meet the eligibility
criteria for the commercial stem (and thus were not
tested with the OFI-C), were implanted with the
OsteoCustom stem. This group included 3 unpaired
femurs (51 + 8 years old, Table 1).

Two different relevant loading scenarios were simulated
to measure the implant stability and the load transfer:
a combination of flexion and compression, and torsion.
For both the loading scenarios, the displacements of the
implant with respect to the host bone and the surface
strains were measured throughout the test using a digital
image correlation (DIC) system.

Ethics approval

The study complied with the Declaration of Helsinki and
was approved by the Ethical Committee of the University
of Bologna (reference n. 113063, 10th May 2021). The
human cadaveric femurs were obtained through an ethi-
cally approved international donation program (Anatomy
Gift Registry, USA).

Specimen preparation
To avoid alteration of the mechanical properties, the
specimens were kept hydrated and stored at -28 °C.

Each specimen was scanned with computed tomog-
raphy (CT, VCT LightSpeed, GE medical systems, USA,
slice thickness=0.6 mm, in-plane resolution=0.5 mm)
to determine the anatomy of the bone and the dimen-
sion of the femoral canal. The soft tissues were carefully
removed using surgical tools, the femurs were aligned
and their proximal end was embedded in an aluminum
pot, following a validated procedure described in [18].

Prosthetic implants

Based on the CT scans, two surgeons experienced in
transfemoral amputation and osseointegrated implanta-
tion identified the optimal size for the commercial stem,
and validated the design of the OsteoCustom stem (see
also below). The femurs were osteotomized at a typical
level for this kind of implant (between 150 and 200 mm
from the condyles). The same osteotomy level was
applied to both femurs from the same pair.

Replicas of the Badal X stem (OTN Implants) were
generated with reverse engineering, and 3D printed (Lin-
cotek, Italy) with direct metal laser sintering (DMLS)
technology from Ti6Al4V (Fig. lleft). To implant the
prostheses, flexible reamers were first used, followed by
replicas of the proprietary Badal X rasps of increasing
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Fig. 1 LEFT: Replica of the commercial stem OFI-C, RIGHT: Example of the OsteoCustom stem. Also indicated are the main dimensions and the most
relevant cross-sections. For the Commercial stem, the only relevant dimension was the diameter (Section A), which is constant along the stem. For the
OsteoCustom stem, the parameters customized to each femur were: the diameter of the section at mid-length (Section B, which is circular), and the major
(Max) and minor (Min) axes of the most distal section (Section C, which was elliptical), and the radius of curvature of the proximal portion

size. Finally, the commercial stems were press-fitted into
the bone using a hammer as per clinical practice.

The OsteoCustom stems were monolithic and were
shaped as follows (Fig. 1right):

+ A proximal portion, with customized diameter and
radius of curvature of the canal.

+ A distal portion, with customized conicity, and
ellipticity to fit the shape of the medullary canal.
Moreover, the intra-extra rotation angle between the
planes of curvature of the proximal portion was also
customized.

The anatomical parameters were defined as follows:

+ Diameter of the proximal portion: each cross-
section was analyzed by fitting a circumference,
thus estimating the corresponding diameters. The
diameter of the proximal part of the stem was
calculated as the average diameter of the medullary
canal in the relevant proximal cross-sections.

Conicity of the distal portion: the conicity in

the distal part of the stem was computed as the
difference between the diameter of the most distal
section and the minimum diameter within the
analyzed segment (which often, but not always,
corresponded to the diameter of the most proximal
section).

Ellipticity of the distal portion: the ellipticity of the
distal part of the stem was defined as the difference
between the major and the minor axes in the most
distal section of the medullary canal.

Curvature of the proximal portion: each cross-
section was further best fitted as an ellipse,
identifying its centroid and estimating the major
and minor axes. The curvature of the canal was
determined by reconstructing the arc of a circle best
fitting the centroids along the entire length of the
stem.

Angle of internal/external rotation: From the distal
cross-section, the angle was defined as the angle of
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the plane of curvature with respect to the major axis
of the elliptical cross-section).

More details about the design of the OsteoCustom stem
are reported in [16]. To implant the OsteoCustom stem,
the medullary canals were first reamed with flexible
reamers up to the designed diameter. The distal part of
the canal was then prepared with rasps having dedicated
diameter, conicity, and ellipticity. Then, the OsteoCus-
tom stems were press-fitted into the bone using a ham-
mer as per clinical practice. Both the commercial and
the OsteoCustom implanted stems were CT scanned
(VCT LightSpeed, GE medical systems, USA, slice thick-
ness = 0.6 mm, in-plane resolution =0.5 mm) (Fig. 2).
All the stem sizes implanted are reported in Table 1.

Biomechanical cyclic tests to assess the primary stability
(implant micromotions)

To evaluate the primary stability, two relevant and critical
loading scenarios were simulated:

+ A combination of compression and flexion load
emulating the peak load during gait, corresponding
to heel strike (the largest moment occurs on the
mediolateral axis and ranges between 20 and 40 Nm
(19]) [18];

+ A pure torsional load emulating one of the possible
loosening mechanisms for nearly straight stems.

A uniaxial-servo-hydraulic testing machine (8500
Instron, UK) equipped with a 10 kN load cell was used.
In order to test the first relevant condition (compression-
flexion), the specimens were tilted by 10° in flexion and
10° in adduction and were constrained proximally, while
the force was applied distally [18]. To avoid transmission

OsteoCustom stem

Commercial stem

Fig. 2 LEFT) CT scan of a typical implantation of the commercial stem
(sagittal plane, with a zoom of a distal cross-section showing the contact
area of the prosthesis into the bone). RIGHT) CT scan of the contralateral
implantation of the OsteoCustom stem (sagittal plane, with a zoom on a
distal cross-section)
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of any undesired component of load, free horizontal
translations were granted using low-friction linear bear-
ings (Fig. 3A). A preload of 150 N was applied. Then, each
specimen was loaded by applying 100 sinusoidal cycles at
1 Hz between 150 N and 850 N. This resulted in a combi-
nation of compression and a peak bending moment of 30
Nm at the osteotomy level.

The pure torsional test was performed with a proto-
col adapted from the previous one. A multiaxial testing
machine (Mod. MAS2-S, MIB4.0, Bologna, Italy) with a
6-components load cell (HBK, Darmstadt, Germany, 150
Nm full-scale) was used. The specimens were constrained
proximally, and the load was applied distally. A preload of
2 Nm was applied. Then, a pure torsional load of 10 Nm
was applied for 100 cycles at 0.5 Hz (Fig. 3B).

To measure the relative motion between the pros-
thesis and the host bone a 3D digital image correlation
system (Aramis Adjustable 12 M, GOM, Braunschweig,
Germany) equipped with four cameras (12 MegaPix-
els 4096 x 3000 pixels, 8 bit) was used. The surface of
the femur was prepared with a random speckle pattern
while a set of fiducial markers were placed on the distal
extremity of the prosthesis. The DIC tracked the motion
in both of areas with the speckle pattern and the fiducial
markers. The spatial micromotions of the prosthesis with
respect to the host bone were analyzed as the displace-
ments (three components of translation and three com-
ponents of rotations) between the prosthesis (tracked
through the set of fiducial markers attached) and the dis-
tal extremity of the femur (tracked through the surface
speckle pattern) throughout the test (Fig. 3C).

To quantify the systematic and random errors affecting
the DIC-measured displacements, a zero-displacement
analysis was performed using a known configuration sim-
ilar to [20]. The permanent migrations were computed as
the difference between the position of the stem inside the
bone at the last and at the first load peak. The inducible
micromotions were computed as the difference between
the position of the stem inside the bone at the load peak
and valley of each cycle throughout the test. More tech-
nical details can be found in the supplementary materials
and in [18].

Measurement of the load transfer (strain on bone surface)

As bone remodeling is mainly driven by cyclic loads [12,
21], this part of the study focused on the loading condi-
tion that most frequently occurs in the femur, ie. gait.
Thus, the simulated heel strike phase of gait described
above was also used to investigate the load transfer to
the femur, following a method previously developed
and validated [18]. In this case, the DIC system was
used to measure the strains on the bone surface. To
quantify the systematic and random errors affecting the
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Fig. 3 A) Overview of the experimental setup of the compression-flexion test: a uniaxial-servo-hydraulic testing machine was used to deliver the force to
the distal end of the specimens. The four cameras of the DIC framed the implanted specimen from a mediolateral and anterior view. B) Overview of the
experimental setup for the torsional cyclic test. The four cameras of the DIC framed the medial, posterior, and lateral sides of the implanted specimen. C)
Schematic of the analysis of the DIC-measured displacements to compute the permanent migrations and the inducible micromotions. The frames cor-
responding to the load peaks and load valleys were extracted. The permanent migrations were computed as the difference between the position of the
implant relative to the bone at the last peak and at the first peak (Peak100-Peak1). The inducible micromotions were computed as the difference between
the position of the implant relative to the bone at each load peak and at the corresponding valley (Peak N-Valley N). A subsection of (C) is reproduced

from [18] under the Creative Commons Attribution License (CC BY)

DIC-measured strains, a zero-strain analysis was per-
formed using a known configuration similar to [20].

As an indicator of load transfer, the full-field distribu-
tion of the maximum (e1) and minimum (€2) principal
strains at the peak load on the surface of the femur was
measured. A qualitative analysis of the entire surface
was performed first. The quantitative investigation of the
maximum and minimum principal strains focused on
two regions of interest (ROIs):

+ ROI 1, proximal, was centered on the stem tip and
covered the femur from 10 mm proximal to 10 mm
distal to the stem tip;

+ ROI2, distal, covered the femur by 20 mm proximal
from the osteotomy.

More details can be found in the supplementary materi-
als and in [18].

Pull-out test

To measure the pull-out force, a tensile force was
applied to the prosthesis after completing the mechani-
cal test (both compression-flexion and torsional tests).

A uniaxial-servo-hydraulic testing machine (8500
Instron, UK) was used to apply the load. The femurs were
clamped proximally (ensuring axial alignment). To ensure
that a pure axial force was applied, the prostheses were
attached to the actuator of the testing machine through
a spherical joint. The specimens were loaded in displace-
ment control with a constant rate of 5 mm/min, similar
to [22]. The force and displacement were recorded with a
frequency of 25 Hz throughout the test.

Statistical analysis

The data of the permanent migrations, inducible micro-
motion, maximum and minimum principal strain were
reported as the median and interquartile range (IQR).

In order to test the hypothesis that the OsteoCustom
stem provides better primary stability and load transfer
compared to the commercial stems, and to evaluate if the
OsteoCustom stem of group B achieved similar primary
stability as the OsteoCustom stem of group A, the fol-
lowing statistical analyses were performed (Prism 9.5.1,
GraphPad Software, USA) with the level of significance
set to 0.05.
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The primary stability (permanent migrations, induc-
ible micromotions, and pull-out extraction force) and the
load transfer (maximum and minimum principal strain
distribution on the ROIs) measured on the OsteoCustom
specimens were compared with the ones measured on the
commercial specimens with a non-parametric Wilcoxon
paired test (data were not normal and homoscedastic,
Shapiro-Wilk test and Levene’s test). A non-parametric
Mann-Whitney test was used to assess the difference of
primary stability and load transfer between the Osteo-
Custom femurs of group A and the OsteoCustom femurs
of group B.

Results

DIC-measured implant primary stability (implant
micromotion)

The systematic error affecting the DIC-measured implant
micromotions was less than 1 micrometer for the trans-
lation and less than 0.05° for the rotations. The random
error was less than 15 micrometers for the translation
and less than 0.05° for the rotations.

For group A (containing the pairs of femurs where
both the commercial and the OsteoCustom stems were
implanted) for the compression-flexion test, the trans-
lational permanent migrations of the OsteoCustom
stem were significantly lower than the commercial one
in the anteroposterior (AP: p=0.016) and craniocaudal
(CC: p=0.032) directions (Fig. 4). The difference along
the mediolateral direction were not significant (ML:
p=0.078). The rotational permanent migrations of the
commercial and the OsteoCustom stems were similar
in all directions (AP: p=0.5; CC: p=0.29; ML: p=0.28).
The translational inducible micromotions through the
compression-flexion test of the OsteoCustom stem were
significantly lower than the commercial one in all direc-
tions (AP: p=0.015; CC: p=0.016; ML: p=0.031). The
rotational inducible micromotions of the OsteoCustom
stem were significantly lower compared to the commer-
cial one in all directions (AP: p =0.015; CC: p=0.031; ML:
p=0.032).

Regarding the torsional test of group A, the perma-
nent migrations and the inducible micromotion of the
translational permanent migrations of the OsteoCus-
tom stem were significantly lower than the commercial
one along the mediolateral axis (ML: p=0.047), but not
along the anteroposterior (AP: p=0.42) and craniocau-
dal (CC: p=0.42) directions (Fig. 5). The rotational per-
manent migrations were similar for the commercial and
the OsteoCustom stems in all directions (AP: p=0.36;
CC: p=0.25; ML: p=0.12). The translational inducible
micromotions through the torsional test of the Osteo-
Custom stem were significantly lower than the commer-
cial one along the anteroposterior (AP: p=0.015) and
the mediolateral (ML: p=0.016) axes, but not along the
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craniocaudal one (CC: p=0.15). The rotational induc-
ible micromotions of the OsteoCustom stem were sig-
nificantly lower than the commercial one around the
craniocaudal axis (i.e. around the axis of application of
the torque, CC: p=0.015) while the other two compo-
nents of rotation were not significantly different, and
comparable to the measurement uncertainty of the DIC.
Additionally, group B (femurs not eligible for implan-
tation with the commercial stem but only with Osteo-
Custom) was compared against the femurs of Group A
implanted with the OsteoCustom stem. For both the
combination of compression and flexion, and the tor-
sional tests, there was no significant difference between
Group A and B for the permanent migrations and induc-
ible micromotions in terms of translation and rotations

(p>0.12).

DIC-measured load transfer (strain on bone surface)

The systematic error affecting the DIC-measured strains
on the bone surface was less than 17 microstrains, while
the random error was less than 25 microstrains, in line
with previous DIC analyses [18, 25]. The full-field strain
maps for the two prostheses were qualitatively similar
(Fig. 6).

In particular, the commercial stem induced a slightly
higher strain concentration near the stem tip (ROI
1) than the OsteoCustom: the maximum principal
strain (g;) on ROI 1 for the commercial stem was 1928
pe(median, IQR =127 pe between 6 specimens), while for
the OsteoCustom stems was 1758 pe (median, IQR =130
pe) (Fig. 7). This difference was not statistically signifi-
cant (p=0.078). The minimum principal strains in ROI
1 showed smaller values, and no significant differences
(p=0.42).

Near the resection level (ROI 2) no statistically sig-
nificant difference was observed between the commer-
cial and the OsteoCustom stems both for the maximum
(g, p=0.34) and for the minimum principal strain (e,,
p=042).

Additionally, group B (femurs not eligible for implan-
tation with the commercial stem but only with Osteo-
Custom) was compared against the femurs of Group A
implanted with the OsteoCustom stem. For both the
combination of compression and flexion, and the tor-
sional tests, there was no significant difference between
Groups A and B for the maximum principal strain (g,
»>0.20) and minimum principal strain (e,, p>0.15) on
the ROIs.

Pull-out extraction force

No statistically significant difference was found in the
extraction force (p=0.43) of the commercial stems
(median=2400 N, IQR=800 N) and OsteoCustom
stems of group A (median=2707 N, IQR=900 N)



Galteri et al. Journal of Orthopaedic Surgery and Research

Permanent migrations
Translations

160
140
120
£
= 100
<
i)
5 80
§ ! *
Q
E 40
20
AP CC ML
Inducible micromotion
« Translations
L | *
160 = -
140
— 120
S
=
— 100
.©
S 80
1S
o
5 60
1S
40 I T
20
0
AP CC ML

- Commercial stem

(2025) 20:102

Page 8 of 13

Permanent migrations
1 Rotations
0.9
0.8
0.7
0.6
0.5
0.4

0.3 .

0.2 o

' wd

Ml W
AP cc ML

Inducible micromotion
Rotations

micromotion (degrees)

micromotion (degrees)

% OsteoCustom stem

Fig. 4 Translational and rotational primary stability in the compression-flexion test in terms of permanent migrations and inducible micromotions around
the craniocaudal (CC), anteroposterior (AP), and mediolateral (ML) axes for both the commercial and the OsteoCustom stems. For each group, the indi-
vidual specimens (small circles), the median (horizontal line), the 25-75% percentile (solid box), and the 5th and 95th percentile (whiskers) are indicated.
Statistically significant differences (p <0.05) between the commercial and the customized stem are highlighted with *. For the inducible micromotions,
the pink band indicates the critical range of micromotions which is likely to prevent osseointegration [23, 24]. Therefore, the inducible micromotions of a
stable implant should be lower than the pink bands. The dotted line represents the intrinsic error affecting the DIC-measured micromotion

(Fig. 8). Moreover, the OsteoCustom stems of group B
showed a comparable extraction force (median=1785 N,
IQR =1000N) compared to the OsteoCustom stems of
group A.

Discussion

Osseointegrated prostheses for lower limb amputees
are exposed to the risk of adverse bone remodeling and
aseptic loosening ( [9, 26, 27]). Moreover, osseointegrated

off-the-shelf prostheses are manufactured in a limited
number of sizes, thus failing to cover the variability of
the other anatomical parameters of the medullary canal
[16]. Consequently, several patients do not meet the
strict eligibility criteria for commercial osseointegrated
prostheses.

In this study, an osseointegrated customized press-fit
stem (OsteoCustom) and a commercial one (OFI-C) were
implanted in human cadaveric femurs, to assess whether
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Fig. 5 Translational and rotational primary stability through the torsional test in terms of permanent migrations and inducible micromotions around the
craniocaudal (CC), anteroposterior (AP), and mediolateral (ML) axes for both the commercial and the OsteoCustom stems. For each group, the individual
specimens (small circles), the median (horizontal line), the 25-75% percentile (solid box), and the 5th and 95th percentile (whiskers) are indicated. Statisti-
cally significant differences (p < 0.05) between the commercial and the customized stem are highlighted with *. For the inducible micromotions, the pink
band indicates the critical range of micromotions which is likely to prevent osseointegration [23, 24]. Therefore, the inducible micromotions of a stable
implant should be lower than the pink bands. The dotted line represents the intrinsic error affecting the DIC-measured micromotion

the OsteoCustom stem could be an advantageous alter-
native to the commercial ones, particularly in case of
femurs that do not meet the eligibility criteria of the
commercial stem. The implants were tested under differ-
ent relevant loading scenarios, to assess if the OsteoCus-
tom would achieve a better implant primary stability and
load transfer than the commercial one.

In terms of micromotions, smaller permanent trans-
lations were measured for the OsteoCustom stem,
compared to the commercial stem, during both the
compression-flexion and torsional tests. Conversely, per-
manent rotations were similar for the two stems. The

inducible micromotions during the compression-flexion
were smaller for the OsteoCustom stem compared to
the commercial stem across all directions. In particular,
the translational inducible micromotions through the
compression-flexion test of the OsteoCustom stem were
more than 4.5 times smaller than the commercial one in
all directions (p<0.05) and below the critical threshold.
The rotational inducible micromotions of the OsteoCus-
tom stem were more than 3 times smaller than the com-
mercial one in all directions (p<0.05). Similar results
were found for the torsional tests. Indeed, under torsional
loading the translational inducible micromotions through
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the compression-flexion test of the OsteoCustom stem
were more than 2 times smaller than the commercial one,
but in this case the difference was statistically significant
only on the anteroposterior axis (p <0.05). The rotational
inducible micromotions of the OsteoCustom stem were
smaller than the commercial one, and in this case the dif-
ference was statistically significant on the craniocaudal
axis (p <0.05).

This is critical since excessive inducible micromotions
(40-150 micrometers [23, 24]) can lead to aseptic loosen-
ing and complications. Indeed, the early implant migra-
tion and the correct load transfer from the prosthesis to
the bone are strong predictors for future aseptic loosen-
ing, and crucial for the long-term success of the osseo-
integrated implants [22, 27]. Few studies can be found
in the literature where micromotions of osseointegrated
transfemoral implants were measured. Barnes reported
inducible micromotions below of 20 micrometers when
testing a simplified geometry of a femoral stem [22]. For
comparison, inducible micromotions of the order of 30
micrometers were measured for uncemented hip stems
when tested in vitro [21]. The present results highlight
the efficacy of the OsteoCustom in providing a stable pri-
mary mechanical stability. Indeed, the customization of
the stem grants a better fit-and-fill of the stem into the
bone [16]. Moreover, the OsteoCustom stem provides
an option for those anatomies that would not meet the
criteria for commercial implants. Indeed, three Osteo-
Custom stems were successfully implanted in femurs that
would not be suitable for the commercial stem (group B),
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and showed similar permanent migrations and inducible
micromotions compared to the OsteoCustom stems of
group A and below the critical thresholds. This outcome
confirms the advantage for all femur anatomies of tak-
ing into account the anatomical parameters (e.g. conicity,
ellipticity) of the intramedullary canal [16, 17].

The DIC analysis of strains revealed differences in
strain profiles near the stem tips, although these were
not statistically significant. The OsteoCustom stem
exhibited reduced strain concentration compared to the
commercial stem, which could translate into decreased
susceptibility to bone fractures or stress. The magnitude
of the maximum principal strains measured on the bone
surface near the stem tip was within the physiological
range for the cortical bone, and decreased towards the
distal region (close to the osteotomy) [28]. Similarly to
[29], reduced strains were observed in the distal region
for both the commercial and the customized stems. This
is an undesirable condition as it can trigger adverse bone
remodeling. The difference between the commercial and
the customized stem was not statistically significant in
this respect. Moreover, the strain distributions are com-
parable to those reported in in vitro studies using strain
gauges on selected points [29-31]. Furthermore, the
strain maps of the femurs of group B showed qualitative
similarities with group A, suggesting that the OsteoCus-
tom may serve as a viable alternative for femurs that did
not meet the eligibility criteria of commercial stems.

The pull-out force of the OsteoCustom was slightly
higher than the commercial stem, but there was no sta-
tistical significance. The pullout force found for the
OsteoCustom was comparable to the results for other
prototype stems [22, 32]. Also, the OsteoCustom groups
A and B showed comparable extraction force, confirming
how customization could widen the indications, without
compromising the primary mechanical stability.

For some of the parameters, a remarkable inter-spec-
imen variability was observed. This is likely due to a
combination of differences between donors and surgi-
cal variability. In clinical practice, the “outliers” are those
patients experiencing an implant failure (this is hopefully
a small number, falling in the tails of the statistical distri-
bution). These are indeed the cases that require the most
attention. Similarly, in our biomechanical tests, we chose
not to exclude the “outliers” as they are likely representa-
tive of the fraction of possible patients at risk of failure.

For the commercial stem three different sizes were
used, which were chosen as the most ideal size for the
respective femur to be implanted. No specific correla-
tion was found between the results and the implant size.
Indeed, due to the limited sample size, a detailed analysis
of the correlation between stem size and micromotions
would have limited statistical power.
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The main limitation of this study relates to the fact that
the proposed method can only simulate the early post-
operative period, as it is not possible to simulate bone
ingrowth and remodeling on ex vivo specimens. For this
reason, the mid-term and long-term changes (including
osseointegration and bone remodeling) cannot be taken
into account. This is indeed common to all similar in vitro
studies ( [22, 29]). However, this information is a valuable
indicator of the primary stability, which is crucial for the
short-term and long-term success of uncemented pros-
theses [33]. In fact, implant micromotions and an incor-
rect load transfer in the early post-operative period can
interfere with the process of osseointegration and affect
the long-term stability. In addition, the test specimens
did not include donors older than 65 years, since aging
generally leads to a deterioration in bone quality [34].
However, this is not a limitation with respect to prosthe-
ses for amputees, as in most of the clinical studies, the
patients are younger than 60 years [15, 35].

Another limitation relates to the commercially avail-
able stem (OFI-C, Badal X) chosen as a benchmark in
the present study. Other commercial designs include
press-fit stems, such as the one tested in this study (e.g.,
OPL), but also threaded implants (e.g., OPRA). For this
comparison, the stem selected was the one exhibiting the
most similar geometry to the OsteoCustom.

Surgical implantation was unavoidably affected by
some variability. To avoid unrealistic variability, all the
implants were performed by experienced surgeons, who
followed the standard procedure for preparing the med-
ullary canals and press-fitting the implants, using the
dedicated surgical instrumentation. To mitigate the pos-
sible consequences of the variability, the femurs within
each pair were osteotomized at the same level.

The pull-out test does not represent a common failure
scenario for femoral osseointegrated stems. However, the
pull-out test is used when a fast and reproducible test is
needed and is often used to test other prosthetic devices
(in some cases it is prescribed by the FDA [36]). There-
fore, we included it in our study for completeness and to
allow comparisons with other published studies.

The procedure for designing and manufacturing cus-
tomized stems can be expected to be more expensive
than standardized ones. A detailed cost-benefit analysis
for a customized stem would be outside the goal of the
present study and is not currently available, but it will
be necessary and important to perform it before making
decisions about clinical use of customized stems.

Conclusions

This study supports the hypothesis that the OsteoCustom
stem can offer better primary stability and load distribu-
tion compared to commercial implants. The outcome
highlighted the potential benefits of the OsteoCustom
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prosthesis, which is capable of including a wider range of
femoral anatomies than the current standard. In particu-
lar, the customization of the stem offered a better match-
ing with the anatomical variability of the femurs, possibly
providing a reliable solution for patients who did not
meet the eligibility criteria for the commercial stem.
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