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Abstract—The residual limb of transtibial amputation (TTA)
prosthetic users is threatened daily by pressure ulcers (PU)
and deep tissue injury (DTI) caused mainly by sustained
mechanical strains and stresses. Several risk factors dominate
the extent of internal tissue loads in the residuum. In this
study, we developed a set of three-dimensional finite element
(FE) models that were variants of a patient-specific FE
model, built from magnetic resonance imaging scans. The set
of FE modes was utilized to assess the impact of the
following risk factors on the strain/stress distribution in the
muscle flap: (i) the tibial length, (ii) the tibial bevelment, (iii)
a fibular osteophyte, (iv) the mechanical properties of the
muscle, and (v) scarring in different locations and depths. A
total of 12 nonlinear FE model configurations, representing
variations in these factors, were built and solved. We present
herein calculations of compression, tension and shear strains
and stresses, von Mises stresses, and strain energy density
averaged in critical locations in the muscle flap as well as
volumes of concentration of elevated stresses in these areas.
Our results overall show higher stresses accumulating in the
bone proximity rather than in outlying soft tissues. The
longer bone configurations spread the loads toward the
external surfaces of the muscle flap. When shortening the
truncated bones from 11.2 to 9.2 cm, the von Mises stresses
at the distal edges of the bones were relieved considerably (by
up to 80%), which indicates a predicted decreased risk for
DTI. Decreasing the tibial bevelment mildly, from 52.3° to
37.7° caused propagation of internal stresses from the bone
proximity toward the more superficial soft tissues of the
residuum, thereby also theoretically reducing the risk for
DTI. An osteophyte at the distal fibular end increased the
strain and stress distributions directly under the fibula but
had little effect (<1%) on stresses at other sites, e.g., under
the tibia. Elevation of muscle stiffness (instantaneous shear
modulus increase from 8.5 to 16.2 kPa), simulating variation
between patients, and muscle flap contraction or spasm,
showed the most substantial effect by an acute rise of the von
Mises stresses at the bone proximity. The mean von Mises
stresses at the bone proximity were approximately twofold
higher in the contracted/spastic muscle when compared to
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the flaccid muscle. Locating a surgical scar in different sites
and depths of the residuum had the least influence on the
overall loading of the muscle flap (where stresses changed
by <7%). Pending further validation by epidemiological PU
and DTI risk factor studies, the conclusions of this study can
be incorporated as guidelines for TTA surgeons, physical
therapists, prosthetists, and the TTA patients themselves to
minimize the onset of PU and DTI in this population.
Additionally, the present analyses can be used to guide or
focus epidemiological research of PU and DTI risk factors in
the TTA population.

Keywords—Deep tissue injury, Pressure ulcer, Prosthesis,
Patient-specific finite element model, Rehabilitation, Post-
amputation.

NOMENCLATURE
3D Three dimensional
BPL Bone proximity layer
DTI Deep tissue injury
FE Finite element
FPL Fat proximity layer
MRI Magnetic resonance imaging
PU Pressure ulcer
SED Strain energy density
TTA Transtibial amputation
VOI Volume of interest
INTRODUCTION

Transtibial amputation (TTA) patients face ongoing
morphological changes of their residual limb.* The
volume of the residuum stabilizes several months post-
amputation.'” Regrettably, this alleged stability does
not last long. The volume of the residuum changes due
to weight gain or weight loss,*® edema,*® and muscle
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atrophy.*® Consequently, the TTA prosthetic user is
fitted with a new prosthetic socket approximately every
4 years. Despite new innovations in socket and liner
materials and design, contemporary prostheses are not
yet equipped to confront these changes. The TTA
residual limb is therefore subjected to varying super-
ficial and internal mechanical stresses in its soft tis-
sues*' which—if exceeding critical levels and exposure
times—may cause injury.

In addition to the ongoing changes in the volume
and shape of the residual limb, the superficial and
internal tissue loads in the residuum are affected by the
initial geometry of the truncated shinbones, the tibia,
and the fibula, which are shaped during the amputa-
tion surgery. The post surgery geometry of the bones
could also change as the distal bone ends, primarily of
the fibula, may develop a spike-like heterotopic ossi-
fication, called an osteophyte, if the edges are not
covered properly during TTA with the resected peri-
osteum.'? The primary surgical variants in TTA are the
length of the truncated shinbones, the bevelment of the
distal end of the tibia, and also the location of the
surgical incision which is eventually scarred.” The
length of the residuum, in particular, was shown to
substantially affect limb—socket interface stresses, gait
stability,* and symmetry.® Considering that TTA
surgeries are almost as old as the art of surgery,* it is
extremely surprising that there are no explicit evidence-
based guidelines as to the optimal surgical technique
for TTA. Rather than methodological scientific stud-
ies, there are some rules of thumb, based on clinical
experience, which were suggested in the literature over
the last decade. For example, surgeons are encouraged
to truncate the bones at the most distal site possible.*’
This location is determined by the viability of the soft
tissues, evaluated by means of Doppler flowmetry, skin
temperature, or segmental blood pressure.” There is
some controversy regarding the placement of the sur-
gical incision. Pinzur er al.** suggested that placing the
incision directly over the anterior aspect of the distal
truncated tibia can potentially produce an adherent
scarring of the skin to underlying tissues®' or insuffi-
cient cushioning of this region during load-bearing.
Burgess® argues that the location of the incision is
relatively unimportant. Guidelines for the distal tibial
end bevelment are also obscure. In Schwartz’s “Prin-
ciples of Surgery,”* the authors suggested bevelment
of approximately 45°. Randon et al.*> recommended
tibial bevelment up to 60°. Neither claims are scien-
tifically justified.

These discrepancies cause a wide range of residuum
shapes across surgeons and medical centers, which are
also dictated by the circumstances leading to the TTA
(e.g., trauma vs. diabetic limb amputation), as well
as the physical condition and co-morbidities of the

patient. The literature overall indicates that the im-
mense variability between the external/internal resid-
uum shapes of TTA patients can be characterized by
the following key factors” (i) The lengths of the
truncated bones, determined in the operation room, (ii)
The bevelment (plane of inclination) shaped during
operation for the distal tibial end (the fibula is short-
ened usually 2 cm above the tibial end and the fibular
ends are rounded by the surgeon as a standard prac-
tice), (iii) Possible development of an osteophyte at the
fibula post operation, (iv) Stiffness of the muscle flap,
and (v) The location and depth of the surgical scar.

It is important to clarify that variability in muscle
flap stiffnesses across TTA patients is not only con-
stituted by the individual tissue mechanical properties
but also by the individual neuromuscular interactions
in the residuum. For instance, a contractile muscle flap
experiences episodes of stiffening during load bearing
as the musculature of the limb contracts,'* whereas a
severed muscle flap degenerates and becomes less
contractible,'” more fibrotic or even flaccid.

The five biomechanical factors listed above may
considerably affect not only the internal mechanical
loads in the soft tissues surrounding the bones, pri-
marily the muscle flap, but also the overlying adipose
and skin tissues. Hence, we hypothesize that when
some of these biomechanical factors are improperly
adjusted, e.g., during surgery (where geometry can, in
part, be controlled), or as a result of a post-operative
pathobiological process (such as muscle atrophy,
osteophytes, or scarring) the consequence can be that
some soft tissue regions are overloaded. Such over-
loading may, over time, risk the wellbeing of the TTA
residuum, and of the patient, ¢.g., by leading to pres-
sure ulcers (PU).® The effect of each of these factors on
the internal mechanical conditions in the TTA resid-
uum was never investigated before.

Our aim was therefore to obtain data on strains and
stress distributions in the soft tissues of the TTA
residuum as function of variations in each of the
above-listed biomechanical factors, in order to identify
the individual factor contributions, which could help in
guiding surgeons to shape a more biomechanically
optimized residuum. It is important to emphasize that
this study is distinguished from all previous literature,
since, for the first time, we investigate herein effects on
internal soft tissue loads, as opposed to residuum-—
prosthesis interface pressure or shear®° or gait
characteristic.”**' This is primarily motivated by the
increasing understanding, which is supported by
strong, new clinical, and basic research evidence, that
TTA patients are susceptible to deep tissue injury
(DTI)—a potentially lethal type of PU, where soft
tissues subjected to sustained large strains/stresses
are necrosing under intact skin."*'337 In the TTA
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residuum anatomy, the muscle flap tissues are the most
susceptible ones to DTI, because of the high sustained
loads formed in these tissues that are being deformed
directly by the edges of the truncated bones.*>** It is
particularly important to prevent DTI in TTA patients
by appropriately shaping the residual limb, because of
the nature of DTI, which onsets in the deep muscle flap
tissues, and cannot be detected by conventional inter-
face pressure measurements****>° or skin temperature
mapping.”®

The contribution of each biomechanical factor, that
is, bone length, tibial end bevelment, osteophyte,
stiffness of the muscle flap, and scarring were hence
tested in a realistic, three-dimensional (3D) finite
element (FE) model of a TTA residuum, as further
described.

METHODS

In a recent study,*® we introduced a method for
quantifying the state of internal tissue strains and
stresses in the TTA residuum. The method is based on

4, Internal strains/stresses

integration of a magnetic resonance imaging (MRI)
scan of the load bearing residuum during standing
together with interface pressure measurements around
the residuum, which are then used to develop a patient-
specific FE residuum model. This method, described in
brief in this article for completeness and depicted in
Fig. 1, was applied to build the FE model presented
herein.

Characterizing the 3D Anatomy of the Residuum

A traumatic active TTA male prosthetic user (age
44 years, weight 82 kg, 14 years post-amputation) was
recruited for this study. Helsinki approval (#4302/06
from Sheba Medical Center, Ramat-Gan, Israel) and
informed consent were obtained before the trial. The
MRI studies were carried out using an open-MRI
(“Signa SP” model, General Electric Co., Fairfield,
CT, USA). Images were T1-weighted, which provides
maximal contrast between fat tissue (high intensity
signal) and skeletal muscle (lower signal intensity), and
is therefore optimal for demonstrating anatomy. The
scan parameters were set as follows: Field intensity

3. Finite Element Model

FIGURE 1. The process of patient-specific three-dimensional modeling is initiated by (1) pre-trial plaster cast preparation of the
transtibial amputation residuum. The cast is used as a container for the residual limb while (2) internal anatomy images of the
loaded and unloaded limb are acquired in an open-MRI. The images are used to build a (3) solid model of the residuum which is
then (4) analyzed for internal strains/stresses in a finite element solver. Biomechanical risk factors for deep tissue injury or
pressure ulcers are reconfigured next for further strain/stress analyses in variant model cases.
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was 0.5 T, spatial resolution was 0.1 mm, and slice
thickness was 4 mm. This open-MRI system was
originally designed for imaging minimally invasive
surgical procedures. For research applications, how-
ever, the vertical gap configuration (Fig. 1, frame #2)
allows imaging in several erect patient positions. In this
study, we employed the vertical gap configuration to
image the internal anatomy of the residuum while the
TTA patient stood inside the gap between the magnets
of the MRI system, at weight-bearing and non-weight-
bearing positions (Fig. 1, frame #2).

Specifically, a plaster cast replica of the residuum
was created pre-trial (Fig. 1, frame #1). The cast was
employed as a container of the residuum during the
trial, since the patients’ own prosthetic socket could
not be deprived of its metallic components for the MRI
scanning without damaging it for further use. We
obtained axial and coronal MRI sequences of the
unloaded residual limb inside the plaster cast, at a
one-legged standing position. Then, the patient was
instructed to apply mild loading to the residuum using
his body weight against a rigid support (Fig. 1, frame
#2) while a second set of scans was obtained. Contact
pressures between the cast and the support were mea-
sured during this standing-like posture, using piezore-
sistive ultra-thin (thickness of 0.2 mm) force sensors
(accuracy +£5%, capacity 440 N, FlexiForce, Tekscan
Co., Boston, MA, USA) to verify weight-bearing. To
exclude postural sways, we considered the maximal
pressure values measured during the 5 min of the
weight-bearing MRI trial. This procedure is described
in more detail in Portnoy er al.**

Biomechanical Computer Modeling of the Residuum

The MRI scans of the unloaded residuum were
imported into a solid modeling software (SolidWorks
2009, SolidWorks, Concord, MA, USA). A 3D solid
model was created (Fig. 1, frame #3) by loading the
transversal MRI scans of the unloaded residuum into
parallel planes and manually differentiating between
the fibula, tibia, muscle, fat, and the plaster cast per
each slice. The solid model was then imported to an FE
modeling software (ABAQUS v. 6.8, SIMULIA,
Providence, RI, USA) for nonlinear large deformation
strain/stress analyses. A skin layer with thickness of
2 mm'® was then configured in the FE model on the
outer surface of the fat tissue. The main geometrical
characteristics of the TTA residuum, as reconstructed
from the MRI scan of the patient, are detailed in
Table 1. We will refer to this anatomy herein as being
the reference case. It should be clarified that the ref-
erence anatomy in Table 1 is defined as such only for
the purpose of comparing internal mechanical condi-
tions in the residuum following modifications of the

TABLE 1. Geometrical characteristics of the transtibial
residuum scanned by magnetic resonance imaging as a ref-
erence anatomy for this study.

Geometrical property Value

Length (cm)

Tibia 11.2
Fibula 8.9
Muscle flap under the tibia 2.1
Circumference of the residuum (cm)
At the tibial tuberosity 31
Central residuum 28
Bevelment (°)
Tibia 52.3
Cross-sectional area (cm?)
At the tibial tuberosity 14.9
Central tibia 8.1
Distal tibia 15
Central fibula 0.6
Distal fibula 0.2
Central muscle 58.8
Distal muscle 33.6
Volume (cm?®)
Tibia 150.8
Fibula 8
Muscle 702
Fat 90.2
Skin 92.4
Bone proximity layer (BPL) 22.2
Fat proximity layer (FPL) 14.8

original (reference) anatomy. By no means do we sug-
gest that the residuum described in Table 1 is in some
way representative of TTA residual limbs, which, as
mentioned in the “Introduction”, are highly variable.
Vertical motion of the shinbones relative to the
plaster cast during weight-bearing was measured on
the MRI coronal scans of the participating subject, by
comparing the distance between the edges of the bones
and the skin at the most distal point of the limb at the
scans with and without load-bearing, as described in
our previous paper.>* This vertical downward motion
of the bones, found to be 1.6 mm for the present
subject, was then used as displacement boundary
condition applied vertically to create a rigid body
motion of the bones in the FE analyses to simulate
load-bearing. The external cast surface was con-
strained for all translations. We modeled the cast as a
homogeneous, isotropic, and linear-elastic material,
with elastic modulus of 1 GPa and Poisson’s ratio of
0.3.% A friction coefficient of 0.7°% was set between the
skin and the cast. “No slip”’ conditions were set at the
bone-muscle and muscle—fat interfaces. These condi-
tions were imposed using the “‘surface-to-surface” tie
option in ABAQUS where the bone was the “master”
surface in the bone-muscle interface, and the muscle
was the “master” surface in the muscle—fat interface.
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Rotational degrees of freedom were tied where appli-
cable. The bones were assumed to be rigid. All soft
tissues were assumed to be hyperelastic, homogeneous,
and isotropic, and were modeled using the Generalized
Mooney-Rivlin Solid strain energy function®*:

W= Ci(l; —3) + Cii (1) = 3)(I, - 3) +DLI(J— 1)?
(1)

where the invariants of the principal stretch ratios /;
are Iy =23+ B3+ 23 and L =72 + 137 + 232
the relative volume change is J = 414,43, and Cyg, Cyy,
D; are the constitutive parameters. Values for the
constitutive parameters Cyy, C;;, D; were adopted
from the literature for all soft tissues, and are specified
in Table 2. The magnitudes and distributions of
Green—Lagrange strains (true strains) in the soft tissues
of the residuum were calculated in ABAQUS from the
bone displacement boundary conditions. The second
Piola Kirchoff stresses were then derived from the
Green—Lagrange strains, and finally, Cauchy stresses
were calculated from the second Piola Kirchoff stres-
ses, as detailed in Portnoy et al.**

Variations Applied to the Residuum Model

Next, we studied how each of the five biomechanical
factors listed in the “Introduction”, that is, bone
lengths, tibial bevelment, existence of a fibular osteo-
phyte, stiffness of the muscle flap, and location of a
surgical scar, potentially affect internal tissue loads.
Each of these five factors was studied separately, and
so, altogether, a set of model variants was created to
simulate alternate hypothetical surgical outcomes of
the residuum, as well as physiological or pathophysi-
ological changes in the stiffness of the muscle flap.

In total, 12 variant model configurations were built
and analyzed, as summarized in Table 3. The geo-
metrical manipulations, i.e., shorter tibial lengths,
different tibial end bevelments, and an osteophyte at
the distal fibular end (Table 3), were conducted on the
solid model, as described in sections “Bone Lengths”,
“Tibial Bevelment”, and Fibular Osteophyte”,

respectively. Analyses where mechanical properties of
the soft tissues of the TTA residuum were modified,
i.e., those that tested the effect of changes in stiffness of
the muscle flap tissue, and those that included scarring
in different locations and depths (Table 3), were con-
ducted by modifying the mechanical properties of
elements directly in the FE model, in the ABAQUS
software environment, as described in sections ‘‘Stiff-
ness of the Muscle Flap™ and ““Surgical Scars™.

Bone Lengths

The tibial and fibular lengths of the TTA patient, as
measured directly from the MRI scans of his residuum,
were 11.2 and 8.9 cm, respectively. To virtually shorten
the bones, so as to simulate a higher level of TTA, we
omitted equal number of transversal contours from the
distal end of each bone, resulting in tibia lengths of
10.5 and 9.2 cm and corresponding fibula lengths of
8.5 and 7.4 cm. These shortened lengths are realistic,
and were documented in real TTA cases studied in our
previous work.** We recreated a dome of up to 4 mm
in height on the most distal bone contour for the
artificially shortened bones to virtually mimic the
outcome of rounding sharp bone edges with surgical
tools. The space created in the model as a result of
shortening the bones was filled with muscle flap tissue,
resulting in thicker muscle flaps in model configura-
tions where bones were shortened (Fig.2a and
Table 3). Specifically, the models with shortened bones
had muscle flaps that were 0.14% or 0.58% larger in
volume, for the less proximal and more proximal
truncations, respectively, compared to the real muscle
flap volume demonstrated in the MRI scan (Table 1).

Tibial Bevelment

We chose a sagittal slice in the solid model through
the tibia, at its thickest sagittal cross-section, to mea-
sure the distal tibial bevelment (Fig. 2b). A longitudi-
nal tibial axis was first set, and the perpendicular axis
with respect to this longitudinal axis was determined
(Fig. 2b). The angle between the latter axis and a line
which is tangent to the tibial profile gradient was
considered as the distal tibial bevelment (Fig. 2b). By

TABLE 2. Constitutive parameters for soft tissues of the transtibial residuum represented using Eq. (1).

Soft tissue Cio (kPa) Cy1 (kPa) D, (MPa™") Species References
Fat 0.143 0 70.2 Ovine [10]
Soft flaccid muscle 23 0 4.36 Porcine [27]
Average flaccid muscle 4.25 0 2.36 Porcine [27]
Stiff flaccid muscle 6.2 0 1.62 Porcine [27]
Contracted muscle 8.075 0 1.243 Human [14]
Skin 9.4 82 0 Human [12]
Scar 148.9 0 0 Human [7]
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TABLE 3. Design of the model simulations and summary of outcome measures.

Values of outcome measures

Mean principal

Variant model configurations and values for
input parameters

compressive
strain (%)

Mean maximal
shear strain (%)

Mean principal
tensile strain (%)

Mean strain energy
density (kJ/m3)

Parameter type Variation BPL FPL BPL FPL BPL FPL BPL FPL
Reference residuum model® 3.1(1.3) 25(1.1) 2.8(1.4) 2.0(0.7) 29(1.3) 2.5(0.8) 47.4(43.4) 14.8(12.2)
Tibial length 9.2 cm 45(21) 1.8(1.0) 42(2.0) 15(0.7) 46(2.2) 1.9(0.8) 482 (45.3) 10.9 (10.0)
10.5cm 4.6 (2.00 2.1(1.1) 43(20) 1.7(0.8) 4.7(22) 2.2(0.9) 49.8(48.7) 13.9(13.1)
Tibial bevelment 37.7° 46(22) 24(15) 4.4(21) 2.0(1.0) 47(2.3) 25(1.3) 51.3(53.7) 16.6(20.2)
42.9° 4922 25(1.2) 47(22) 1.8(0.8) 50(2.3) 24 (1.00 58.0(53.8) 17.0(14.1)
Osteophyte At the fibular end 46 (22) 22(0.7) 44(22) 1.6(05) 46(2.2) 1.9(0.8) 50.4 (58.2) 11.5(4.9)
Mechanical properties Soft flaccid muscle 59(24) 3.1(1.5) 55(23) 2.3(1.00 58(2.4) 3.0(1.3) 40.5(32.7) 15.8(12.4)
of the muscle flap Stiff flaccid muscle 40(1.9 19(1.0) 3.7(1.9 1.6(0.7) 3.9(1.9) 2.1(0.9) 51.0(51.6) 18.1(14.3)
Contracted muscle 35(1.8) 1.6(09) 3.3(1.8) 1.3(0.5) 3.5(1.8) 1.6(0.7) 53.1(58.1) 14.7 (13.1)
Scarring Skin-deep anterior scar 3.8 (1.9) 1.9 (1.0) 3.6(1.8) 1.8(0.7) 3.8(1.8) 2.2 (0.8) 32.4 (30.2) 11.8 (9.6)
Skin-deep inferior scar 3.8 (1.9) 1.8(1.0) 3.6(1.8) 1.8(0.7) 3.8(1.8) 1.5(0.8) 32.3(30.1) 10.8 (9.5)
Fat-deep inferior scar 3.8 (1.9) 2.0 (1.0) 3.6 (1.7) 1.9(0.6) 3.8(1.8) 2.2(0.8) 32.3(29.8) 11.9 (8.9)

Values of outcome measures

Mean principal

Variant model configurations and values for

compressive stress

Mean principal Mean maximal Mean von Mises

input parameters (kPa) tensile stress (kPa)  shear stress (kPa) stress (kPa)
Parameter type Variation BPL FPL BPL FPL BPL FPL BPL FPL
Reference residuum model® 3.2 (6.4) 8(1.9) 1.3(6.4) 15(1.9) 0.5(0.2) 4 (0.1) 0.9(0.4) 7 (0.3)
Tibial length 9.2cm 2.5 (1.1) 5(0.5) 1.0(1.2) 0.2(0.4) 0.8(0.4) 1(0.1) 1.3(0.6) 5(0.2)
10.5 cm 25(1.2) 8(0.6) 1.0(1.2) 1.5(0.5) 0.8(0.4) 3(0.2) 1.3(0.6) 6 (0.3)
Tibial bevelment 37.7° 2.4 (1.4) 9(0.8) 09(1.3) 0.3(0.5) 0.8(0.4) 8(0.2) 1.3(0.6) 7 (0.4)
42.9° 28(1.4) 3.1(0.6) 1.1(1.4) 1.1(0.4) 09(0.4) 16(0.2) 1.4(06) 0.7(0.3)
Osteophyte At the fibular end 2.5 (1.1) 9(0.5) 1.0(1.2) 23(0.5) 0.8(0.3) 3(0.1) 1.3(0.7) 6 (0.2)
Mechanical properties  Soft flaccid muscle 1.9 (1.0) 3(0.6) 0.9(1.0) 0.8(0.4) 0.5(0.2) 9(0.1) 0.9 (0.4) 5(0.2)
of the muscle flap Stiff flaccid muscle 3.1 (1.5) 8(0.8) 1.2(1.6) 28(0.7) 1.0(0.5) 2(0.2) 1.7 (0.8) 9 (0.4)
Contracted muscle 35(1.8) 41(0.7) 1.3(1.8) 22(0.5) 1.1(06) 1.4(0.2) 1.9(1.0) 0.9(0.4)
Scarring Skin-deep anterior scar 1.9 (1.2) 8(1.0) 07(1.2) 1.6(0.8) 1.0(0.3) 1(0.1) 1.1(0.5) 6 (0.2)
Skin-deep inferior scar 1.9 (1.2) 7(1.1) 07(1.2) 15(0.9 0.6(0.3) 9(0.1) 1.1 (0.5) 6 (0.3)
Fat-deep inferior scar 1.9 (1.2) 7(1.0) 07(1.2) 1.4(0.9) 0.6(0.3 8 (0.1) 1.1(0.5) 6 (0.2)

The data are averaged in the bone proximity layer (BPL) and fat proximity layer (FPL), as depicted in Fig. 4. Values in parentheses are
standard deviations from the mean. The values of the outcome measures provided for the reference residuum model were obtained in a
model configuration that represents the actual geometry of the transtibial amputation patient, as measured from his MRI scan (tibial
length = 11.2 cm, tibial bevelment = 52.3°, and no osteophyte or scar tissue). The constitutive properties for the muscle flap in the reference
case are of “average flaccid muscle” (muscle property values are provided explicitly in Table 1). No scar was included in the reference case.
@A detailed specification of the reference anatomy is provided in Table 1.

expanding the anterior aspect of distally located con-
tours of the tibia, according to the shape of proximal
contours, we were able to produce “additional bone”
in the models, functioning as milder tibial bevelments
(Fig. 2b). Thus, we reduced the actual tibial bevelment
of 52.3° measured from the original MRI scans to
42.9° and then to 37.7° (Fig. 2b), again, as to simulate
a “what if”” scenario where the orthopedic surgeon
conducting the amputation would produce a milder
bevelment. These bevelments are realistic, and occur in
some TTA.# Also, the milder tibial bevelments, which

artificially added bone tissue component to the
model, consequently reduced the muscle flap volume
(Table 1), by approximately 0.05%.

Fibular Osteophyte

To simulate an osteophyte developing at the distal
end of the original fibula of the TTA patient (that had
no osteophyte), we added transversal contours with
decreasing circumferences to create a typical cone-
shaped ossification as depicted in Fig. 2¢c. To allow
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FIGURE 2. The residuum models for (a) tibial lengths of 9.2,
10.5, and 11.2 cm; (b) distal tibial bevelments of 37.7, 42.9, and
52.3°; (c) a fibular osteophyte; and (d) scar locations and
depths seen from a lateral-oblique view.

space for the addition of an osteophyte, the volume of
the muscle flap component of the model (Table 1) was
reduced by 0.12%.

Stiffness of the Muscle Flap

Different stiffnesses of the muscle flap were applied
to the entire muscular bulk to simulate the biome-
chanical consequences of either voluntary contrac-
tion of the flap, or spasm resulting in knee flexion

contracture,*® or different levels of flap flaccidity (Ta-
bles 2 and 3). Specifically, in prior experiments, we
found that the shear modulus of a flaccid muscle de-
formed perpendicularly to its fibers is 8.5 + 3.9 kPa
(mean + standard deviation, SD).?’ Consistent with
these findings, we conducted three separate analyses
where we applied the mean value, the mean + 1 SD
and the mean — 1 SD to simulate biological variability
of muscle stiffnesses across patients with a flaccid
muscle flap (constitutive properties are specified in
Table 2). Additionally, we considered a 90% stiffening
of the muscle flap to simulate voluntary or spastic
contraction (Table 2) based on the data of Hoyt et al.'*
As the TTA patient in this study was instructed to
relax the muscles of his residuum during the scans, we
will refer to the analysis conducted with the mean
shear modulus attributed to flaccid muscle as the ref-
erence case (Tables 2 and 3).

Surgical Scars

Inclusion of surgical scars in FE models of a TTA
residuum is likely to be important for realistically
simulating the internal mechanical interactions in and
between the soft tissues, and this has been done here
for the first time in the literature (Tables 2 and 3). We
referred to the nonscarred residuum model as the ref-
erence case (Table 3). We selected several adjacent
elements from the skin mesh in the FE model where a
surgical scar can be expected, according to clinical
experience of the senior surgeon (ISN) and the post-
amputation rehabilitation physical therapists (2Y,
AK) co-authoring this article. We then assigned these
elements mechanical properties of scar tissue (Table 2).
We ran two analyses in which superficial scars, with
length of ~2.5 cm, width of ~0.6 cm, and thickness of
~2 mm, were placed at the inferior or anterior aspect of
the residuum (Fig. 2d and Table 3). In a third scarring
analysis, we deepened the inferior scar to the fat tissue,
creating a scar that is clinically termed adherent scar,
with thickness of 4.6 mm. The volume of each scar in
the scarring models is given in Table 4.

The Numerical Method

The mesh of the FE model is depicted in Fig. 3,
where mesh examples of different tibial lengths, bev-
elments, fibular osteophyte, and scarring are shown.
We used the “free meshing” option in ABAQUS for all
model components. We verified that all meshes con-
sisted of elements that hold an aspect ratio smaller
than 10 between the longest and shortest element
edge. The bones were meshed with 1460 to 1563
4-node quadrilateral surface elements (“SFM3D4” in
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TABLE 4. The volumes, mean strains, mean strain energy density, and mean stresses of the scar tissues in the scarred models (Fig. 2d and Table 3).

Mean principal Mean maximal Mean strain Mean principal ~ Mean principal Mean maximal  Mean von Mises

Mean principal

shear strain energy density compressive tensile stress shear stress stress
(kPa)

tensile strain

compressive

Volume
(mm®)

(%) (%) (kJ/m3) stress (kPa) (kPa) (kPa)

strain (%)

Scar location and depth

6.7 (2.1)
4.6 (0.8)
3.7 (2.1)

3.7 (1.1)

2.6 (0.5)

7.3 (2.4)
5.1 (1.0)

0.1 (0.4)
2.6 (2.6)

27.5 (16.8)
11.9 (4.3)
10.9 (14.6)

0.4 (0.2)

0.2

0.7 (0.3)
0.4 (0.1)
0.3 (0.2)

0.2 (0.2)

300
300

Skin-deep anterior scar
Skin-deep inferior scar

(1.2)

2.1

0.3 (0.3) 0.3 (0.2) 1.6 (0.9)

690

Fat-deep inferior scar

Values in parentheses are standard deviations from the mean.
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ABAQUS; number of bone elements depended on the
bone lengths in the specific model configuration, as in
Figs. 2a and 3 and Table 3). The bone mesh density
was such that the inter-nodal spacing at the distal tibial
end was approximately 2 mm (Fig. 3) which appeared,
in preliminary analyses, to be sufficient in minimiz-
ing edge effects at the bone proximity. The muscle
flap was meshed with 33757 to 34523 second-order
10-node modified quadratic tetrahedron elements
(“C3D10M™), and again, the specific number of ele-
ments depended on the volume of the muscle flap as
detailed above. The fat tissue was meshed with 6011 to
7831 10-node tetrahedron elements (“C3D10M”). The
same element type was used for the 23 elements of the
adherent (deep) scar that was assumed to be contained
in the fat component in one analysis (Table 3). The
skin tissue was meshed with 2098 to 2659 6-node
quadratic triangular membrane elements (“M3D6”).
When skin-deep (i.e., superficial) scar tissue was
incorporated in the models (Table 3), these scars were
meshed with 6 to 11 3-node quadratic triangular
membrane elements (“M3D3”’). The cast was meshed
with 1962 to 2110 (“C3D10M”) elements. Our non-
lincar models were solved iteratively in ABAQUS
using the Newton—Raphson method. The convergence
criteria that were used throughout the ABAQUS
analyses were set as R = 0.005 for residual forces or
moments and as C, = 0.01 for displacement correc-
tions. The mesh density was refined in preliminary
simulations, where it was found that denser meshes
than the ones reported above substantially increased
the runtime but had negligible effect (of <5%) on the
strain/stress results. The runtime of a strain/stress
analysis of each given model configuration was
approximately 10 h using 64-bit Pentium-class work-
station equipped with 4 GB RAM and with a desig-
nated graphic processor board recommended for use
with ABAQUS. Some of the analyses with the denser
meshes (e.g., the one with the osteophyte) were con-
ducted on a Linux-based 2 CPU ALTIX XE Silicone
Graphics computer (Silicone Graphics Inc., Sunnyvale,
CA, USA) having a total of 8 cores and 16 GB of
memory. This reduced the runtime to approximately
4 h. The sizes of the model files (.cae suffix in ABA-
QUS) ranged from 10 to 23 MB per each model vari-
ant, and the sizes of the results files (.odb suffix in
ABAQUS) ranged from 105 to 380 MB per ecach
model variant.

Outcome Measures and Data Analysis

We calculated distributions of principal compres-
sion strain/stress, principal tension strain/stress, max-
imal shear strain/stress, strain energy densities (SED),
and von Mises stresses. Strains are reported here as
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FIGURE 3. The mesh of the finite element model of the transtibial amputation residuum that consists of the tibia, fibula, muscle,
fat, skin, and the enveloping plaster cast. The geometric manipulations, i.e., tibial length, tibial bevelment, fibular osteophyte, and

scarring, are also depicted.

engineering strains, and stresses are reported as Cau-
chy stresses.

We defined a reference residuum model (Table 3)—
as a model representing the actual geometry of the TTA
patient, measured from his MRI scan (Table 1). The
constitutive properties for the muscle flap in this ref-
erence case are of “‘average flaccid muscle” (property
values are provided explicitly in Table 2). No scar was
included in the reference model to isolate the effects of
scars on predicted strain/stress measures by comparing
the scarring configurations to the reference case.

For the purpose of comparing internal tissue loads
across variant model configurations (Table 3), and
primarily, for identifying which of the surgical/physi-
ological factors more dominantly affected the deep
layer of the muscle flap (as opposed to more superficial

tissues), and thus can be associated with DTI, we
defined two separate volumes of interests (VOI)
containing muscle tissue elements. The first VOI is a
layer consisted of all the muscle flap elements con-
tacting the third distal end of the tibia, as shown in
Fig. 4. We will refer to this VOI herein as the bone
proximity layer (BPL) of muscle flap tissue (Fig. 4).
The second VOI consisted of all the muscle flap ele-
ments contacting the fat tissue, that are under the
projection of the distal third of the tibia, and that are
located not higher than the height of the distal third
of the tibia, again as shown in Fig. 4. We will refer to
this second VOI as the fat proximity layer (FPL) of
the muscle flap (Fig. 4). The number of elements in
the BPL and FPL slightly changes between model
variants, but was approximately a minimum of 350
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Fat proximity layer (FPL)

FIGURE 4. Definition of the volumes of interest (VOI) for
strain/stress analyses and comparisons across variant model
configurations. We defined two VOI consisting of muscle flap
elements in the finite element solver: the first VOI consisted of
all the muscle elements touching the third distal end of the
tibia (marked as the bone proximity layer—BPL). The second
VOI consisted of all the muscle flap elements contacting the
fat tissue, that are under the projection of the distal third of
the tibia, and that are located not higher than the height of
the distal third of the tibia (marked as the fat proximity
layer—FPL).

elements for the BPL and 450 elements for the FPL.
The thicknesses of both the BPL and FPL were about
6 mm.

For each model configuration, we averaged strains,
SED, and stresses across elements separately for each
VOI (Table 3). As a second measure of muscle tissue
exposure to high sustained loads, we also calculated
the volumes (in mm®) of BPL and FPL that hold von
Mises stresses above 2 kPa, and then normalized these
volumes by the total volumes of the BPL and FPL
in each variant model configuration, respectively
(Table 1). This 2 kPa threshold was selected because
our previous studies in rat models of DTI showed that
muscle tissue remains viable for at least 4 h if stresses
below 2 kPa are applied.”’

RESULTS

The mean of these maximal contact pressure
recordings was 24 kPa (averaged over the cast-table
contact area) with a SD of +3 kPa. The corresponding
mean contact pressure calculated at the inferior surface
of the cast, in the reference FE model, was 25 kPa,
which is in good agreement with the above measure-
ments. The values of strains, SED, and stresses, aver-
aged across the BPL and FPL, are presented in Table 3
for each of the 12 variant model configurations. The
percentage volumes of muscle tissue at the BPL and
FPL that hold von Mises stresses above 2 kPa are
presented in Fig. 5 for all the model variants.

Generally, strains, SED, and stresses at the BPL
were higher than the corresponding values at the FPL,
e.g., as in the reference case where mean strains were
approximately 27% higher in the BPL than in the FPL
(Table 3). The mean SED at the BPL in the reference
case was approximately threefold higher than in the
FPL which indicates that muscle tissue deformations
intensify adjacent to the truncated tibia. Sliding of the
skin against the socket occurred in all analyses, and
was found to be 0.7 & 0.56 mm (mean £ SD). The
maximal sliding occurred under the tibia and along the
tibial shaft. The model variant which showed the
maximal skin sliding was the adherent inferior scar
model, for which the peak sliding was 1.6 mm.

Bone Lengths

The von Mises stress distribution in muscle flap tis-
sue at the bone ends (depicted in Fig. 6 using trans-
versal views directly under the bones) shows a larger
region subjected to elevated von Mises stresses in the
muscle tissue underlying longer truncated bones. This
occurred both under the tibia and fibula (Fig. 6).
Analysis in a sagittal cross-section shows that the
longer bone configurations also spread the loads
toward the FPL (Fig. 7). Specifically, increasing the
tibial length from 9.2 to 10.5 cm and then to 11.2 cm
caused an increase of ~20 and ~40% in the mean strains
(compression, tension, and shear) in the FPL, respec-
tively (Table 3). Likewise, increasing the tibial length
leads to increases in SED (by 36% for a 11.2-cm-long
tibia; Table 3), and in principal compression stresses in
the FPL (by 12% for a 10.5-cm-long tibia, and by 52%
for a 11.2-cm-long tibia; Table 3).

Though the shorter tibia configurations concentrate
most of the strains/stresses at the BPL rather than at
the FPL (Table 3), these loads are still lower in value
than peak loads that develop at the model variants
with the longer bones (Fig. 7). Importantly, we found
that when shortening the truncated bones from 11.2
to 9.2 cm, and thereby creating a thicker muscle flap
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FIGURE 5. The percentage volume of muscle flap tissue in the bone proximity layer (BPL) and fat proximity layer (FPL) that hold
von Mises stresses above 2 kPa for (a) different tibial lengths, (b) bevelments, (c) fibular osteophyte, (d) muscle flap stiffnesses,

and (e) different scar locations and depths.

(by ~95%), peak loads at the distal edges of the bones,
predominantly stresses, were relieved considerably
(e.g., by up to ~80% for von Mises stresses under the
tibia). The von Mises stresses at the FPL were mostly
lower than 2 kPa for all the model variants of bone
length (Fig. 5a).

Tibial Bevelment

The stress distributions at a sagittal cross-section for
different distal tibial end bevelments are depicted in
Fig. 8. Decreasing the distal tibial end bevelment from

52.3° to 42.9° and then to 37.7° consistently decreased
the percentage of muscle flap volume exposed to von
Mises stresses above 2 kPa in the BPL (Fig. 5b).
Contrarily, this decrease in tibial bevelment caused an
increase in the percentage of muscle flap volume
exposed to von Mises stresses above 2 kPa in the FPL
(Fig. 5). The highest bevelment (52.3°), which was the
actual bevelment of the patient scanned by MRI,
practically did not induce volumetric exposure to von
Mises stresses above 2 kPa in the FPL (Fig. 5b).
Mean strains (compression, tension, and shear) in
the BPL increased by ~70% when decreasing the tibial
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von Mises
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Tibia length = 10.5 cm

Reference case

Tibia length = 11.2 cm

FIGURE 6. The von Mises stress distributions in muscle and fat tissues in transversal views cutting directly under the distal ends
of the tibia (right frames) and the fibula (left frames) for tibial lengths of 9.2, 10.5, and 11.2 cm.

bevelment from 52.3° to 42.9°, but strains remained
similar when further decreasing the bevelment to 37.7°
(Table 3). The SED for the BPL showed a similar
trend (Table 3). While mean principal compression
and tension stresses in the BPL decreased by ~10%
when decreasing the tibial bevelment from 52.3° to
42.9°, the mean shear stresses increased by ~80%,
thereby causing a ~60% increase in the mean von
Mises stresses in the BPL (Table 2). Decreasing the
bevelment further, to 37.7°, caused an additional

~30% decrease in compression stresses in the BPL, but
only slight changes in other stress components. In the
FPL, mean strains and SED did not change consider-
ably when decreasing the tibial bevelment (Table 3);
however, mean principal compression and tension
stresses were ~30% lower, and shear stresses escalated
by more than 400% when the tibial bevelment was
decreased (Table 3). We therefore find that sharper
tibial bevelments increase tissue loads at the FPL
(Figs. 5b and 8), particularly shear stresses (Table 3),
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FIGURE 7. The (a) principal compression stress and (b) von Mises stress in the muscle tissue of variant model configurations
with tibial lengths of 9.2, 10.5, and 11.2 cm. The distal tibial end is magnified to display “hotspots”, where “‘safe’ areas, subjected
to stresses below 2 kPa, are colored gray and areas at risk, holding stresses above the 2 kPa injury threshold, are brightly colored.

but decrease tissue loads at the BPL with respect to
blunt tibial edges (Fig. 5b).

Fibular Osteophyte

Generally, strains and stresses at the BPL increased
mildly in the presence of the added fibular osteophyte
but no trends of effects could be identified for the FPL
(Fig. 9, Table 3). As could be foreseen, the fibular
osteophyte concentrated stresses in muscle flap tissue
around the distal tip of the fibula, but had negligible
effects on tissue loads adjacent to the tibia (Fig. 9). The

percentage volume of muscle flap elements subjected to
von Mises stresses above 2 kPa in the BPL nearly did
not change (~0.2% decrease) when the osteophyte was
included (Fig. 5c). The volume of von Mises stresses
above 2 kPa at the FPL was nearly zero for the model
configurations with and without the osteophyte
(Fig. 5¢). There appeared to be a 6% increase in the
mean SED in the BPL in the presence of the osteophyte;
however, as calculated throughout our analyses, the SD
of mean SED values was the highest (Table 3), so this
change can also be considered insignificant. Overall, the
fibular osteophyte caused a focal increase in mean
strain and stress values in muscle flap tissue in its
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(a) Different tibial bevelments
Tibial Principal compression stress [kPa] Reference case
bevelment: 31.71° 42.9° 52.3°
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FIGURE 8. The (a) principal compression stress and (b) von Mises stress in the muscle tissue of variant model configurations
with tibial bevelments of 37.7, 42.9, and 52.3°. The distal tibial end is magnified to display “hotspots”, where ‘“‘safe” areas,
subjected to stresses below 2 kPa, are colored gray and areas at risk, holding stresses above the 2 kPa injury threshold, are

brightly colored.

immediate vicinity (by ~120% for strains, ~95% for
stresses), but did not induce substantial changes in
strains/stresses in wider or other tissue regions (Fig. 9).

Stiffness of the Muscle Flap

Increasing the stiffness of the muscle flap tissue
caused an increase in the percentage volume of muscle
flap elements subjected to von Mises stresses above
2 kPa at both the BPL and FPL (Fig. 5d). However,
this volumetric exposure to stresses increased more
rapidly with rising muscle stiffness for the BPL than

for the FPL (Fig. 5d). The increase in SED and stresses
with increasing muscle stiffness is also demonstrated in
a sagittal cross-section in Figs. 10b—10d. The mean
von Mises stresses at the BPL were approximately
twofold higher in the contracted muscle when com-
pared to the reference case of the flaccid muscle
(Table 3). The mean strains at the BPL and the FPL
generally decreased when muscle stiffness was
increased, as expected (Table 3). For example, in the
FPL, the mean strains were 80-90% higher for the soft
flaccid muscle, as compared with the contracted muscle
(Tables 2 and 3). The most important finding in this
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FIGURE 9. The (a) principal compression stress and (b) von Mises stress in the muscle flap tissue of the reference case model
and of a variant with an osteophyte at the distal fibular end. The sagittal views are through the fibula (left two frames) and through
the tibia (right two frames). The distal tibial end is magnified to display “hotspots’, where “safe’ areas, subjected to stresses
below 2 kPa, are colored gray and areas at risk, holding stresses above the 2 kPa injury threshold, are brightly colored.

section of the analyses is that stresses at the BPL
increase substantially (i.e., by up to twofold) for a
contracted muscle flap or a spastic muscle flap when
compared to a flaccid muscle flap.

Surgical Scars

There were only slight differences between values of
mean strains, SED, and stresses in the muscle flap
between variant model configurations that considered
scarring, as referring to the location and depth of the
scars (Table 3). The values of strains, SED, and
stresses, averaged for each scar, are listed in Table 4.

When applying surgical scars to our FE model, the
percentage volume of von Mises stresses above 2 kPa at
the BPL decreased by at least 50% (Fig. 5¢). There was
no apparent difference in the percentage volume of
stresses above 2 kPa when altering the scar location but
for the adherent fat-deep scar the percentage volume of
stresses mildly decreased (Fig. 5¢). The volume of von
Mises stresses above 2 kPa at the FPL was negligible in
all scarring configurations (as well as in the reference
case; Fig. 5c). Sagittal slices show the deviation in von
Mises stresses around the distal tibial end for the dif-
ferent locations and depths of scars (Fig. 11). In the
reference case model (i.e., with no scar tissue), stresses
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FIGURE 10. The (a) principal compression stress and (b) von Mises stress in the muscle tissue of variant model configurations
with different levels of stiffness of the muscle flap (as detailed in Tables 2 and 3). The sagittal views are through the tibia. The distal
tibial end is magnified to display “hotspots”, where “‘safe” areas, subjected to stresses below 2 kPa, are colored gray and areas at
risk, holding stresses above the 2 kPa injury threshold, are brightly colored.

in the muscle flap adjacent to the distal tibial end
peaked at the posterior aspect of the bone (Fig. 11,
upper right frame). However, after introducing scarred
tissue to the skin layer, the peak stresses shifted to an
inferior-anterior aspect of the bone, and this phenom-
enon was similar for both anterior and inferior scar
locations (Fig. 11, left frames). When considering an
inferior adherent fat-deep scar, stresses accumulated
directly above the scar (Fig. 11, bottom right frame).
The effect that scars had on the von Mises stress dis-
tribution at the skin surface is shown in Fig. 12.
Taken together, the surgical scar simulations indi-
cated that locating a scar in different sites and depths
of the residuum had the least significant effect on the
overall loading of the muscle flap compared to all the

other factors examined above (stresses changed by
< 7% across the different scars). However, with respect
to the reference case that had no scar, the scar simu-
lations were distinct in strain/stress values as well as
locations of elevated strains/stresses (Table 3, Fig. 11),
which strongly indicates that it is important to include
surgical scars in the FE modeling for realistic repre-
sentation of residual limbs.

DISCUSSION

In this study, we used computational modeling that
enables isolation of the influence of individual surgical
and physiological factors, i.e., the tibial length and
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FIGURE 11. The von Mises stress distributions in the muscle, fat, and skin tissues in a sagittal view through the tibia to show the
effects of scars on internal tissue stresses. The reference case of a non-scarred residuum model is depicted in the upper-right
frame. The arrows on the three remaining frames point to the scar locations: skin-deep anterior scar (top left frame), skin-deep
inferior scar (bottom left frame), and fat-deep inferior scar (bottom right frame). The distal tibial end is magnified to display
“hotspots’’, where “safe’ areas, subjected to stresses below 2 kPa, are colored gray and areas at risk, holding stresses above the
2 kPa injury threshold, are brightly colored.
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FIGURE 12. The von Mises stress distribution on the skin tissue of the non-scarred reference residuum model (upper right
frame), skin-deep anterior scar (top left frame), skin-deep inferior scar (bottom left frame), and fat-deep inferior scar (bottom right
frame). Proximal skin tissue has been made transparent to show the orientation of the bones.

bevelment, fibular osteophyte, muscle flap stiffness,
and the location and depth of the surgical incision, on
the 3D internal strain/stress distribution in the TTA
residuum. Our main focus was the 3D mechanical state
within the muscle flap of the TTA residuum. Since
muscle tissue is more susceptible to deformation-
related damage as compared to skin and fat tissues (see
Agam and Gefen' for a review of literature on this
topic), we specifically aimed at determining the
mechanical conditions of muscle tissue under the distal
edge of the tibia which transfers most of the body load
to the muscle flap. We surmised that strain/stress
concentrations in muscle flap tissue adjacent to the
edges of the truncated bones is a critical catalyst in
the initiation of DTI in TTA patients. As recently
demonstrated by Oomens ez al.*® using a set of simple
two-dimensional FE simulations of bone-soft tissue
interactions, our results clearly show the complex,
combined effects of bone geometry and mechanical
properties of the contacting load-bearing soft tissues
on their internal mechanical state.

Based on the contact pressure recordings that
we conducted during the MRI trial (see section
“Results”), and given the measured cross-sectional

area of the residuum (Table 1), we evaluate that the
subject applied approximately 20% of his body weight
to load the cast-confined residual limb during the MRI
trial. This is reasonable considering that (a) it is well
known that unilateral TTA patients load their residual
limb less than they load their sound limb,”* (b) the
subject did not use his own prosthesis, and (c) the MRI
setting was not a natural environment for the subject.
The two latter issues very likely caused the patient to
feel less comfortable, and so, to load his residuum less
than he would normally do in his own natural envi-
ronment, and with his own prosthesis.

Consistent with our previous analysis of internal
loads in the soft tissues of a residual limb of one TTA
subject,* who was a different subject than the one
whose MRI scan was used to develop the models
herein, we find here higher strains and stresses devel-
oping in the bone edge proximity rather than in out-
lying soft tissues (Table 3, Figs. 5-11). We deliberately
characterized values of each strain and stress compo-
nent, and also of scalar measures of tissue loads, i.e.,
SED and von Mises stress, in view of an ongoing work
to find injury threshold of muscle tissues that are based
on either strain or stress.”'!-*!-2
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Overall, our analyses showed that shorter bones
coupled with a thicker muscle flap result in lower mean
strains, mean SED, and mean stresses at the FPL of
the muscle flap. In the BPL, there is no such apparent
trend of the mean strains and stresses; however, Fig. 6
shows a decrease in peak von Mises stresses under
shorter bones. We attribute the decrease in muscle
loads under shorter bones to two factors: first, the
shorter bone is supported by a thicker muscular layer,
dispersing the loads more uniformly and second, there
is an increase in the cross-sectional area of the tibia
that contacts the muscle flap for the more proximal
amputation levels. Anatomically, the tibia broadens
toward the knee, so that a proximal amputation level
results in a larger bone—muscle contact area at the
bone edge (see for example the growing widths of the
distal tibial edge for shorter bones in Fig. 7). A larger
bone indentation area is a factor contributing to better
distribution of stresses adjacent to the contact site.”
Since the current surgical literature recommendations
are prone to a more distal amputation level,*® as for
better suspension and control of the prosthesis,'> the
truncated bones could be too sharp, which increases
the risk for DTI. A proposed solution to the sharp
distal edges of the truncated bones is a surgical tech-
nique, named the Ertl technique, which creates a distal
tibio-fibular bone bridge that connects the tibia and
fibula, and thereby increases the bone-muscle contact
region.® The technique is claimed to enable comfort-
able weight-bearing at the distal end of the residual
limb by creating an enhanced stable platform. It is
expected that the larger surface area of the conjoint
bones will dissipate the stresses more evenly. However,
there is no current clinical evidence of the precedence
of TTA bone-bridging over conventional surgical
techniques.”” As mentioned in the “Introduction”, the
commonly accepted surgical procedure in TTA is to
shorten the fibula so that the distal fibular end in the
residuum is approximately 2-3 cm above the distal
tibial end. In our present modeling, we represented this
commonly accepted surgical technique. We did not
investigate the effect of shortening each bone sepa-
rately, on internal loads in the residuum, since this is
not a situation normally encountered in real-world
scenarios (though in some special circumstances the
fibula might be removed completely, or kept at the
same length of the tibia for bone-bridging purposes®).
The issue of whether to shorten the fibula more or less
than what is acceptable in nowadays common practice
warrants future investigation. We conclude that al-
though mean strains and stresses at the BPL do not
show a particular trend when shortening the bones, the
von Mises stress at the distal edges of the bones are
relieved considerably (Fig. 6), thereby theoretically
decreasing the risk for DTI.

Decreasing the tibial bevelment caused propagation
of internal stresses from the BPL toward the FPL VOI
of the muscle flap (Fig. 5), thereby also theoretically
reducing the risk for DTI. This finding may not hold
for gait or other dynamic activities, because internal
tissue loads there would depend not only on the extent
of the bevelment, but also on the angles at which
dynamic forces are transferred from the socket to the
residuum.

Adding a fully-calcified osteophyte at the distal
fibular end had the least influence on the overall
loading of the muscle flap (Figs. 5 and 9). The osteo-
phyte mostly increased the strain and stress concen-
trations locally, directly under the fibula. Specifically,
the spike-like bony edge caused—as might have been
expected—a concentration of high strains and stresses,
which may endanger the muscle flap contained in that
region. The strains and stresses under the tibia, in the
BPL, increased mildly and there was no remarkable
effect on the strains and stresses in the remote area of
the muscle flap, at the FPL. This last finding is rea-
sonable since the fibula and the FPL (as defined herein)
are positioned in relatively distant locations within the
residuum bulk (4.5-5.5 cm apart), and so, the osteo-
phyte is located too far away to affect loads at the tibia
edge region.

Elevation of muscle stiffness, simulating biological
and pathobiological variation across TTA patients as
well as episodes of muscle contraction or spasm, was
the most influential factor to affect the rise of von
Mises stresses at the FPL, and also had an effect of
escalation of von Mises stresses at the BPL (Fig. 5).
This last finding suggests that, theoretically, a stiffer
muscle flap is more prone to developing DTI as well as
superficial PU. The clinical relevance of this finding is
administration of botulinum toxin type B (Botox)
injections directly to spastic muscles in the residuum
to prevent involuntary muscle flap contractions and
related pain.'® Based on our present findings that
stiffer muscle tissue is more susceptible to DTI and
PU, Botox injections might theoretically also protect
from DTI and PU.

The shifting of the stress distribution near the distal
end of the tibia when locating a surgical scar in dif-
ferent sites and/or depths of the residuum, depicted in
Fig. 11, may be an important factor affecting the via-
bility of the muscle flap. This is because vascularization
is not uniform in the flap (primarily under the tibia)
and so, the ideal is to shift loads to more vascularized
regions which have a better chance of maintaining
adequate perfusion under loading. This suggests that
patient-specific FE modeling may be useful for surgical
planning of TTA to determine where the optimal
location of a scar is in individuals. We further found
that locating the surgical scar on the anterior aspect of
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the residuum resulted in a higher concentration of
stresses on the scar itself when compared to the inferior
scars, which could indicate a risk for skin injuries or
superficial PU for anterior scars.

One of the new features in this study is the inclusion
of surgical scars in the TTA residuum models; this has
never been considered before in the literature. The scar
simulations were considerably different in internal tis-
sue load values, and in locations of concentrated tissue
loads, with respect to the no-scar reference case model
(Table 3, Fig. 11). As mentioned above, the presence
of the scars in the models substantially shifted and
diverted internal tissue loads, particularly in the muscle
flap, which demonstrates how important it is to include
surgical scars in future FE modeling for improving the
accuracy of representation of residual limbs.

Though we attempted to simulate the 3D biome-
chanical behavior of TTA residual limbs as accurately
as possible, both in geometrical terms and in regard to
nonlinear constitutive laws and properties for soft tis-
sues, there are some limitations to the study. First, it is
bounded to the analysis of standing, and cannot be
used to deduce on internal tissue loads during gait.
Some of the trends of data correlating the structure of
the residuum (e.g., length of bones, tibial bevelment) to
the internal state of loads could hold for the stance
phase of gait, but this will require further modeling
work that considers a dynamic system of musculo-
skeletal boundary condition forces. Another limitation
is that the mechanical properties of muscle and fat
tissues are extracted from healthy animal studies.
Pathological changes to the constitutive properties of
tissues that are specific to TTA, e.g., due to atrophy
of denervated flaps which affects the microarchitecture
of the tissue, might therefore influence the specific
stress values obtained herein, but they are unlikely to
affect the trends. Although several studies performed
tissue indentation tests on different locations on the
residual limbs of TTA patients,”*"*® these studies
were all limited to measuring bulk soft tissue proper-
ties, and were unable to distinct between properties of
different soft tissue layers (e.g., muscle and fat).
Accordingly, for the muscle and fat components of our
models, we adopted tissue properties from relevant
animal studies (Table 2). Another limitation is that the
plaster cast replica of the residuum used in the trial
does not fully represent the prosthetic socket used by
TTA patients. The commonly used TTA prosthetic
socket is a patella-tendon-bearing (PTB) socket, which
is indented in pressure-tolerant areas to allow shifting
of loads away from the pressure-sensitive areas, e.g.,
the distal end of the residuum. This is further sup-
ported by the presence of a soft liner between the
socket and skin of the residuum. The use of the un-
rectified cast may have resulted in some overestimation

of tissue stresses. However, the assumption of an
unrectified cast is consistent across the entire set of
model variants, as the same cast geometry and cast
properties were used in all simulation cases. The
unrectified cast assumed in the modeling is therefore
unlikely to interfere with the conclusions deduced from
the comparison between the different simulation cases.
Another limitation is the lack of representation for
tendon tissues in our models but this is a reasonable
assumption due to the custom surgical techniques for
TTA. Surgeons are encouraged to perform TTA
proximal to the lower third of the tibia to avoid
incorporation of tendinous structures that are of poor
circulation.*® Last, although the distal end of the
muscle flap is usually attached to the distal tibial end
(myodesis) or to antagonist muscle groups (myo-
plasty), for the purpose of FE analysis, bone-muscle
and muscle—fat interface nodes were assigned ‘“tie”
connections, so that no relative motion was allowed, in
lack of experimental data to describe potential friction
at these interfaces. Another factor potentially influ-
encing relative motion between the bone-muscle and
muscle—fat tissue layers, which was not considered in
the modeling, is the fascia integrating these tissues.

It is not a straightforward task to compare 3D
internal mechanical conditions in organs with different
geometries, as in the TTA residuum studies herein. We
introduced the stress analyses at the two VOI—BPL
and FPL—to overcome these difficulties in a manner
that allows data reduction and direct comparisons of
strain/stress measures across the different anatomies.
We intentionally refrained from simply comparing
peak strain/stress values, due to numerical singularities
that might occur around the distal tibial end, resulted
from the artificial alteration of the geometry of the
bones in some of the variant model configurations
(Table 3). We therefore compared exposures to strains/
stresses over VOI (the BPL and FPL), and in partic-
ular, percentages of volumes of these VOI that are
subjected to stresses above a threshold of 2 kPa. Based
on our preliminary work in preparation for this study,
we believe that these outcome measures are less sensi-
tive to focal abnormalities or numerical modeling
artifacts.

In real-life situations there cannot be absolute sep-
aration between the surgical or physiological factors
we studied herein. For example, it was found that the
volume of the residuum is affected by muscle con-
traction. Specifically, muscle contraction in the TTA
residual limb increased its volume by 3.5 and 5.8%
with and without a silicone liner, respectively.”® The
coupling between volume change and muscle contrac-
tion was not taken into account in our analyses. A
shorter tibial length was coupled in our analyses with a
thicker muscular bulk, replacing the subtracted bone
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(Fig. 2a). This relation, however, should be anatomi-
cally correct since for the shorter tibial lengths con-
sidered in this study the gastrocnemius muscle is
naturally thicker, that is, because of the geometrical
configuration, it envelopes the truncated bones closer
to its belly, which is therefore contributing to a thicker
cushioning.

Deep tissue injury is likely to be more common in
dysvascular neuropathic patients whose pain mecha-
nism is damaged, and therefore, as opposed to non-
neuropathic amputees, they will not react to discom-
fort or pain during weight-bearing. On a broader
aspect, potentially different implications of the present
findings on traumatic and dysvascular patients are an
important topic for future studies. The major differ-
ence between the trauma and dysvascular populations
is obviously the quality of perfusion of their residuum,
but specifically for patients with diabetes, there are also
documented changes in stiffness of connective tissues,
particularly skin, which are attributed to increased
collagen fiber interlinks and fiber thickening.” Though
neither perfusion of the residuum nor diabetes were the
focus of this study, the stiffened skin characteristic of
diabetic patients can be modeled using the present
computational method.

CONCLUSIONS

Summarizing our conclusions, we found that stiff
muscle flaps, e.g., spastic ones, endanger the TTA
residual limb since the flap is overloaded by the tibial
edge in a manner that could increase the likelihood for
DTI. In the surgical environment, while a distal
amputation is preferred by TTA surgeons for better
gait stability and prosthetic control, the sharp edges of
the truncated bones cause higher stresses and can
potentially injure the muscle flap over time. A more
inclined distal tibial bevelment causes higher concen-
trations of internal stresses and is therefore also theo-
retically increasing the risk for DTI. Consistent with
reports in the medical literature,'” our present com-
putational data show that a calcified fibular osteophyte
endangers the integrity and viability of soft tissues
below the fibula by inducing focal stresses around the
sharp bone tip. The osteophyte had a slight effect on
the mechanical state of the residuum though. The
location of the surgical scar affects the global flow of
stresses from the tibia to the prosthetic socket, and an
adherent scar, in particular, may draw a hazardous
stress concentration toward it and toward the bone
above it. From a research perspective, it is also
important to consider surgical scars in a residual limb
model, as they change the distribution of internal tissue
loads with respect to a no-scar situation.

The results of this study can be compiled as guide-
lines for TTA surgeons, physical therapists, prosthe-
tists, and the TTA patients themselves. Simple
awareness of the biomechanical effects of each of these
factors on internal tissue loads in the load-bearing
residuum may already reduce hospitalization periods,
clinical care costs, and enable more TTA patients to
successfully use their prostheses and resume their daily
life activities. Additionally, the present computational
work may guide and focus epidemiological studies that
attempt to identify risk factors for DTI or PU in the
TTA population, thus saving on research cost, and
allowing more efficient clinical follow-up trials. Last,
the high variability in internal mechanical conditions
in soft tissues of residual limbs, as demonstrated in this
article (even though all the model variants were
essentially based on the same anatomy), indicates the
importance of patient-specific biomechanical modeling
in TTA. The patient-specific modeling can be used for
surgical planning as well as for assessing surgical out-
comes of load transfer to soft tissues.
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