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Abstract—Poor prosthetic fit is often the result of heterotopic
ossification (HO), a frequent problem following blast injuries
for returning service members. Osseointegration technology
offers an advantage for individuals with significant HO and
poor socket tolerance by using direct skeletal attachment of a
prosthesis to the distal residual limb, but remains limited due to
prolonged post-operative rehabilitation regimens. Therefore,
electrical stimulation has been proposed as a catalyst for
expediting skeletal attachment and the bioelectric effects of
HO were evaluated using finite element analysis in 11 service-
men with transfemoral amputations. Retrospective computed
tomography (CT) scans provided accurate reconstructions,
and volume conductor models demonstrated the variability in
residual limb anatomy and necessity for patient-specific
modeling to characterize electrical field variance if patients
were to undergo a theoretical osseointegration of a prosthesis.
In this investigation, the volume of HO was statistically
significant when selecting the optimal potential difference for
enhanced skeletal fixation, since higher HO volumes required
increased voltages at the periprosthetic bone (p = 0.024,
r = 0.670). Results from Spearman’s rho correlations also
indicated that the age of the subject and volume of HO were
statistically significant and inversely proportional, in which
younger service members had a higher frequency of HO
(p = 0.041, r = —0.622). This study demonstrates that the
volume of HO and age may affect the voltage threshold
necessary to improve current osseointegration procedures.
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INTRODUCTION

Heterotopic ossification (HO) has been reported as
“bizarre overgrowth” of mature bone in neighboring
soft tissue.*® This lamellar bone formation* is meta-
bolically active,' variable in nature' and has been
described as “serpentine-like.”*> Reports of HO are
replete in the orthopedic literature and occur pre-
dominately in periarticular regions following: total hip
arthoplasty,"!* head injury,'® spinal cord injury,'®*!
rotator cuff surgery®® and burns.?® While the etiology
of HO is not fully understood,'® there is a general
agreement in the literature that HO is associated with
damage to soft tissue and inflammation®'® and is the
most pronounced in combat-related trauma to ser-
vicemen and women following blast injuries.*’

The frequency of HO from improvised explosive
devices (IEDs) and rocket-propelled grenades (RPGs)
in Operation Iraqi Freedom (OIF) and Operation
Enduring Freedom (OEF) have been reported as high
as 63% in the wounded service members.*® Because
HO manifests months after a blast injury and has a
maturation rate upward of 18 months,'®*® problems
may arise with poor prosthetic fit and discomfort for
those requiring assistive ambulatory devices.'> An
improper interface between the residual limb and
prosthetic socket may lead to skin breakdown®' and
significantly limit the mobility of individuals with limb
loss,>*” particularly in the case of injured service
members who wish to return to active duty or an
energetic lifestyle.*?
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In order to help alleviate the frequent problems
associated with traditional socket prostheses** and
assist service members with limited residual limb
lengths (which may preclude the use of these devices),
scientists are developing percutaneous osseointegrated
implants as an alternative. Osseointegration is the
direct skeletal attachment between an implant and host
tissue® and alleviates the need for a socket prosthesis.
The advantage of this docking system is the improved
loading at the bone-implant interface which is more
physiologic and avoids problems with stress shielding
and osteopenia. Most importantly, common problems
with HO may be offset in the future by osseointegra-
tion technology since ambulation will not require
compressing a soft tissue socket against sharp ossecous
formations in the adjacent musculature.

While osseointegration procedures have been
reported with relatively high success rates in
Europe,”>?* one primary limitation preventing wide-
spread acceptance of this technology is the required
lengthy rehabilitation regimen following surgery (12—
18 months).”®> The slow progression from post-opera-
tive to full weight-bearing is designed to prevent
overloading at the bone-implant construct; however,
this protracted restriction of activities may negatively
impact a patient’s quality of life.

In order to alleviate these rehabilitation limitations,
our team has developed an external electrical stimu-
lation device which utilizes the exposed exoprosthetic
attachment as a functional cathode.?® While controlled
electrical stimulation has proven effective in fracture
healing® and non-traumatized bone models,'” this idea
has not been expanded as a method for expediting
skeletal fixation of percutaneous osseointegrated im-
plants. The use of controlled electrical stimulation is
believed to assist with calcium deposition, slight
alterations in oxygen content and pH, recruitment of
growth factors, assisting with osteoblast migration and
secretion of additional extracellular matrix.”® There-
fore, by limiting the current density and electric field
between the osseointegrated implant and external
electrodes, the team aims to stimulate positive bone
remodeling at the periprosthetic interface using an
osseoinductive pathway.*

Improving skeletal fixation of osseointegrated
implants with controlled electrical stimulation may
drastically reduce rehabilitation protocols for individ-
uals with limb deficiencies. However, before employing
this technique in human subjects, extensive scientific
experimentation must be conducted to better under-
stand the bioelectric properties and pathways through
human residual limbs. For example, case reports of
patient discomfort from excessive current densities in
fracture healing applications are common’'~*’ and
have caused unnecessary pain to participants. While

meta-analyses have confirmed the overall utility of
electrical stimulation,” variations in experimental
design, treatment time, dosage, and overall poor sci-
entific understanding have significantly limited the
expansion of this technology.*

Prior to implementing electrical stimulation as a
rehabilitation tool for service members with limb loss
using osseointegrated implants, safety and efficacy
must be evaluated for a broad patient population;
especially given the variations that exist in residual
limb volume, geometry, and factors such as HO. Finite
element analysis (FEA) offers a plausible experimental
model for better understanding the bioelectric effects in
the distal residual limb for an amputee seeking osseo-
integration technology. In addition, the variability of
HO formation in subjects with limb deficiencies, pro-
vides robust simulations which may alter the electric
field and current density distributions at the bone—
implant construct. Therefore, the goals of this study
were (1) to demonstrate that safe and effective electric
stimulation of osseointegrated implants is possible
even in patients with significant HO, (2) to show
that patient-specific modeling and simulation is nec-
essary to determine the relevant metrics for such
stimulation, (3) to develop a quantitative method for
determining the volume of HO, and (4) to characterize
the prevalence, the extent, and the structure of HO in
returning service members.

MATERIALS AND METHODS

Study Population

In order to account for variations in patient
anatomy and HO in service member residual limbs,
computed tomography (CT) scans were obtained ret-
rospectively from Walter Reed Army Medical Center
in accordance with Institutional Review Board
approvals. CT scans were selected as the preferred
imaging modality and femoral slice thicknesses ranged
from 1.0 to 2.5 mm for all subjects included in the
study. Inclusion criteria required the absence of
metallic implants in the residual limb to prevent image
artifacts during three dimensional reconstructions.

Eleven male service members satisfied the above
criteria and were included in the study. Subjects were
on average 28.3 £ 5.0 years at the time of injury, and
84.5 £ 11.3 kg and 181.2 £ 4.4 cm prior to injury.
While age was routinely recorded for each subject,
weight and height were reported in only 10/11 and 6/11
of the patient’s medical records respectively. The study
population consisted of transfemoral amputations with
an average limb length of 26.7 £ 6.1 cm, as measured
from the apex of the greater trochantor to most distal



2970 IsaAcson et al.
TABLE 1. Demographical information of the service member sample group.

Age Injury Admission Admission Residual limb bone Volume
Patient (yrs) Mechanism Event height (cm) weight (kg) length (cm) of HO (cm®)
1 27 IED OIF 175.26 90.56 28.40 47.88
2 24 IED OIF 177.80 90.72 30.00 74.25
3 22 IED OIF 187.96 80.00 35.10 115.96
4 32 IED OIF - 90.00 25.90 0.00
5 30 IED OIF - - 23.30 26.53
6 39 RPG OEF 180.34 67.92 13.00 0.00
7 24 IED OIF - 106.50 31.50 12.75
8 28 IED OEF 182.88 90.00 24.40 47.78
9 23 IED OIF - 74.00 21.20 77.43
10 31 IED OIF - 73.30 29.60 0.00
11 31 MVA NBI 182.88 81.80 30.70 261.89

IED = improvised explosive device; RPG = rocket propelled grenade; NBI = non-battle injury; MVA = motor vehicle accident.

bone in the residual limb using CT scans and computer
software (OsiriX 3D, version 3.1). Ten (91%) subjects
included in this study sustained a limb amputation as a
result of a combat-related injury (9/11 OIF, 1/11
OEF), while one subject sustained a limb loss from a
non-military conflict. The injury mechanism most fre-
quently reported was IEDs which resulted in 82% of
traumatic amputations (9/11), while 9% were the
direct result of an RPG (1/11) and motor vehicle
accident (1/11), respectively (Table 1).

Image Reconstructions

The CT files collected during the study were
imported into Seg3D (version 1.11.0, Scientific Com-
puting and Imaging Institute, Salt Lake City, UT), a
volume segmentation and processing tool, used to
create anatomically accurate patient-specific models.
The tissue boundaries of the internal organs, bone,
bone marrow, and adipose tissue were generated by
thresholding the CT files interactively using fixed
thresholded values for all of the patients’ CTs.?®
Musculature was obtained by manually setting seed
points inside the tissue and using a confidence con-
nected filter to find all the tissue connected to the seed
points since the complex geometry required additional
image processing.”® Because the skin was impossible to
discern reliably from CT images, an estimate of the
skin layer was generated by dilating the outermost
visible tissue to produce a 2-mm layer of homogeneous
thickness (the average thickness of human skin)®* to
surround the full model. Skin was modeled with 0.26
S/m, a conductivity representative of hydrated skin,
since the moisture content on the surface of the tissue
will significantly alter electric fields and the related
current densities at the bone—-implant construct. Seg-
mentations were lastly manually inspected, corrected
to ensure accuracy, and combined in a hierarchy into a

single label map required to generate meshes for FEA
(Fig. 1).%®

The bioelectric effect of HO was evaluated by
computing the volume of ectopic osseous overgrowth
throughout the residual limb. Axial cross sections of
CT scans were manually inspected and all “‘small
islands”' and “serpentine”*> HO formations were
included. The entire volumetric data were collected
using customized software that multiplied voxel height
and width by the slice thickness to determine the vol-
ume of HO (Analyze 9.0, Mayo Clinic, OH). Three-
dimensional reconstructions were created in OsiriX 3D
to visualize the HO and were necessary to fully
understand the intricate morphology of heterotopic
bone® (Figs. 2-5).

Finite Element Analysis

SCIRun, a problem-solving environment which
included modules to carry out FEA for bioelectric field
problems, provided support for electrode design and
bioelectric evaluation (version 4.0, Scientific Comput-
ing and Imaging Institute, Salt Lake City, UT). The
interactive platform allowed for real-time electrode
manipulation and helped to assure reproducibility in
the model. To make certain that electrodes were placed
at the same location on each amputee, a 10-cm inter-
medullary device was simulated as the osseointegrated
implant and set to the endosteal wall, since gaps in
excess of 50 um may lead to fibrous encapsulation
without bone ingrowth.?® External electrodes, which
consisted of two continuous bands, 1.6 cm in thick-
ness, were placed equidistant from the implant site,
and were designed to match the size of similar com-
mercially available capacitive stimulation devices.’
The electrode bands were positioned 2 cm from the
most proximal and distal ends of the osseointegrated
implant on the residual limb because this experimental
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FIGURE 1. A unilateral hierarchical model was assembled as a representative image consisting of skin (purple) adipose tissue
(yellow), musculature (pink), bone (blue), bone marrow (orange), and internal organs (green) (a). Each tissue type was assigned a
specific conductivity using SCIRun. A large serpentine-like mass of HO was identified in the medial aspect of the residual limb, and
was demonstrated in more detail in an axial cross section of the affected limb (b).

FIGURE 2. Three dimensional reconstruction of a service
member with no visible signs of HO.

setup has previously demonstrated homogenous fields
at the bone—implant construct (Fig. 6).%

The models generated from retrospective CTs con-
sisted of a hexahedral mesh with approximately 1.8
million elements; a quantity determined to be sufficient
following a mesh sensitivity study for subject 1’s

FIGURE 3. Three dimensional reconstruction of a service
member with 26.53 cm® of HO.

residual limb which verified a less than 5% relative
difference in voltage gradients between mesh densities.
Elements in the model were treated as piecewise
homogenous, ohmic, and isotropic, and were assigned
conductivities using measurements reported from
physiologic tissues”® and included the following:
internal organs 0.22 S/m, skin 0.26 S/m, adipose tissue
0.09 S/m, muscle 0.25 S/m, cortical bone 0.02 S/m,
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FIGURE 4. Three dimensional reconstruction of a service
member with 74.25 cm® of HO.

FIGURE 5. Three dimensional reconstruction of a service
member with 115.96 cm® of HO.

and bone marrow 0.07 S/m. FEA was conducted using
a quasi-static approach and by solving Laplace’s
equation for each tissue type.”®

In this model, the boundary conditions were formed
by the electrodes that injected electrical current and
the homogenous Neumann boundary condition on the

Cortical Bone
Anode 1

}Zr.m

Residual Limb

Osseointegrated Implant
and Cathode

FIGURE 6. External electrode placement was standardized
by placing 2 electrodes bands 2 cm from the most distal and
proximal ends of the osseointegrated implant to create a
homogenous electric field at the bone-implant construct.

limb’s surface forcing the electric current to remain in
the limb, as electrical conductivity of the surrounding
air is zero. Since the electrodes and the implant had a
much larger conductivity than the surrounding tissues,
it was assumed that the osseointegrated implant
(cathode) was at a constant potential; similarly, the
surface electrodes (anodes) were modeled with a con-
stant potential difference from the percutancous im-
plant. Electrodes incorporated in the finite element
meshing were assigned a constant potential difference
from 1.0 to 2.0 V, in s volt increments, a predeter-
mined range selected to assure tissue integrity based on
the expected tissue conductivities.

Outcome Criteria

The overall outcome measure of “optimal potential
difference” was satisfied when current density and
electric fields were at their highest attainable value
within predetermined measures. Electric fields were
restricted between 1 and 10 V/cm to prevent joule
heating effects,” while current densities were limited to
1.8 mA/ecm? to prevent localized tissue necrosis. The
current density threshold was preset to 1.8 mA/cm? to
adhere to International Electrotechnical Commissions
regulations that 2 mA/cm? should not be exceeded in
electrical devices designed for the general population.*
Maintaining a value below the standard of practice
was also important in providing a factor of safety since
fluctuations may occur in vivo due to variations in ion
concentrations, temperature and hydration; variables
which were not accounted for with this finite element
model.
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Statistical Evaluation

The volume of HO in each service members’ resid-
ual limb was compared to the optimal potential dif-
ference to determine whether ectopic bone growth
correlated with the electric field and current density at
the bone-implant interface. HO formation was also
independently assessed to determine whether demo-
graphical information (age, height, weight, residual
limb length) correlated with the volume of HO since
inconsistencies have been presented in the orthopedic
literature.®>' All the statistical evaluations were per-
formed by computing Spearman’s rho correlation
coefficients and nonparametric statistical evaluations,
given the limited sample size. In addition, in order to
accurately associate the predictor and outcome mea-
sures, without introducing overfitting or having con-
founding variables, each factor was correlated
independently. All the statistical comparisons were
conducted with commercially available software and
o = 0.05 (SPSS, Inc., Chicago, IL, USA).

RESULTS

For all the reported cases, voltage gradients at the
bone-implant interface were within the required range,
and, therefore, the limiting factor for selecting the
optimal potential difference for each service member
was based on current density magnitudes (Fig. 7).
Electric fields fluctuated from 1.30 to 3.10 V/cm for all
the patients, a value which should theoretically induce
osteoblast migration'* (Table 2). However, current
densities ranged from 0.66 to 2.63 mA/cm?® for the
potential differences selected and would require indi-
vidual adjustments if this technology were to be
implemented clinically (Fig. 8 and Table 3).

Investigation of the current densities at the peri-
prosthetic interface demonstrated lower current den-
sity magnitudes when the volume of HO increased
(Fig. 8). For each potential selected in Subjects 2, 3,
and 11, current densities remained below the 1.8 mA/
cm? threshold. In each of these cases, a dense aggre-
gation of HO was located at the anode site and resulted
in more resistive medium at the point of current
injection. This trend was consistent throughout the
study and results of a Spearman’s rho correlation
coefficient, assessing the relationship between the vol-
ume of HO and optimal potential difference, were
statistically significant (p = 0.024, r = 0.670).

The volume of HO was also compared to demo-
graphic information provided in the subjects’ medical
records to determine whether correlations existed
between patient history and HO. While literature has
speculated that the frequency of HO is dependent on
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FIGURE 7. Electric field (a) and current density (b) distribu-
tions for service member 2 using a potential difference of
2 volts.

TABLE 2. Voltage gradients at the bone implant-interface
given in units of V/icm.

Potential difference

Patient 1.00 V 1.25V 1.50 V 1.75V 2.00V

1 1.3 1.6 2.0 2.3 2.6
2 1.4 1.7 2.1 2.4 2.7
3 1.4 1.7 2.1 2.4 2.8
4 1.5 1.9 2.3 2.6 3.0
5 1.5 1.9 2.3 2.7 3.1
6 1.3 1.6 1.9 2.2 2.5
7 1.4 1.7 2.1 2.4 2.8
8 1.4 1.8 2.1 2.5 2.8
9 1.4 1.7 2.1 2.4 2.8
10 1.5 1.9 2.3 2.7 3.1
11 1.4 1.7 2.1 2.4 2.7

genetic predispositions® and body type, there is little
evidence to directly support these claims. Our results
indicated that only age was statistically significant
(p = 0.041, r = —0.622) and that the volume of HO
decreased with increasing age.



2974 ISAACSON et al.

4.00

#*% High HO % No HO

3.50

3.00

250

Current Density (mA/cm?)
(]
]

0.50

0.00 -

Patiert 1

Patient 2 Patient3  Patient 4 Patient §

Patiert &

Patient 8  Patient  Patient10  Patient 11

FIGURE 8. Current densities in the distal residual limb for the 2 volt potential difference are shown for each patient in the study.
The critical threshold for current density (1.8 mA/cm?) is indicated by the horizontal dashed line.

TABLE 3. Current densities at the bone-implant interface
given in units of mA/cm?,

Potential difference

Patient 1.00V 1.25V 1.50 V 1.75V 2.00V
1 1.17 1.46 1.75% 2.04 2.33
2 0.658 0.822 0.986 1.15 1.32%
3 0.656 0.82 0.984 1.15 1.312
4 0.98 1.22 1.47 1.712 1.96
5 1.32 1.64% 1.97 2.30 2.63
6 0.970 1.21 1.45 1.70% 1.94
7 0.907 1.13 1.36 1.592 1.81
8 1.01 1.26 1.52 1.77% 2.02
9 0.872 1.09 1.31 1.53 1.742
10 1.09 1.36 1.63% 1.91 2.18
11 0.784 0.980 1.18 1.44 1.64%

@Signifies the recommended threshold for current density.

DISCUSSION

Ectopic bone formation presents a difficult chal-
lenge for rehabilitation and post-amputation quality of
life. While HO can be detected early as indicated by
redness, swelling in the periarticular regions, and
increased alkaline phosphotase levels,”’ few treatments
are available to quell the metabolically active osseous
growth.® Non-steroidal anti-inflammatory drugs and
irradiation treatments are available but are limited™’
and present additional health risks to the patient.
Compounding this problem is that the presence of
significant HO within a residual limb may prohibit the
use of a prosthesis. Therefore, electrically induced

osseointegration offers a potential alternative to tra-
ditional prosthetic socket fitting, may promote bone
remodeling, and avoid frequent complications with
HO. It should be noted that it is unlikely that electri-
cally induced osseointegration would increase HO
formation in the residual limb, since HO develops from
inflammation and trauma,®'? and is not solely depen-
dent on electrical signals. While electrical stimulation
has demonstrated to be effective in augmenting non-
unions,® the co-authors are unaware of case studies in
the peer-reviewed literature that note the manifestation
of HO from electrically induced fracture healing
with direct current, inductive coupling, or capacitive-
coupled devices.

In this experiment, FEA demonstrated that HO will
significantly affect the bioelectricity in the residual
limb, since larger volumes of HO required a higher
potential difference to satisfy the electric field and
current density criterion needed to accelerate bone
healing using simulations. Therefore, effective use of
electrical stimulation in this patient population would
require altering the voltage in the system or modifying
the band placements slightly to avoid resistive HO
medium on a personal basis. The only exception noted
in this trend was in service member 9 who had a
smaller residual limb size, and a reduction in soft tissue
may have offset the resistive effect of HO. While the
admission height for this patient was not available for
retrospective review, serviceman 9 was 11.5 kg below
the average weight of the other subjects in the study
and, therefore, may have also had associated decreased
muscle mass or adipose tissue.
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When assessing the correlation between age and HO
frequency, our results indicate that higher volumes of
HO were most prevalent in younger subjects. The
inconsistent reporting of age-related ectopic bone for-
mation has been subject to debate in the orthopedic
literature,”’>® and a discrepancy exists since HO
studies are often small, unrandomized, and lack con-
trol groups.®* A contributing factor in age-related HO
may be the result of the decreasing proliferation of
stem cells and progenitor cells, which occurs naturally
with age*® since “skeletal tissue is a complex, multi-
cellular, multifunctional system mutually interactive
with and dependent on all other organ systems.”''
Evidence of the decline in stem cell regeneration is
apparent in older individuals in which the cavities of
long bones become vacant and bone marrow resides
only in the pelvis, sternum, and vertebrae.*! The
decreased bone-forming capacity of aged osteoblasts
and reduced cell population with age'' may limit the
likelihood of developing HO, but was not likely the
case in our study. Because the patient population in
this study consisted of a small sample of relatively
young service members (28 £ 5.0 years), age was not
likely to be a causative factor for HO formation. The
statistical trend reported in the study was most likely
the result of comorbidities, which are highly pre-
valent with blast injuries*” and may have contributed
to the HO formation. In fact, previous peer-reviewed
publications clearly demonstrate that the likelihood
of developing HO significantly increases with head
and spinal cord injuries, variables which were not
assessed in the study. In order to confirm the
hypothesis of age-related HO, a study must be
organized with a more uniform patient population
and a wider age range distribution to prevent con-
founding variables.

Innovation

In this sample population of injured service mem-
bers, the frequency of HO occurred in 73% of the cases
(8/11) and was variable in severity and location. The
formation of HO resulted in “serpentine”*’ structures
which connected to the skeleton and “small islands™"
in the neighboring soft tissue. In order to help cate-
gorize the HO in a non-subjective manner, threshold-
ing software provided volumetric measurements which
assisted in determining the severity of HO in each
residual limb. To the authors’ knowledge, this is the
first grading criteria to directly quantify the volume of
HO in patient extremities. Traditional methods for
determining the magnitude of HO include: measuring
the length of HO on anteroposterior radiographs,’
developing grading scales to group HO severity based

on a percentage of occupied space around the affected
area,'® or designing studies which subjectively include
patients only displaying signs of decreased motion or
pain.'” These techniques are very limited because only
three dimensional reconstructions or direct volume
measurements have the ability to completely demon-
strate the intricate morphology of HO.* In addition,
grading criteria’s which group HO by percentages and
classifications of mild, moderate, and severe'® tend to
mislead the scientific community since readers assume
that a higher value of HO (severe vs. mild) results in
more pain or impaired movement for a patient, but
this is not necessarily the case. A reduced activity level
is often the result of the location of HO in relation to
the periarticular region, neurovascular damage and
individual patient pain tolerances.

Computational Modeling Limitations

Because our model used a quasi-static approach, the
current density and electric fields in this experiment
scaled linearly. Therefore, the direct relationship
depicted in Fig. 9 demonstrated that the optimal
potential difference may be determined for each
patient by evaluating individual trend lines derived
from the FEA. The ability to use a simple algorithm is
important for improving periprosthetic attachment,
however, fluctuations in temperature, hydration, and
ion concentration will undoubtedly affect recordings
in vivo. While computational modeling has a broad
utility, FEA in this study only served to provide initial
proof of concept for future device development.

—&— Patient 1 -#— Patignt 5 Patient 9
250 - = Patient 2 - Patient 6+ Patient 10
Patient 3 Patient 7 = Patient 11

Patient 4 — Patient

000 050 100 150 200 250 300 350 400
Current Density (mA/cm?)

FIGURE 9. General trend lines for each service member
selected in the study demonstrate that optimal potential dif-
ference may be selected using an algorithm on a patient-
specific basis.
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Study Limitations

While osseointegration is currently being practiced
in Europe and Australia, this technology has yet to be
expanded in the United States and will not be available
until Food and Drug Administration’s (FDA)
approval. Therefore, since our model cannot be vali-
dated until osseointegration technology is accepted as a
standard of practice, further investigation will require a
larger sample population to better understand the effect
of HO in residual limbs using these extrapolations.

Prior to use clinically, electrically induced osseoin-
tegration will require further FEA refinements. For
example, the tissue conductivities used in this experi-
ment were fixed and treated as homogenous, ohmic,
and isotropic and did not vary based on anatomical
location, temperature, or hydration. While these basic
model simplifications were effective for the proposed
hypotheses and served as initial proof of concept for
further investigation, it seems reasonable from a model
perspective that interpersonal differences may have
significantly affected the electric metrics at the bone-
implant construct. Individual variances in tissues may
arise particularly in returning service members because
IED injuries generate a high quantity of scar tissue
formation, and peer-reviewed literature has indicated
that the hydration of scar tissue varies from that of
normal physiologic tissue and would therefore, have a
different localized conductivity.*?

Direct comparisons which have resulted from this
investigation may have also been influenced by slight
variations in patient anatomy. Because the service
members used in this study varied in residual limb size,
the percutaneous osseointegrated implant was set to
the endosteal wall to ensure uniform skeletal attach-
ment prior to FEA. While this simplification ensured
reproducibility with the host bone-implant contact, it
did create another variable in itself, given the fluctua-
tions in medullary canal diameters. Because our service
members varied in height and weight, there is reason to
believe that custom-fitting the prosthetic device to the
residual limb may have slightly altered the diameter of
the metal cathode. While there is reason to believe this
did not introduce large variations in the data, given the
much greater conductivity of the cathode than that of
human tissue, a study by Mahaisavariya et al. did show
that medullary canal diameters ranged from 10.3 mm
at the greater trochantor to 11.8 mm in the metaphysis
of 98 human cadaveric femurs (range 22-83 years).?’

One limitation of the FEA research conducted in
this study was the assumption that tissue was
homogenous, ohmic, and isotropic. While it is well
known that bone is a highly organized, anisotropic
composite structure,* this tissue type like the other
five reconstructed in this experiment (bone marrow,

adipose tissue, musculature, internal organs, and skin)
were modeled with constant tissue properties to reduce
experimental variations. Confounding errors are pos-
sible when assuming tissue fiber directions, since the
dielectric constant and conductivity of tissue has not
been well characterized, and it is very difficult to
measure field strengths inside living organisms
in vivo.>® While experimental calculations provide a
range of expected field strengths, current densities can
only be “crudely estimated” without the use of FEA.*°
It is also well known that tissue conductivity may
fluctuate in the same tissue or organ due to changes in
fiber orientation,'® and bone, for example, has been
reported as 100% more resistive in the circumferential
direction compared to longitudinal direction.>

A final limitation of our study design resulted from
using a sample population that consisted of all ser-
vicemen. Because the team was unable to obtain ret-
rospective CTs of female subjects which satisfied the
preexisting criterion, this investigation was unable to
evaluate the effect of gender as a causation for HO
development; an area of frequent debate in the litera-
ture.">!*° While the authors are unable to comment
on their own data at this point, it is very unlikely that
HO formation is gender specific and more likely
attributed to the size of the residual limbs. In general,
males tend to have an increased volume of muscle and
since osteoblast progenitor cells reside in the neigh-
boring soft tissue,*” a greater volume of muscle mass
may increase the likelihood of HO formation. Previous
studies have indicated that HO formation generally
occurs in tissues with high aggregations of fibroblasts'
and between 3 weeks to 6 months after injury.**?” This
commonality may be the result of overexpression of
bone morphogenetic proteins®® which may directly
increase alkaline phosphotase levels® and contribute
to HO development.

CONCLUSION

Osseointegration may offer significant improve-
ments in prosthetic management of individuals with
limb loss, especially those with complex residual limbs
with HO and subsequent difficultly with socket fit and
comfort. Controlled electrical stimulation may accel-
erate rehabilitation programs for osseointegrated im-
plants once safety and efficacy are verified, but research
has presently shown that current density must be
controlled in the distal residual limb on a patient-
specific basis using FEA. Statistical evaluations in this
model demonstrated that the volume of HO compared
to age and volume of HO compared to the optimal
potential difference were significant. Therefore, if
electrical stimulation is to be used in the future for
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individuals with percutaneous osseointegrated im-
plants, careful electrode placement must be based on
the volume of HO, age of the patient population, and
comorbidities from blast injuries.
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