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Background: Rapid prediction of adverse bone fracture healing outcome (e.g., nonunion and/or delayed 
union) is essential to advise adjunct therapies to reduce patient suffering and improving healing outcome. 
Radiographic diagnostic methods remain ineffective during early healing, resulting in average nonunion 
diagnosis times surpassing six months. To address this clinical deficit, we developed a novel diagnostic device 
to predict fracture healing outcome by noninvasive telemetric measurements of fracture bending stiffness. 
This study evaluated the hypothesis that our diagnostic antenna system is capable of accurately measuring 
temporal fracture healing stiffness, and advises the utility of this data for expedited prediction of healing 
outcomes during early (≤3 weeks) fracture recovery.
Methods: Fracture repair was simulated, in reverse chronology, by progressively destabilizing cadaveric 
ovine metatarsals (n=8) stabilized via locking plate fixation. Bending stiffness of each fracture state were 
predicted using a novel direct electromagnetic coupling diagnostic system, and results were compared to 
values from material testing (MT) methods. While direct calculation of fracture stiffness in a simplistic 
cadaver model is possible, comparable analysis of the innumerable permutations of fracture and treatment 
type is not feasible. Thus, clinical feasibility of direct electromagnetic coupling was explored by parametric 
finite element (FE) analyses (n=1,632 simulations). Implant mechanics were simulated throughout the course 
of healing for cases with variations to fracture size, implant type, implant structure, and implant material.
Results: For all fracture states, stiffness values predicted by the direct electromagnetic coupling system 
were not significantly different than those quantified by in vitro MT methods [P=0.587, P=0.985, P=0.975; 
for comparing intact, destabilized, and fully fractured (FF) states; respectively]. In comparable models, 
the total implant deflection reduction (from FF to intact states) was less than 10% different between 
direct electromagnetic coupling measurements (82.2 μm) and FE predictions (74.7 μm). For all treatment 
parameters, FE analyses predicted nonlinear reduction in bending induced implant midspan deflections for 
increasing callus stiffness. 
Conclusions: This technology demonstrates potential as a noninvasive clinical tool to accurately quantify 
healing fracture stiffness to augment and expedite healing outcome predictions made using radiographic 
imaging.
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Introduction

Failed bone fracture healing (nonunion and/or delayed 
unions) is exceedingly detrimental to patients, resulting 
in chronic pain, need for additional surgical intervention, 
increased prescription opioid usage, and a reported 118% 
increase in treatment costs (1,2). Despite ongoing advances 
in orthopaedic fracture fixation techniques, nonunion 
incidences remain prevalent, especially among long bones 
such as the tibia, where up to 12% of cases experience 
nonunion (1). For these cases, it is clear that rapid diagnosis 
of adverse fracture healing is paramount for advising adjunct 
therapies during the early phases of healing to minimize 
suffering and financial burden to the patient (3,4).

Bone fracture healing is characterized by a complex 
cascade of overlapping phases of inflammation, repair, 
and remodeling (5); the exact course of fracture healing is 
highly influenced by the biomechanical (6) and biological 
environment at the fracture site (7,8). Infection, insufficient 
biological activity, and/or suboptimal mechanical fixation 
can all lead to cessation of healing progression (9), with 
the majority of nonunion causes being multi-factorial (10).  
A priori prediction of nonunion proves exceedingly difficult 
due to the numerous treatment and patient specific factors 
contributing to nonunion (11-13). Clinical distinction of 
nonunions from delayed unions (i.e., fractures which will 
properly heal, albeit slowly) makes diagnosis of nonunion 
an especially arduous task.

Planar X-ray imaging is the prevailing fracture healing 
diagnostic tool; however, this technology has proven to be 
limited by clinician interpretation (14-17). These inherent 
limitations limit the reliability of radiographic predictions 
of healing outcome (18) and delay the mean nonunion 
diagnosis time to 6.2 months (19). 

Fracture bending stiffness has exhibited efficacy as a 
reliable (20-25) and early predictor (26,27) of healing 
outcome. Regrettably, X-ray data have been shown to be an 
inadequate predictor of fracture stiffness (17). Accordingly, 
it is common clinical practice to augment radiographic 
data with semi-quantitative mechanical assessments of 
the fracture’s stability, as determined through manual 
manipulation of the fracture site. These methods, however, 
have demonstrated insufficient accuracy in correctly 
predicting fracture stiffness (28).

To this end, efforts have been made to develop 
technologies to accurately quantify the progression of 
fracture biomechanics throughout the healing cascade 
(23,29). The underlying principle of these technologies 
results from bone segments stabilized by orthopaedic 
hardware behaving as a composite structure. As proper 
healing progresses, structural and compositional evolution 
of the fracture callus leads to resultant improvements 
in the mechanical stiffness of the fracture site. Stiffness 
of the bone-callus-hardware composite is accordingly  
increased (23), and the share of mechanical load supported 
by the fixation hardware is shifted to the healing callus 
tissues (30). Proper healing is indicated by the progressive 
increase in stiffness of the composite structure, while 
adverse healing presents a temporally invariant stiffness (31). 
It has been observed that these temporal biomechanical 
profiles present prior to the callus mineralization required 
for radiographic indicators of healing. Thus, quantitative 
mechanical diagnostic approaches which do not rely upon 
radiographic methods have exhibited success as an objective 
and temporally expedited predictor of fracture healing 
outcome (26,32).

Mechanical diagnostic technologies have predominately 
targeted fractures treated via external fixation approaches 
due to the ease in instrumenting externally located fixation 
hardware for mechanical analyses (21,26,27,33-37). Such 
methods preclude application to orthopaedic fixation plates 
and intramedullary nails (IMN), despite their clinical 
ubiquity. Extensive studies have been performed to develop 
implantable telemetric sensors capable of measuring the 
mechanical state of the implant hardware and wirelessly 
reporting these values to external data acquisition devices 
(31,32,38-54). These devices must surmount extensive 
engineering design challenges associated with powering 
and interrogating sensors through biological tissues, and 
often require implant hardware geometry to be modified to 
accommodate sensor architecture (32,38,39) which increases 
the barriers to clinical implementation and can lead to 
premature/catastrophic implant failure (40). 

To mitigate these limitations, our research group has 
developed direct electromagnetic coupling antenna (DEC) 
systems which non-invasively quantify relative changes in 
bending stiffness of fractures stabilized by any clinically 
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available metallic implant [i.e., IMN or plate; titanium (Ti) 
or stainless steel (SS)]. DEC is comprised of an antenna 
designed to couple with metal implants in its near-field 
to produce an apparent resonant frequency (ARF) which 
varies according to the distance between the coupled 
members (55). Application of controlled mechanical loads, 
such as four-point bending, produces changes in implant 
displacement (i.e., deflections) of magnitude dependent 
upon fracture stiffness (56,57). Implant deflections, per 
applied bending load, are measured via change in antenna 
ARF (ARF shifts) to non-invasively quantify relative fracture 
stiffness. Similar to the previously discussed technologies, 
DEC is hypothesized to provide an early and objective 
prediction of fractures trending towards nonunion by 
elucidating cases which exhibit temporal fracture stiffness 
invariance prior to the presentation of radiopaque tissues.

Coiled coaxial DEC antennas have demonstrated efficacy 
in quantifying relative changes in fracture stiffness in 
cadaveric (56) and in vivo fracture models (57). However, 
the original DEC antenna design was limited by reduced 
antenna sensitivity and a large antenna size. Accordingly, a 
novel Vivaldi style DEC antenna was designed to minimize 
antenna size while increasing DEC sensitivity to SS and Ti 
implant deflections (58). New antenna calibration methods 
were developed in this study to enable antenna sensitivity 
(i.e., ARF shift per applied load) to be converted directly 
to fracture stiffness, as the latter metric is more clinically 
relevant.

We hypothesized this new DEC antenna design, and 
associated antenna calibration methods, would enable 
accurate non-invasive quantification of fracture stiffness. 
One purpose of this study is to evaluate the accuracy of 
fracture stiffness values predicted by this DEC diagnostic 
technique by comparing with values obtained by traditional 
material testing (MT) methods in an ovine cadaveric 
fracture model. 

Of additional interest are the deflections of orthopaedic 
implants during mechanical loading of fractured limbs, 
as this is foundational to the applicability of DEC as 
a predictor of healing outcome. These deflections are 
specific to the mode and magnitude of applied mechanical 
load, and ostensibly vary with fracture type and fixation 
implant selection. These highly specific factors preclude 
the use of existing literature to predict temporal changes 
in implant deflections, and exhaustive in vivo tests of the 
myriad combinations of fracture and treatment type are 
neither feasible nor ethical. Yet, this data is imperative for 
predicting the efficacy of DEC as a diagnostic tool for a 

variety of clinically relevant cases.
This knowledge gap can be addressed through the 

use of finite element (FE) analysis, which enables in silico  
simulation of bone-implant constructs during mechanical 
loading. FE methods additionally permit the fracture 
geometry, state of healing, and implant type to be rapidly 
and parametrically varied to evaluate implant deflections 
under innumerable circumstances of clinical relevance. FE 
and numerical analyses have frequently been implemented 
in fracture healing studies to evaluate the effects of 
implant design (59-62), implant placement (63-65),  
bone-implant load transfer (66-68), screw placement 
configurations (62,65,69), fracture geometry (65,70-74), 
and the mechanoregulation of healing (70,75-79). Yet to the 
authors’ knowledge, only one prior study has implemented 
this technique to predict implant deflections (56), and 
this study was limited to a singular variation of fracture-
treatment type. Thus, an additional goal of this study was to 
conduct a parametric series of 1,632 FE analyses to better 
characterize implant deflections. These data quantify the 
potential sensitivity for this new DEC system for a variety of 
permutations in fracture stabilization approach and fracture 
callus mechanical stability. Taken together, these data will 
have identified the efficacy and optimal applications for 
this new DEC system. We present the following article in 
accordance with the ARRIVE reporting checklist (available 
at https://atm.amegroups.com/article/view/10.21037/atm-
21-5315/rc).

Methods

Ex vivo prediction of fracture stiffness

Fracture stiffness prediction by DEC diagnostic device
To better understand the potential of the DEC system as 
a diagnostic tool, it was necessary to test the accuracy of 
its predicted fracture stiffness values relative to standard 
in vitro methods (Figure 1A-1E). Healthy cadaveric 
ovine metatarsals (Rambouillet cross, female, >3 years 
of age, n=8) were obtained from animals sacrificed from 
unrelated studies. Sheep were selected for this study due 
their orthopaedic similarities to humans; namely, their 
similarity in body weight, bone macrostructure (80), cortical 
microarchitecture, and bone mineral composition (81). A 
skin incision was made along the lateral midspan of the 
samples so that a nine-hole SS locking compression plate 
(LCP; VP4045.09; DePuy Synthes; Warsaw, IN, USA) 
could be fixed to the bone via standard surgical practice. 
The LCP was secured to the mid-diaphysis with eight 
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bicortical locking screws (3.5 mm diameter, 316 L SS). The 
middle screw hole was filled with a locking screw head (i.e., 
screw threads removed leaving only the locking head) to 
facilitate subsequent ostectomy at the LCP midspan and to 
maintain consistent methods to prior analogous tests (57)  
(Figure 1A). Overlaying soft tissue was restored using 
standard suturing techniques.

Samples were placed in a custom pneumatic DEC 
loading fixture that controlled four-point bending loads 
applied to the sample, thus inducing implant deflections 
towards the DEC antenna positioned at the LCP midspan 
(Figure 1B) (57). The DEC antenna was affixed to a 
precision linear actuator to enable the initial sample-
antenna distance to be approximately 0.5 mm. Bending 
moment was produced by increasing the compressive force 
applied to the inner bending points, with resultant load 
cell measurements (Model 53; Honeywell; Charlotte, NC, 
USA) being converted to maximum bending moment based 
on four-point bending fixture geometry. Antenna ARF was 
measured via vector network analyzer (VNA) (TTR500; 
Tektronix; Beaverton, OR; Reflection coefficient measured 
from 1,550–1,850 MHz at 500 equally spaced points, 7 dBm 
power) (Figure 1C).

Bending loads were applied to the intact sample (1.0– 
2.5 N-m, in 0.25 N-m increments, n=5 preload cycles, and 
n=5 data collection cycles per test, Figure 1B-1D) while 
measuring the resultant change in ARF shift (Figure 2A) (57). 
Following loading cycles, an antenna calibration procedure 
was performed in which the antenna was displaced with a 
linear actuator while measuring resultant changes in ARF 
(−0.05 to +0.05 mm relative to antenna position during 
bending measurements, 0.01 mm step sizes, n=7 data points 
per position, n=5 displacement cycles per data collection). 
Slope of a linear fit applied to the calibration data was used 
to determine the expected ARF shift per change in antenna-
implant distance (calibration factor, in units of ΔMHz/Δmm)  
for the current testing configuration (Figure 2B). ARF 
shifts from the preceding DEC bending tests were divided 
by this calibration factor to obtain predictions of implant 
displacements. Fracture stiffness was then calculated 
from the slope of a linear fit applied to the resultant DEC 
bending moment-displacement data (Figure 2C).

Fracture stiffness quantification via MT methods
Following DEC methods, fracture stiffness was quantified 
using traditional MT techniques. Samples were transferred 
to a servo-hydraulic MT machine (Landmark 370.02; MTS 
Systems Corp., Eden Prairie, MN, USA) equipped with 

a four-point bending fixture of comparable mechanical 
configuration to the DEC loading device (Figure 1E). Cyclic 
four-point bending loads were applied to the sample via 
compressive displacement of the MT machine crosshead 
(1.0–3.0 N-m at 0.05 mm/s cross-head displacement rate, 
n=5 preconditioning load cycles, and n=5 data collection 
cycles per test). Fracture bending stiffness was calculated 
from the slope of a linear fit applied to the moment-cross 
head displacement data.

After MT stiffness had been determined, destabilized 
(DS) and fully fractured (FF) states were created via bone 
saw ostectomy trans to the LCP midspan (56,57). DS 
states were characterized by removal of all but half of the 
cortex adjacent to the LCP; FF states were characterized by 
removal of the remaining cortex (i.e., cutting the bone into 
separate proximal and distal halves, Figure 1A). DEC and 
MT quantifications of bending stiffness were performed for 
each sample, in all fracture states, using the aforementioned 
methods.

Study design
The progressive fracture destabilization technique 
precluded blinded testing and randomized treatment/
fracture state, but the order of DEC and MT tests of each 
fracture state were randomly decided by random number 
generation. Sample size was determined a priori according 
to a previous study where statistically significant differences 
in DEC measurements of ex vivo simulated fracture state 
(i.e., using a cadaveric fracture model identical to this 
study), and in postmortem MT measurements of ovine 
fracture bending stiffness, were apparent using an identical 
sample size (n=8) (57). In the current study, pre-sacrifice 
inter-specimen animal confounders were not thought to be 
substantive for a comparative cadaveric ex vivo study, and 
thus were not controlled. Ethical committee approval was 
not required due to samples being retrieved from animals 
sacrificed for unrelated purposes. A singular exclusion 
criterion was implemented such that selected cadaveric 
samples featured healthy metatarsals of sufficient length 
to accommodate the LCP geometry. No data was omitted 
from when comparing MT and DEC stiffness values. Single 
outliers were removed from the DS and FF groups when 
calculating individual sample’s percent differences between 
MT and DEC predicted bending stiffness values.

Statistical analysis
Following statistical tests of equal variance, fracture 
bending stiffness values for each technique and fracture 
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state were statistically compared using a two-way repeated 
measures analysis of variance (ANOVA) with post-hoc Tukey 
Test (α=0.05, Minitab 18; Minitab LLC; State College,  
PA, USA).

FE predictions of implant deflections

Model generation
While direct calculation of fracture stiffness in a relatively 
simplistic cadaveric model is possible using the methods 

of the previous section, comparable analysis of the 
innumerable permutations of fracture and treatment type, 
over the continuous stages of healing (i.e., the gradient in 
elastic modulus of the callus during healing), is not feasible 
using in vivo or ex vivo models. Yet these data are vital to 
inform the DEC approach; specifically, these data can 
validate the foundational hypothesis that for all fracture 
and treatment types, healing induced changes to callus 
stiffness result in quantifiable reduction in implant bending 
deflections. To this end, 1,632 FE analyses were performed 

Figure 1 Direct electromagnetic coupling (DEC) fracture stiffness prediction methods. (A) Radiographic images showing samples in an 
intact, destabilized (DS), and fully fractured (FF) state. (B) Schematic representation of the custom DEC four-point bending device used. 
Application of bending loads cause the implant hardware to deflect towards the DEC antenna. (C) The resultant implant deflections cause 
antenna resonant frequency (ARF) to shift in a predictable and measurable manner. (D) The slope of the resultant load-ARF shift data 
was combined with calibration data to predict fracture stiffness. (E) DEC predictions of fracture stiffness were compared with stiffness 
measurements obtained using standard in vitro four-point bending protocols.
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to predict implant deflections for parametric variations 
of fracture elastic modulus (n=17), fracture types (n=8), 
implant treatment type (n=2), implant structure (n=3), and 
implant material (n=2).

CT images of a healthy ovine metatarsal (Figure 3A)  

were segmented using open source medical image 
processing software (ITK-SNAP, Version 3.8.0) (82) to 
produce a surface mesh of the bone geometry. This was then 
converted to a three-dimensional part file to make geometric 
modifications (Figure 3B) corresponding to fracture and 
treatment type (SOLIDWORKS 2018 SP5.0; Dassault 
Systèmes; Vélizy-Villacoublay, France). Three-dimensional 
part files were also generated for a LCP and locking 
screws of equivalent geometry to those used in the prior 
cadaveric study, and for an IMN (7 mm diameter, 147 mm  
length, two 3.5-mm pins for securing the proximal and 
distal ends). The LCP geometry was modeled to follow the 
lateral contours of the metatarsal geometry, similar to what 
would be used in a clinical environment (Figure 3C).

Additional models were generated for LCP and IMN 
with approximately 50% increased and 50% decreased 
structural stiffness based upon changes in their cross-
sectional geometry (i.e., +/−50% of original sections’ 
second moment of area in the direction of applied bending). 
LCP were thus modeled with a thickness of 3.57, 4.50, or  
5.15 mm; IMN were modeled with a diameter of 5.88, 7.00, 
or 7.75 mm. The metatarsal geometry required modification 
to accommodate the different types of hardware fixation: 
three models were created with intramedullary reaming 
for the corresponding IMN sizes, and a single model 
was created for the LCP models. To analyze the effect of 
osteotomy fracture size, separate geometric models were 
created featuring mid-diaphyseal fractures with non-
reduced fracture gaps varying from one to eight mm, in 
one mm increments. A 1.0 index fracture callus (i.e., no 
periosteal callus) was modelled within the fracture gap. 
Thus, 32 total metatarsal geometry models were created to 
account for all parametric combinations of treatment and 
fracture type.

All models were imported into Abaqus (CAE 2019; 
Dassault Systèmes; Vélizy-Villacoublay, France) for 
subsequent meshing and FE analysis. The modeled 
orthopaedic hardware was meshed using 8-node linear 
hexahedral (C3D8R) elements, while the metatarsals were 
assigned 10-node quadratic tetrahedral (C3D10) elements 
to better accommodate the inherent geometric complexity 
of the bone (Figure 3D). All materials were assigned 
isotropic linear elastic material properties with exception to 
the cortical bone which was treated as transversely isotropic 
linear elastic (83). The material properties of the fracture 
callus were assumed to be spatially homogenous and the 
elastic modulus was parametrically varied to produce 17 

Figure 2 Methods for converting direct electromagnetic coupling 
(DEC) measurements into fracture stiffness. (A) Change in 
apparent resonant frequency (ARF shift) is measured by the DEC 
antenna during four-point bending of the fracture site (Figure 1). 
(B) Immediately after performing DEC bending measurements, 
the DEC antenna is displaced relative to the fractured limb, via 
precision linear actuator, to determine ARF shift for a known 
change in implant-antenna distance. Antenna calibration factor is 
obtained from the slope of a linear fit applied to the resultant ARF 
shift-antenna displacement data. (C) ARF shifts from the DEC 
bending experiment (A) are converted to implant displacements 
by dividing by the calibration factor. Fracture bending stiffness is 
obtained from the inverse of the slope of a linear slope fitted to the 
resultant implant displacement-bending moment data.
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values logarithmically spanning from 0.1% to 100% of 
cortical bone (Table 1). Implant fixation hardware was 
parametrically assigned material properties corresponding 
to SS or Ti. The effects of epiphyseal trabecular bone were 
assumed to be negligible based on the region of interest 
being the diaphyseal midspan and the epiphyses being 
located in regions of zero applied bending moment, thus 
trabecular bone was not included in these models.

To represent perfect screw fixation (i.e., no screw 
loosening), a tied constraint was applied at the interface 
between hardware members (i.e., locking screw heads 
to the LCP, or bolts to the IMN) and between bone and 
the fixation hardware (i.e., locking screw cortical threads 
or bolts to cortical bone).  The loading and boundary 

conditions were assigned to match the in vitro four-point 
bending load used for DEC analysis (Figure 3D). To prevent 
rigid body translations, a zero proximal-distal-direction 
translation boundary condition was applied to the metatarsal 
proximal-distal mid-plane. Similarly, a zero cranial-caudal-
direction translation boundary condition was applied to the 
metatarsal’s cranial-caudal mid-plane.

The inner and outer contact points of four-point bending 
device were modeled as rigid cylinders of 6 mm diameter, 
and were symmetrically positioned such that the fracture 
site was centered between the contact points. Hard contact 
properties were assigned between the cylinder and cortical 
surfaces to facilitate application and transfer of mechanical 
load via these contact points. The outer bending points 
were assigned encastre boundary conditions while equal 
point loads were assigned to each of the inner bending 
points in order to produce a 2 N-m moment between the 
inner points. The primary data of interest for all models 
was the implant’s midspan deflection, as measured by the 
displacement in the direction of applied load for nodes 
located at the implant midspan.

Mesh convergence study
A parametric mesh refinement study was performed to 
ensure that results were not influenced by inadequate mesh 

Figure 3 Methods of finite element (FE) analysis of fracture 
healing. (A) Computed tomography (CT) images were collected 
of an ovine metatarsal and (B) segmented into a three-dimensional 
model. (C) An osteotomy fracture was modeled and the bone 
fragments were stabilized by either locking compression plates 
(LCP) or intramedullary nails (IMN). (D) A mesh, of density 
determined via convergence study, was assigned and four-point 
bending loads were applied, as indicated by the black arrows, to 
produce 2 N-m maximum bending load. The type, material, and 
structure of fixation hardware (blue) was parametrically varied, as 
were the material properties and height of the osteotomy/endosteal 
callus (red). Deflection at the implant midspan nodes was measured 
for all models.

Table 1 Material properties assigned to finite element (FE) model

Material Elastic modulus Poisson ratio

Cortical bone †E1 =17.0 GPa ν12=0.48

E2 =11.5 GPa ν23=0.40

E3 =11.5 GPa ν31=0.48

Stainless steel E =193 GPa ν =0.29

Titanium E =110 GPa ν =0.34

Callus ‡E = [% of Cortical E1] ν =0.30

[1.0, 2.5, 5.0, 7.5]×10-2

[1.0, 2.5, 5.0, 7.5]×10-1

[1.0, 2.5, 5.0, 7.5]×100  

[1.0, 2.5, 5.0, 7.5, 10]×101 
†
, subscripts denote the material direction, with 1 being 

longitudinal while 2 and 3 represent the orthotropic (transverse)  
directions (83); subscripts are omitted for materials modelled as 
isotropic. 

‡
, callus elastic modulus was parametrically increased, 

as a percentage of cortical bone, as an approximation of 
fracture healing.
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resolution. For both the LCP and IMN models, mesh 
convergence was performed using the parametric variation 
featuring 8 mm fracture, callus modulus of 0.01% of cortical 
bone, and standard hardware geometry. For the LCP 
model, four models with identical geometry and loading 
conditions were analyzed, with models being labeled Low 
(139,388 elements), Medium (239,195 elements), High 
(467,443 elements), and Extra High (773,909 elements). 
For all models, implant midspan deflection was predicted 
and total strain energy was calculated for the cortical bone, 
callus, and implant hardware regions of interest (ROI). 
Mesh refinement (i.e., reduction of the average element 
volume) beyond the High-density model caused implant 
deflection and strain energy in the callus and cortical bone 
to change by less than 4%. Further mesh refinement of the 
implant hardware in the High-density model caused the 
implant deflection and strain energy in all ROIs to change 
by less than 3%. This refined High density model (549,011 
elements) was thus deemed to be fully converged.

Similar mesh convergence was performed in the IMN 
model with Low (84,505 elements), Medium (163,020 
elements), High (318,626 elements), and Extra High 
(663,267 elements). Mesh refinement beyond the High-
density model caused implant deflection and strain energy 
in the cortical bone and hardware to change by less than 4%. 
Further mesh refinement resulted in implant deflection and 
strain energy in all ROI to change by less than 3%; thus, this 
refined High-density model (382,909 elements) was deemed 
to be fully converged. The converged mesh resolutions 
from this sub-study were applied to all parametric analysis 
variations, although exact element counts varied slightly due 
to difference in model geometries.

Strain gage validation

To validate the accuracy of the FE models, strain results 
were compared between in vitro and in silico tests; strain, 
rather than implant deflection, was selected for the 
mechanical validation parameter to obviate measurement 
uncertainties associated with accurate observation of 
exceedingly small implant deflections (i.e., on the order of 
tens of μm). Cadaveric metatarsals (n=10) were obtained 
from animals sacrificed for unrelated studies, and all soft 
tissue was removed. All samples received a mid-diaphyseal 
ostectomy via bone saw, and half of the samples were 
stabilized via LCP while the others were stabilized via 
IMN. The hardware and fracture model were selected 
to recapitulate the parameters of the mesh validation 

models. Following manufacturer recommended application 
techniques, stacked strain rosettes (C2A-06-062WW-350; 
Micro-Measurements; Raleigh, NC, USA) were adhered to 
the cortical bone between the two screws proximal to the 
fracture site (i.e., to avoid excessive strain gradients resulting 
from the screw holes of the LCP hardware), or to the IMN 
midspan. Samples were placed in a MT equipped with a 
four-point bending fixture of configuration mechanically 
comparable to the FE model loading conditions. Static four-
point bending loads were applied (2.0 N-m, n=5 preload 
cycles from 0.0–3.0 N-m, and n=5 data collections per 
test) while maximum principal strain was measured using 
a custom data collection code (LabVIEW 2019; National 
Instruments; Austin, TX, USA). 

Maximum principal strain from the two fully converged 
FE models were independently averaged from regions of 
comparable area to the strain rosettes (n=10 nodes and n=9 
nodes for the LCP and IMN models, respectively). For 
both fixation methods, mean FE strain values (68.0±4.2 μϵ, 
72.1±4.1 μϵ, for plate & IMN; respectively) were within one 
standard deviation of experimental strains (81.6±37.6 μϵ, 
101.6±30.8 μϵ, for plate & IMN; respectively), thus the FE 
models were deemed validated.

Results 

Ex vivo prediction of fracture stiffness

When quanti fy ing fracture bending st i f fness  for 
progressively destabilized cadaveric fractures, no significant 
differences were observed for any fracture state for values 
obtained via MT methods versus DEC methods (P=0.587, 
P=0.985, P=0.975; for intact, DS, and FF comparisons; 
respectively; Figure 4A). Traditional MT techniques 
measured mean stiffness values (± standard deviation) of 
19.6±5.8, 17.4±6.6, and 10.3±2.4 N-m/mm for the intact, 
DS, and FF states; respectively. Mean DEC stiffness 
predictions were not significantly different from the 
MT values, with values of 23.3±4.5, 18.9±9.0, and 11.9± 
2.4 N-m/mm for the intact, DS, and FF, respectively. For 
each sample, percent differences between MT and DEC 
predictions of fracture stiffness were individually calculated 
for each fracture state; mean percent differences (± standard 
deviation, after outlier removal) were 22.7%±21.8%, 
22.1%±15.6%, and 19.5%±12.1% for the intact, DS, and 
FF states; respectively (Figure 4B). DS and FF states each 
had single outliers, 95% and 75% respectively, which were 
not included in the preceding mean percent difference 
calculations. For both the MT and DEC techniques, mean 
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stiffness values were significantly lower for the FF state 
than the intact (P<0.001 & P=0.002, respectively) and DS 
(P=0.030 & P=0.036, respectively) states. Calibrated DEC 
results, for an applied 2 N-m four-point bending load, 
predicted an 82.2 μm reduction in mean implant bending 
deflection from intact to FF states.

FE predictions of implant deflections

Parametric FE predictions of implant midspan deflections 
during four-point loading have been separated into 
individual semi-log charts according to the implant 
treatment type (Figure 5). The largest change in implant 
deflection (i.e., difference in implant deflections predicted 
at callus moduli of 0.01% and 100% of cortical bone) 
was 267.9 μm for the case of an 8 mm fracture treated via 
reduced stiffness Ti LCP (Figure 5B); however, the greatest 
individual instance of implant deflection, 316.0 μm, was 
observed at initial fracture (i.e., callus modulus =0.01% 
of cortical bone) for an 8 mm fracture treated via reduced 
stiffness Ti IMN (Figure 5H). The smallest predicted 
displacement was 24.43 μm and occurred at full healing (i.e., 
callus modulus =100%) for the 1 mm fracture stabilized by 
increased stiffness SS LCP (Figure 5E).

When fully healed, displacements for all fracture types 
within a given treatment permutation (i.e., callus modulus 
of 100% for all points within any individual plot of Figure 5)  
exhibited a set of values with standard deviations less than 

0.5% of their mean, thus indicating convergence. At initial 
fracture, displacements for all fracture types within a 
given treatment permutation exhibited a set of values with 
standard deviations less than 7% of their mean. For the 
average stiffness SS model (i.e., comparable parameters to 
the fracture model used for ex vivo testing), mean implant 
displacement decreased by 74.7 μm from FF to fully healed 
states (Figure 5C).

Discussion

When destabilizing fractures, MT methods found 
significant differences in the bending stiffness of FF relative 
to DS and intact states. This supports the use of a progressive 
destabilization as a chronologically reversed approximation 
of fracture healing mechanics. DEC methods were similarly 
able to detect significant differences in FF stiffness relative 
to DS and intact states. Of primary interest to this study 
was the ability of DEC to accurately predict the magnitude 
of stiffness. For all fracture states, DEC predictions of 
fracture stiffness were not significantly different from values 
obtained by MT testing values (Figure 4).

While traditional MT methods are a gold-standard 
technique for quantifying structural properties in a 
laboratory setting, they are neither safe nor feasible for use 
as a clinical diagnostic tool. The data of this study, however, 
suggest DEC can predict fracture bending stiffness to within, 
on average, 23% difference of MT methods (Figure 4B),  

Figure 4 Fracture bending stiffness predictions. (A) Bending stiffness of cadaveric metatarsals of decreasing stability levels [i.e., intact, 
destabilized (DS), and fully fractured (FF) states] were measured using material testing (MT) methods and direct electromagnetic coupling 
(DEC) predictions. Bars depict mean + standard deviation, where overlaid points correspond to the mean values of each sample (n=8). 
Bars which do not share symbols (#, *, ^) are significantly different (P<0.05). (B) Percent differences of MT and DEC bending stiffness 
measurements for each sample (n=8) represented as a standard box and whisker plot.
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Figure 5 Parametric finite element (FE) predictions of implant deflections resulting from the application of experimentally equivalent 
four-point bending loads. Different colors correspond to the parametrically varied osteotomy fracture height. Each chart corresponds to a 
unique permutation of implant design: stainless steel [SS] or titanium [Ti] implant materials (charts A, C, E, G, I, & K or B, D, F, H, J, & 
L; respectively); locking compression plating (LCP) or intramedullary nailing (IMN) fixation (charts A-F or G-L, respectively); and implant 
design of 50% increased, 0% changed, or 50% reduced rigidity (according to bending direction second moment of area at the implant 
midspan; charts A-B & I-J; C-D & I-J; and E-F & K-L; respectively).
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with no significant differences in values measured by each 
method for any fracture state (Figure 4A). Unlike MT 
devices, DEC is highly portable and non-invasive, and 
therefore well suited for use as a diagnostic tool in clinical 
or home tele-medicine applications. It should, however, 
be noted that individual samples did exhibit erroneously 
high percent differences in MT versus DEC predictions 
of fracture stiffness, thus suggesting that additional 
improvements are necessary to improve the reliability of 
this emerging technology.

The present results agree with previous DEC studies 
with regards to the ability of this technology to detect 
implant deflections (55) and differences in fracture stiffness 
(56,57). These studies showed success in using relative 
temporal changes in DEC antenna sensitivity to indicate the 
healing trajectory; however, the large antenna designs used 
in these early studies precluded the use of linear actuator 
antenna calibration procedures requisite for converting 
antenna sensitivity into fracture bending stiffness. The 
antenna sensitivity data provided by previous antenna 
versions are less clinically intuitive than fracture stiffness, 
and require continuous data to indicate relative changes in 
fracture stiffness. Thus, missed measurements during early 
healing, when using the previous antenna design, would 
potentially limit the predicative efficacy of DEC. 

This study marks a substantial improvement in 
this technology due to the implementation of antenna 
ca l ibrat ion methods  to  accurate ly  convert  DEC 
measurements into fracture stiffness. Fracture stiffness is 
an absolute metric which can be obtained and interpreted 
at any point during the healing cascade, and provides an 
objective indication of healing status. It has been shown that 
human fracture stiffness magnitude of 15 N-m/degree is an 
effective benchmark to diagnose fracture union (21,33) and 
temporal changes in fracture stiffness can predict healing 
outcome 2.5 weeks prior to radiographic diagnosis (26). 
Thus, the demonstrable accuracy of DEC quantifications 
of fracture stiffness supports the conclusion that continued 
study and development of this technology may provide 
clinical utility for early prediction of fracture healing 
outcome.

The cadaveric simulations of this study exhibit 
compelling results for DEC as a diagnostic tool, but it 
should be noted that this fracture model implemented a 
simplified approximation of fracture healing for a single 
selection of fracture stabilization hardware. In a clinical 
setting, fracture healing progression is a continuous process 
and the permutations of fracture and treatment type are 

innumerable. These studies also utilized an ovine cadaveric 
model, which have intrinsic structural differences in bone 
structure relative to humans. Additional in vivo large animal 
and preclinical fracture studies will therefore be pursued to 
better establish the efficacy of DEC in a clinical setting. 

Despite these limitations, the mechanical behaviors 
necessary to DEC measurements were predicted for 
a large volume of fracture-treatment types using FE 
methods, hence obviating the need for excessive animal 
experimentation. Results of the current parametric FE study 
support the foundational hypothesis that implant deflections 
during four-point bending decrease in accordance with 
healing induced increases in callus bending rigidity. FE and 
DEC cadaveric simulations of comparable fracture fixation 
models aligned closely, with total predicted implant bending 
deflection reduction (FF to fully intact states) agreeing 
within 10% (74.7 and 82.2 μm, respectively).

For all permutations of fracture and treatment type, FE 
implant displacement predictions decreased non-linearly 
with increasing callus elastic modulus (Figure 5). These 
results agree with the findings of Richardson et al. (21) 
which, in human clinical tibia fracture treated via external 
fixation, found fracture stiffness to non-linearly increase 
over time. This temporal stiffness profile was characterized 
by exponential increase during the early stages of healing, 
followed by a plateau upon reaching the stiffness of an 
intact tibia. The results of this clinical study agree closely 
with the profiles observed in Figure 5, assuming an inverse 
relationship between implant deflection and fracture 
stiffness.

All FE fracture models for a given fracture type featured 
similar implant displacements at initial fracture, and 
converged to a common displacement at fully healed states, 
but paths between these two points varied considerably 
(Figure 5). Small fracture gaps exhibited rapid reductions 
in implant deflections for small increases in callus modulus, 
while increasing fracture gap size delayed this reduction. 
This effect became increasingly pronounced with decreasing 
stiffness of fracture fixation hardware (i.e., using Ti versus 
SS, or implant structures of −50% versus +50% inherent 
stiffness). These findings suggest that the total magnitude 
of implant deflection/stiffness changes throughout proper 
healing, as measured via DEC, is influenced exclusively 
by fixation implant type and callus mechanics, and is 
irrespective of fracture size. However, it should be noted 
that this observation neglects the effects of fracture size 
on callus formation in a clinical setting (i.e., not all callus 
will present with the structural and material homogeneity 
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assumed in this study).
In all cases, increases in hardware stiffness decreased 

the total change in implant deflections throughout the 
healing duration. Implant deflections are foundational 
to DEC predictions of fracture stiffness; thus, these data 
suggest that DEC is especially well suited for cases with 
less rigid fracture fixation. For example, fractures with 
increased stiffness SS IMN fixation exhibit relatively low 
change in deflections (Figure 5K), therefore repeated 
DEC measurements can be expected to be exhibit similar 
temporal stiffness for fractures trending towards union (i.e., 
callus elastic modulus increasing) and for fractures trending 
towards adverse healing (i.e., callus elastic modulus is 
invariant). Conversely, properly healing fractures treated by 
Ti LCP fixation exhibit large implant deflection reductions 
during the early stages of healing (Figure 5B), and therefore 
will provide clear differences in temporal stiffness profiles 
of fractures trending towards proper union (i.e., stiffness 
progressively increases) and those trending towards adverse 
healing (i.e., stiffness is invariant).

Significant differences in DEC fracture stiffness were 
observed between the intact and FF states, suggesting that 
changes in implant deflections exceeding 82.2 μm (i.e., total 
predicted implant deflection reduction using calibrated 
DEC) can be confidently detected for indicating healing 
state. FE results indicate average total deflection reductions 
to be approximately equal to (within 10%) or exceeding 
this benchmark for all but the most rigid implant designs 
(53.5, 44.4, 48.5, 25.2 μm; for models of increased stiffness 
SS LCP, mean stiffness SS IMN, increased stiffness Ti 
IMN, and increased stiffness SS IMN; respectively). Ex 
vivo experiments of the current study were not designed to 
specifically elucidate the minimum deflection resolution 
of the DEC antenna, therefore future studies will be 
conducted to better characterize the efficacy of DEC for 
these highly rigid treatment types.

As with the cadaveric study, this FE analysis is somewhat 
limited by its simplistic approximation of fracture healing. 
Modeled fracture types were limited to mid-diaphyseal 
transverse fractures, and callus was assumed to be of index 
1.0 (i.e., no periosteal callus formation) with spatially 
homogeneous material properties. In a clinical setting, 
fracture healing is more complex with inhomogeneous 
material and structural modifications in response to the 
mechanical environment of the fracture site (6). While 
advanced FE models of fracture healing can implement such 
analysis (84,85), it was deemed unnecessary for this study 
as any callus of inhomogeneous structure/composition will 

feature an overall structural rigidity comparable to some 
point within the range of materials tested in this study (i.e., 
the rigidity falls some point between the 0.01% and 100% 
callus models tested herein).

It is important to clarify that the dependent variable 
presented in Figure 5 is callus elastic modulus, which does 
not directly correspond to healing time. Clinical fracture 
healing is a highly variable process, thus mapping callus 
modulus to healing time cannot be done with any level 
of confidence, especially when considering that increased 
fracture gaps are known to exhibit delayed healing (6).

This cadaveric study is not a perfect representation 
of clinical fracture healing, but provides a reasonable 
approximation of what can be expected of DEC at the 
extrema of the fracture healing cascade (i.e., FF and fully 
healed), and FE results further bolster the validity of 
the mechanics foundational to DEC for a large volume/
variety of fracture and hardware stabilization types. The 
results of the current study indicate that the novel Vivaldi 
antenna style DEC antenna exhibits the same diagnostic 
traits of previous coiled-coaxial cable designs, yet with a 
smaller antenna profile and increased sensing resolution. 
Additionally, the calibration methods presented provide a 
means to accurately quantify fracture stiffness, thus marking 
a pivotal step forward for the clinical translatability of this 
technology. 

The small antenna footprint and its demonstrated 
accuracy in quantifying objective metrics of fracture 
healing provide a path to utility in clinical and/or home 
tele-medicine settings, where it will augment radiographic 
imaging to improve the time and confidence of adverse 
healing diagnoses. Thus, the results of these experiments 
warrant additional studies of this technology, to better 
characterize the efficacy of this novel diagnostic tool in a 
clinically translatable fracture model.
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