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A B S T R A C T   

Objectives: This study explored the efficacy of collecting temporal fracture site compliance data via an advanced 
direct electromagnetic coupling (DEC) system equipped with a Vivaldi-type antenna, novel calibration tech
nique, and multi-antenna setup (termed maDEC) as an approach to monitor acute fracture healing progress in a 
translational large animal model. The overarching goal of this approach was to provide insights into the acute 
healing dynamics, offering a promising avenue for optimizing fracture management strategies. 
Methods: A sample of twelve sheep, subjected to ostectomies and intramedullary nail fixations, was divided into 
two groups, simulating normal and impaired healing scenarios. Sequential maDEC compliance or stiffness 
measurements and radiographs were taken from the surgery until euthanasia at four or eight weeks and were 
subsequently compared with post-sacrifice biomechanical, micro-CT, and histological findings. 
Results: The results showed that the maDEC system offered straightforward quantification of fracture site 
compliance via a multiantenna array. Notably, the rate of change in the maDEC-measured bending stiffness 
significantly varied between normal and impaired healing groups during both the 4-week (p = 0.04) and 8-week 
(p = 0.02) periods. In contrast, radiographically derived mRUST healing measurements displayed no significant 
differences between the groups (p = 0.46). Moreover, the cumulative normalized stiffness maDEC data signifi
cantly correlated with post-sacrifice mechanical strength (r2 

= 0.80, p < 0.001), micro-CT measurements of bone 
volume fraction (r2 = 0.60, p = 0.003), and density (r2 = 0.60, p = 0.003), and histomorphometric measurements 
of new bone area fraction (r2 = 0.61, p = 0.003) and new bone area (r2 = 0.60, p < 0.001). 
Conclusions: These data indicate that the enhanced maDEC system provides a non-invasive, accurate method to 
monitor fracture healing during the acute healing phase, showing distinct stiffness profiles between normal and 
impaired healing groups and offering critical insights into the healing process’s progress and efficiency.   

Introduction 

Despite significant advancements in fracture fixation techniques, 
nonunion incidences remain common, particularly in long bones such as 
the tibia. Up to 12 % of tibia fracture cases result in nonunion, leading to 
a substantial 118 % increase in treatment costs [1,2]. Identifying a 
nonunion employing prevailing diagnostic standards such as radio
graphic imaging typically necessitates a period exceeding six months 
post-fracture [3,4]. Research indicates the considerable benefits of swift 
identification of abnormal fracture healing. This rapid detection can 

notably decrease healthcare costs and patient discomfort by enabling 
improved early-stage clinical management. Promptly deploying suitable 
secondary interventions and sophisticated treatment techniques can 
correct the course of healing and enhance patient outcomes [5]. Spe
cifically, detecting nonunions at an early stage allows for the immediate 
introduction of appropriate secondary interventions. These may include 
bone grafting, electrical stimulation, low-intensity pulsed ultrasound, or 
applying FDA-approved pharmaceutical agents [6,7]. Additionally, the 
negative correlation between clinical outcomes and the time between 
initial and revision surgeries further highlights the importance of 
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determining fractures at risk of nonunion as early as possible. Conse
quently, it is crucial to devise innovative diagnostic approaches with the 
capacity to forecast fracture healing outcomes and concurrently deter
mine the effectiveness of transformative therapies during the incipient 
phases of the healing process. 

The temporal monitoring of fracture site stiffness or compliance has 
exhibited efficacy as a reliable predictor of fracture healing outcomes 
[8–18]. In fracture healing terminology, ’stiffness’ characterizes the 
bone’s resistance to deformation under load. Conversely, ’compliance’ 
signifies the inverse, representing how easily the bone can deform. 
Further, mechanical monitoring methods can provide earlier indications 
of healing progress compared to radiographic techniques because 
measurable changes in fracture callus stiffness occur prior to radio
graphically visible mineralization. Thus, our group has developed a 
noninvasive radio frequency-based direct electromagnetic coupling 
(DEC) approach that quantifies the bending stiffness of fractures stabi
lized by any clinically available implant, such as intramedullary nails 
(IMN) or plates, to predict the temporal bone healing cascade. In 
essence, the external telemetric DEC antennas produce a non-ionizing 
electromagnetic field, establishing electromagnetic coupling with the 
fractured bone and/or implanted hardware situated in its 
proximal-spatial domain [19–21]. The resultant "echo" apparent reso
nant frequency (ARF) oscillates with the varying interstitial distance 
between the coupled constituents, enabling micron-resolution (µm) 
defection measurements of the construct. Ergo, analyzing ARF shifts 
during controlled mechanical loading applications such as bending 
provides a noninvasive technique to directly measure the stiffness 
and/or compliance of fractures. Periodic DEC evaluations can thus 
signal whether proper healing progression is underway, as evidenced by 
the temporally increasing fracture stiffness, or if healing progression has 
decelerated or ceased, as indicated by invariant fracture stiffness. Prior 
works by our group have [1] established the electromagnetic founda
tions of the DEC technique via computational models [20,22] experi
mentally demonstrated the efficacy of the DEC technique to monitor 
changes in stiffness using in vitro fracture healing models [19,23] uti
lized DEC to distinguish between normal and delayed healing in a large 
animal fracture model [21], and [4] demonstrated clinical feasibility of 
the DEC technique to monitor tibial fracture healing in an observational 
clinical patient study in both an in-clinic and at-home telemedicine 
settings. 

Previous versions of the DEC method utilized a coiled antenna 
design, which exhibited a nonlinear sensitivity at significantly large 
implant deformations. This required the initial gap between the coiled 
antenna and the implant to be precisely adjusted for each patient and 
experimental iteration [21]. The coiled antenna DEC system primarily 
reported the temporal rate of change in antenna sensitivity in MHz shift 
per week to indicate the healing progression [21]. While this rate of 
change (MHz/Week) scale offered meaningful insights into the healing 
process, its clinical interpretability was limited. In response to these 
challenges, the recent introduction of a miniaturized Vivaldi antenna 
marks a significant advancement in the DEC technology. This design 
offers the dual advantage of a much-reduced antenna size without 
compromising antenna sensitivity [20]. The small size and reduced 
antenna crosstalk of the Vivaldi antennas enable a multi-antenna array 
DEC system (maDEC) that can more precisely determine fracture site 
stiffness using multiple measurements along the length of a fractured 
bone. Further, the development and implementation of a rapid (<60 s) 
calibration technique after each testing session enable the straightfor
ward determination of fracture site bending stiffness (Nm/deg) or 
compliance (deg/Nm) from the reported ARF data [20]. These easily 
interpretable output metrics offer a direct and clinically relevant mea
sure of the progression of bone fracture healing. 

However, to fully determine the extent of the clinical relevance of 
these advancements during the critically crucial acute healing period, 
further translational in vivo studies were required. Thus, the primary 
objective of this study was to evaluate the effectiveness of the 

miniaturized Vivaldi antenna array in predicting the changes in stiffness 
during the acute healing of bone fractures in an ovine model (union vs. 
nonunion). Moreover, this study also compared these outcomes with 
tissue-level healing metrics at two sacrifice periods during the acute 
healing phase. These comparisons aimed to establish a correlation be
tween the healing predictions provided by the maDEC system and the 
actual tissue-level changes that occur during the healing process, 
thereby validating the utility of this novel system in monitoring and 
potentially guiding fracture healing treatment. 

In pursuit of these objectives, we employed a three-antenna maDEC 
system within an ovine animal model of IMN-stabilized fractures to 
assess healing outcomes across two acute sacrifice time points. We hy
pothesize that the proposed maDEC approach could non-invasively 
indicate the temporal evolution of fracture stiffness as a measure of 
healing and that maDEC data would correlate with tissue-level changes 
observed at the time of sacrifice. 

Methods 

Study overview 

The efficacy of the maDEC system was assessed using a unilateral 
ovine metatarsal ostectomy fracture model [24–27] stabilized with 
intramedullary nailing (IMN; 8 mm x 147 mm, Biomedtrics, I-Loc Fix
ator, Whippany, NJ) in a total of 12 skeletally mature (≥3 years old) 
Columbia-Rambouillet ewes (Fig. 1). Animals were divided into two 
treatment groups, each comprising six individuals. In one group 
(normal), the animals underwent a 3 mm mid-metatarsal ostectomy, 
expecting to approach bony union at the 8-week mark post-surgery. The 
second group (impaired) experienced a more significant 10 mm 
mid-metatarsal ostectomy. It was anticipated to demonstrate a deficient 
healing pathway, potentially resulting in a delayed union or non-union 
at the 8-week sacrifice time. Three animals from each group were 
euthanized at 4- and 8-week intervals, with all animals included in the 
subsequent analyses detailed below. Due to the visibly distinct differ
ence in ostectomy size between treatment groups, as evident in radio
graphs and histology samples, researchers were not blinded to the 
treatment. The Colorado State University Institutional Animal Care and 
Use Committee (IACUC) approved the study protocol (CSU#1038). 

In vivo maDEC measurements 

In vivo maDEC measurements were conducted twice a week from one 
to four weeks post-surgery and once a week after that until sacrifice. The 
test subjects were mildly sedated using isoflurane anesthesia to ensure 
easier animal handling during limb testing and radiographic imaging. 
The ewes were positioned in lateral recumbency, and the metatarsus 
undergoing treatment was placed in a four-point bending frame 
(Fig. 2a). The fixture’s configuration was such that the outer contact 
points spanned the entire metatarsal length (150 mm), extending 
beyond the ostectomy. Meanwhile, the inner contact points, with a span 
of 38 mm, were situated just inside the outer points, closely flanking the 
ostectomy site. This arrangement guaranteed a concentrated pure 
bending moment at the ostectomy site. The bending moment was 
induced by modulating the contact force of the inner bending contact 
points. Contact force was measured at 100 Hz via load cell (Model 53; 
Honeywell; Charlotte, NC) and converted to maximum bending moment 
(N-m) according to the fixture geometry. 

Five non-destructive, quasi-static pure moment load and unload cy
cles, generating moments ranging between 1.1–3.4 N-m, were applied at 
0.05 Hz. Five distinct data collection trials were conducted per testing 
day to simulate a more authentic clinical situation - where patients 
might place their limb differently in the maDEC testing system for each 
session. For each trial, the metatarsus was removed from and then 
repositioned in the loading frame. The mean and standard deviation 
data from the maDEC trials were calculated from a single testing day, 
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Fig. 1. Study Overview – Representative images of post-surgical radiographs (A,B), in vivo temporal maDEC-measured bending compliance data overlaid with 
mRUST scores (C,D), 8-week post-sacrifice sagittal H&E histology sections (E,F), and μCT reconstructions (G,H) for the normal healing and impaired healing groups 
respectively. 
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thereby measuring the system’s repeatability. 
A three-antenna array was used, in which one antenna each was set 

to be located above the midspan of the proximal and distal native bone 
segments, and one antenna was positioned above the middle of the 
ostectomy (Fig. 2b). The distance between the skin and the antennas was 
not explicitly set, ranging from 0.5–5 mm depending on post-surgical 
tissue swelling and animal girth. Each DEC antenna’s coupled RF reso
nant frequency was measured as previously described [20,22,23], and 
each antenna in the array was calibrated following each test to enable 
the direct conversion of the RF resonant frequency data to construct 
deflection (µm) [20]. The deformation of the metatarsus-IMN construct, 
expressed in microns, was recorded by each antenna under the applied 
maximum bending moment. The angular displacement at the fracture 
site, given in degrees, was computed based on the deflection data 
gathered from the three antennas. This angular change was determined 
by comparing the unloaded and loaded positions, expressing changes at 
the mid-point antenna (i.e., at the ostectomy) relative to the average of 
the proximal and distal antennas. The average bending compliance 
(Deg./N-m) of the metatarsus-IMN construct was determined as the 

slope of the angular displacement versus the bending moment curve, 
providing a measure of the construct’s stiffness. The mean bending 
compliance was calculated for all loading cycles and testing repetitions 
for each testing session. These average compliance data were monitored 
over the initial 4-week healing period for all samples to determine the 
compliance rate of change (i.e., the slope of the compliance data over 
time; Deg./N-m/week) for each animal (Fig. 3). The cumulative 
normalized stiffness parameter was defined as the maDEC-reported 
stiffness, normalized to the first measurement, and integrated over the 
course of data collection until the time of sacrifice. This parameter was 
designed to capture the relative change in the accumulation of 
maDEC-reported bending stiffness throughout the entirety of the healing 
process for all samples, regardless of the sacrifice period. 

Radiographic analysis 

Given that our central operating tenet is based upon the concept that 
the proposed maDEC approach can determine the course of early bone 
healing before radiographic techniques become clinically useful, 

Fig. 2. (A) An ovine metatarsus in the maDEC system with the fracture site (blue arrow) centered below the Vivaldi antenna array (red circles). (B) Lateral view of 
the maDEC system’s 4-point bending setup (red arrows) that apply a pure moment across the fracture. 
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anterior-posterior (AP) and lateral plane radiographs were taken. These 
digital images were analyzed with respect to the degree of callous for
mation, mineralization in the fracture gaps, and degree of bridging bone. 
Biplanar radiographs (CXDI-60 G, Universal Imaging, New York) were 
obtained at the same measurement intervals as in vivo maDEC mea
surements. The modified radiographic union score for the tibia (mRUST) 
system, which assigns a score ranging from 4 (no bone bridging at each 
of the cortices) to 16 (connected bone bridging at each of the cortices), 
was used to grade each set of radiographs [28–30]. The scoring was 
carried out by a board-certified veterinary surgeon (HS). Despite the 
subjective nature of radiograph interpretation when evaluating fracture 
healing in clinical practice [28,31–34], the mRUST grading system re
mains a gold standard for clinical fracture assessment. It was thus 
employed to directly compare maDEC bending compliance data to 
radiographic evidence of bony healing. 

Ex vivo analyses 

Following euthanasia, the surgically treated metatarsus was sub
jected to μCT, destructive biomechanical four-point bending, and his
tomorphometry. The biomechanical tests and μCT scans were performed 
within four hours of the sacrifice. Detailed methodologies of the ex vivo 
analyses are provided in the supplemental materials. 

In brief, extraneous soft tissues and the intramedullary nail (IMN) 
were removed while leaving the fracture callus intact. The metatarsus 
was then scanned (Scanco micro-CT 80, Scanco USA Inc., Wayne, PA) at 

a 51 μm voxel size resolution to determine the fracture site’s bone vol
ume and density parameters (Figure S1). 

After μCT scanning, the treated and the contralateral metatarsi were 
subjected to quasi-static four-point bending until failure (MTS Systems 
Corporation, Eden Prairie, MN) (Figure S2). The testing was halted 
immediately upon observing yielding failure before the bone experi
enced a catastrophic failure. This approach allowed for the measure
ment of the ultimate failure moment while preserving the specimen for 
subsequent histomorphometry analysis. 

Finally, the samples were prepared for plastic histology using stan
dard procedures [35,36]. Two slides per sample were prepared in the 
sagittal plane, ensuring they included the fracture defect and the sur
rounding callus region (Figure S3). Bone area fraction (%), soft tissue 
area fraction (%), and the total new bone area (mm2) were calculated at 
the fracture. 

Statistical analysis 

Engineers with statistical experience in preclinical studies (KL and 
KM) executed statistical analysis in which the significance threshold was 
set at α = 0.05 (Prism 9.5.1, GraphPad Software, Boston, MA, USA), and 
power analyses were performed (R-Studio Build 421, PBC, Boston, MA). 

A Welch’s t-test was utilized to assess the efficacy of the maDEC 
system in distinguishing differences in the reported compliance rate of 
change between the normal healing and impaired healing groups. 

The mRUST scores, which are ordinal data, were not assumed to be 

Fig. 3. (A) The compliance rate of change was measured as the slope of the maDEC compliance vs. days post-surgery during the initial 4 weeks of healing, and (B) 
this metric was significantly different between healing groups (p = 0.02). (C) The mRUST scores at four weeks were not significantly different between healing groups 
(p = 0.46). A logistical regression assessed the specificity and sensitivity of maDEC and mRUST approaches to predict impaired healing. (D) The mRUST receiver 
operating characteristic (ROC) demonstrated decreased specificity and sensitivity as a predictor of impaired healing resulting in an area under (AUC) of the ROC 
curve of 0.65. (E) The maDEC ROC demonstrated increased specificity and sensitivity as a predictor of impaired healing resulting in an AUC of the ROC curve of 0.92. 
(F) The maDEC probability curves demonstrated that the compliance rate of change has a high probability of predicting impaired healing during acute frac
ture healing. 
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normally distributed or meet the other assumptions necessary for a 
Welch’s t-test. Therefore, the Mann-Whitney U test was employed to 
compare the mRUST scores between the normal and impaired healing 
groups. 

A two-way ANOVA with Tukey multiple comparisons was employed 
for all post-sacrifice outcome parameters to compare the normal and 
impaired healing groups at the 4-week and 8-week time points. Loga
rithmic transformations were applied for data sets that did not satisfy 
the assumptions of normality and equal variance. 

Linear regression analysis was conducted to assess the correlations 
between in vivo maDEC stiffness on the day of sacrifice, the rate of 
change in compliance during healing, and the cumulative normalized 
stiffness data with the post-sacrifice biomechanical, µCT, and histo
morphometric outcome measures. R-squared values were calculated for 
each correlation to assess the strength and direction of the relationship 
between the investigated variables. There are no set standards for 
interpreting the power of R2 in its application to clinical relevance [37], 
and even a low R2 can offer valuable insights about data trends in a 
clinical model, although it may lack precision [38]. Therefore, all cor
relations were reported regardless of the r-squared value. 

Logistic regression was utilized on the maDEC compliance rate of 
change and mRUST data, individually and in combination. This evalu
ation predetermined the treatment category - either normal or impaired 
- as a binary parameter. Together with the corresponding areas under 
the receiver operating characteristic (ROC) curves [39,40], this analysis 
estimated the probability, sensitivity, and specificity of the three ap
proaches: maDEC alone, RUST alone, and the combination of maDEC 
and mRUST. The ROC curve was used to assess a test’s overall diagnostic 
performance and compare the performance of two or more diagnostic 
tests. It can also be used to select an optimal cut-off value for deter
mining the presence or absence of impaired healing [40]. The Area 
Under the Curve (AUC) of the ROC was also calculated as it is a widely 
used measure to evaluate the accuracy of diagnostic tests [40]. The AUC 
can range from 0.5 (no better than random prediction) to 1.0 (perfect 
prediction). Thus, an ideal ROC curve, indicating excellent sensitivity 
and specificity, would have an AUC of 1.0. 

Results 

In vivo assessments 

Fig. 3 contrasts the maDEC compliance rate of change over the initial 
four-week healing phase with the mRUST scores. While mRUST scores 
showed no marked variation between healing groups, the maDEC 
approach revealed a distinct difference and demonstrated superior 
specificity and sensitivity in predicting impaired healing, as evidenced 
by its ROC AUC value. Specifically, in the normal healing group, maDEC 
compliance data demonstrated a decreasing trend during the acute 
healing phase, indicative of increased mechanical stiffness at the frac
ture site (Figs. 1C, 3B). Conversely, throughout the study, the impaired 
healing group exhibited a temporally static or even increasing trend in 
maDEC-reported fracture site compliance (Figs. 1D, 3B). In particular, 
the rate of change in the maDEC-measured bending compliance during 
the first four weeks and over the total healing period showed significant 
differences between the normal and impaired healing groups (P = 0.02 
and P = 0.04, respectively). In contrast, radiographically derived 
mRUST healing measures did not significantly differ between the groups 
(P = 0.46) (Fig. 3C). This lack of significance in the radiographic mRUST 
data between the two models underscores the lack of specificity and 
sensitivity in radiographic data during the acute healing phase (Fig. 3D). 

The logistic regression analysis revealed that the maDEC compliance 
rate of change data was a superior predictor of healing outcomes 
compared to the mRUST score (Fig. 3B–E). The predictive capacity 
improved only slightly (+0.02 in the AUC) and not significantly (P =
0.78) when the maDEC compliance rate of change and mRUST were 
combined in a multivariate logistic regression model compared to 

maDEC alone. Specifically, the areas under (AUC) the ROC curves for 
mRUST, the maDEC reported compliance rate of change, and the com
bined mRUST and compliance rate of change as predictors were 0.65, 
0.92, and 0.94, respectively. These data indicate that maDEC data had 
the greatest sensitivity and specificity for a single diagnostic approach 
(Figure D, E). The maDEC reported a compliance rate of change also 
demonstrated a high probability of predicant impaired healing (Fig. 3F) 

Post sacrifice correlations 

The supplemental material document details biomechanical, µCT, 
and histological findings. These data demonstrated that the chosen 
sacrifice times of 4 and 8 weeks led to statistically significant differential 
temporal healing responses (Figures S1, S2, and S3). These data, in part, 
also demonstrate that the sacrifice time points captured an acute healing 
time frame for this fracture model. For example, the biomechanical data 
showed that the ultimate failure moment of metatarsi in the normal 
osteometry (i.e., 3 mm) group was 22.9 ± 15.7 Nm (mean ± standard 
deviation) at the 8-week timepoint (Figure S2). However, this mean was 
only 14 % of the mean ultimate failure moment for healthy contralateral 
metatarsi (169 ± 24 Nm). Similar structural and cellular indicators of 
acute healing can be observed in the µCt (Figures S1) and histological 
(Figures S3) data. 

Most importantly, these data enabled correlations between maDEC 
data gathered at the time of sacrifice and subsequent post-sacrifice 
analysis, providing insights into the maDEC approach to correlate 
with tissue-level alterations at the fracture site indirectly. Fig. 4 displays 
the linear regression of maDEC stiffness data against ex vivo outcomes, 
highlighting significant correlations (p ≤ 0.05 and power > 0.80). 
Detailed statistical power for each correlation can be found in Table 1. 
These scatterplots represent correlations between the in vivo maDEC 
data recorded at the time of sacrifice or throughout the entire data 
collection period, and ex vivo biomechanics, μCT, and histo
morphometry outcomes were generated (Fig. 4). These correlations 
were assessed for their r-squared correlation and statistical significance, 
and the corresponding statistical powers are provided in Table 1. Note 
that in some comparisons, the statistical power is below the conven
tionally accepted value of 0.8, which suggests a higher risk of Type II 
error (i.e., failing to detect a difference where one exists). Conversely, 
other comparisons display appropriate statistical power, thus lowering 
the risk of Type II error. Therefore, while some results should be inter
preted cautiously due to low power, we consider our approach suitable 
for this study’s exploratory and methodological nature. 

Several notable correlations (p ≤ 0.05) with statistical power above 
0.8 were identified. Notably, the maDEC cumulative normalized stiff
ness displayed correlations with all outcome parameters. These pa
rameters included ultimate failure load (N-m), bone volume / total 
volume (BV/TV), mean bone density of total volume (MDVT; mm Hg/ 
cm3), bone area fraction within the cortical region of Interest (ROI), and 
total new bone area (mm3) (Table 1 and Fig. 4). Taking into account the 
r-squared values, statistical power, and p-values for these correlations, 
the data suggest that the maDEC cumulative normalized stiffness had the 
highest strongest correlations in indirectly reflecting the fracture site’s 
biomechanical ultimate failure load (r2 = 0.8, power = 1.0, and p <
0.001), as well as the histologic total new bone area (r2 = 0.78, power =
0.99, and p < 0.001). The other correlations had r-squared values of 
approximately 0.6, pointing to slightly lower sensitivity. Despite these 
variations, the correlations collectively illustrate the maDEC system’s 
potential to capture several pivotal aspects of the tissue-level fracture 
healing process. This holds regardless of the fracture model used or the 
time at which the animal was sacrificed, emphasizing the robustness and 
versatility of the maDEC system when used temporally. 

The relative bone and soft tissue area fractions reveal that, at the 4- 
week timepoint, there was a much more significant fraction of soft tissue 
in both ROIs (about 60–80 %), while the bone fraction was about 10–25 
% for normal healing and 5–10 % for impaired healing. Notably, the in 
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Fig. 4. Linear regression results of maDEC reported stiffness data correlated to ex vivo outcome parameters. R-squared and p-values are given in each panel. Statical 
power for each correlation is given in Table 1. Correlations with p-values ≤ 0.05 and power above 0.80 have been highlighted with blue boxes. 
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vivo maDEC bending compliance data showed a significant distinction 
between normal and impaired healing at this 4-week time when the 
fracture callus consisted primarily of soft tissue (Figure S3). 

The maDEC data collected during sacrifice demonstrated a limited 
number of statistically significant and statistically powered correlations 
with post-sacrifice measurements (Table 1 and Fig. 4). The maDEC data 
at the time of sacrifice correlated with µCT and histological measure
ments of new bone in 50 % of the analyses performed for the 4-week 
time point and in only 12.5 % of the analyses at the 8-week time point. 

Furthermore, only maDEC stiffness correlated with ultimate failure 
moment, with the rate of change in maDEC-reported stiffness trending 
towards significance (p = 0.06) at the 8-week period. These findings 
underscore that individual maDEC measurements may not be as effec
tive as ongoing temporal monitoring throughout the healing period, as 

represented by metrics such as cumulative normalized stiffness. 

Discussion 

This study aimed to utilize a newly developed Vivaldi antenna array, 
accompanied by a unique calibration procedure, in an in vivo setting. 
The specific goal was to explore the correlation between the data re
ported by this multi-antenna direct electromagnetic coupling (maDEC) 
system and tissue-level changes that occur during the acute phase of 
bone healing. Our overarching goal was to generate proof-of-concept 
data to evaluate if the maDEC approach could potentially be adapted 
to guide clinical decision-making processes, such as determining the 
appropriate timing for weight-bearing resumption, surgical revisions, 
and the administration of therapeutics. 

Table 1 
Statistical summary for all analyses showing power for each statical test or correlation.  

Data Statistical test Comparison Time 
point 

Samples 
(N) 

R2 Statistical 
power 

Test type 

maDEC Welches T-test Normal vs. Impaired 4-week 3 vs 3 – 0.48 Parametric 
maDEC Welches T-test Normal vs. Impaired 8-week 3 vs 3 – 0.90 Parametric 
mRUST Mann–Whitney U test Normal vs. Impaired 4-week 3vs 3 – n/a Nonparametric / 

Ranked 
mRUST Mann–Whitney U test Normal vs. Impaired 8-week 3 vs 3 – n/a Nonparametric / 

Ranked 
maDEC vs. 

Biomechanical 
Linear regression 
analysis 

Stiffness Rate of Change vs. Failure Moment 4-week 6 0.68 0.76 Parametric 

maDEC vs. 
Biomechanical 

Linear regression 
analysis 

Stiffness Rate of Change vs. Failure Moment 8-week 6 0.64 0.69 Parametric 

maDEC vs. 
Biomechanical 

Linear regression 
analysis 

Stiffness @ Sacrifice vs. Failure Moment 4-week 6 0.47 0.42 Parametric 

maDEC vs. 
Biomechanical 

Linear regression 
analysis 

Stiffness @ Sacrifice vs. Failure Moment 8-week 6 0.77 0.91 Parametric 

maDEC vs. 
Biomechanical 

Linear regression 
analysis 

Cumulative Normalized Stiffness vs. Failure 
Moment 

4 and 8- 
week 

12 0.80 1.00 Parametric 

maDEC vs. µCT Linear regression 
analysis 

Stiffness Rate of Change vs. BV/TV 4-week 6 0.81 0.96 Parametric 

maDEC vs. µCT Linear regression 
analysis 

Stiffness Rate of Change vs. BV/TV 8-week 6 0.43 0.37 Parametric 

maDEC vs. µCT Linear regression 
analysis 

Stiffness @ Sacrifice vs. BV/TV 4-week 6 0.58 0.59 Parametric 

maDEC vs. µCT Linear regression 
analysis 

Stiffness @ Sacrifice vs. BV/TV 8-week 6 0.36 0.29 Parametric 

maDEC vs. µCT Linear regression 
analysis 

Cumulative Normalized Stiffness vs. BV/TV 4 and 8- 
week 

12 0.60 0.97 Parametric 

maDEC vs. µCT Linear regression 
analysis 

Stiffness Rate of Change vs. MDTV 4-week 6 0.84 0.98 Parametric 

maDEC vs. µCT Linear regression 
analysis 

Stiffness Rate of Change vs. MDTV 8-week 6 0.45 0.40 Parametric 

maDEC vs. µCT Linear regression 
analysis 

Stiffness @ Sacrifice vs. MDTV 4-week 6 0.79 0.94 Parametric 

maDEC vs. µCT Linear regression 
analysis 

Stiffness @ Sacrifice vs. MDTV 8-week 6 0.42 0.36 Parametric 

maDEC vs. µCT Linear regression 
analysis 

Cumulative Normalized Stiffness vs. MDTV 4 and 8- 
week 

12 0.61 0.97 Parametric 

maDEC vs. 
Histomorphometry 

Linear regression 
analysis 

Stiffness Rate of Change vs. Bone Area 
Fraction Cortical ROI 

4-week 6 0.85 0.99 Parametric 

maDEC vs. 
Histomorphometry 

Linear regression 
analysis 

Stiffness Rate of Change vs. Bone Area 
Fraction Cortical ROI 

8-week 6 0.69 0.78 Parametric 

maDEC vs. 
Histomorphometry 

Linear regression 
analysis 

Stiffness @ Sacrifice vs. Bone Area Fraction 
Cortical ROI 

4-week 6 0.16 0.13 Parametric 

maDEC vs. 
Histomorphometry 

Linear regression 
analysis 

Stiffness @ Sacrifice vs. Bone Area Fraction 
Cortical ROI 

8-week 6 0.49 0.45 Parametric 

maDEC vs. 
Histomorphometry 

Linear regression 
analysis 

Cumulative Normalized Stiffness vs. Bone 
Area Fraction Cortical ROI 

4 and 8- 
week 

12 0.61 0.97 Parametric 

maDEC vs. 
Histomorphometry 

Linear regression 
analysis 

Stiffness Rate of Change vs. Total New Bone 
Area 

4-week 6 0.37 0.30 Parametric 

maDEC vs. 
Histomorphometry 

Linear regression 
analysis 

Stiffness Rate of Change vs. Total New Bone 
Area 

8-week 6 0.67 0.74 Parametric 

maDEC vs. 
Histomorphometry 

Linear regression 
analysis 

Stiffness @ Sacrifice vs. Total New Bone 
Area 

4-week 6 0.03 0.06 Parametric 

maDEC vs. 
Histomorphometry 

Linear regression 
analysis 

Stiffness @ Sacrifice vs. Total New Bone 
Area 

8-week 6 0.86 0.99 Parametric 

maDEC vs. 
Histomorphometry 

Linear regression 
analysis 

Cumulative Normalized Stiffness vs. Total 
New Bone Area 

4 and 8- 
week 

12 0.78 1.00 Parametric  

K.M. Labus et al.                                                                                                                                                                                                                                



Injury 54 (2023) 111080

9

Previous studies have shown that radiographic evaluations of bone 
fracture healing are subjective and inaccurate [41], and there is a poor 
correlation between the radiographic measurements of callus amount 
and the healed bone stiffness [42]. Opportunely, this investigation, 
along with comparable methodologies [11–13,16,43–49], has exhibited 
notable success in utilizing temporal changes in fracture site compliance 
data to signify the healing trajectory. Fracture site compliance consti
tutes an unequivocal quantitative measure obtainable and interpretable 
at any juncture throughout the healing cascade, offering an objective 
indication of healing progress. For instance, it has been demonstrated 
that a human fracture stiffness magnitude of 15 N-m/degree serves as an 
efficacious benchmark for diagnosing fracture union [50,51], and tem
poral alterations in fracture stiffness can foresee healing outcomes a 
minimum of 2.5 weeks ahead of radiographic diagnosis [52]. By moni
toring compliance at the fracture site, clinicians and engineers can 
observe the changes in the mechanical environment and adjust treat
ment strategies accordingly. This is particularly important for the 
development of personalized and adaptive treatment plans. 

The results presented in this study are consistent with previous DEC 
research for evaluating the ability of this technology to measure implant 
deflections at the micron level and employ this information to directly 
ascertain disparities in fracture site compliance as an indicator of tem
poral osseous healing [20,22,23]. A multi-antenna DEC approach has 
been previously investigated using coiled antenna configurations, 
showcasing the capacity to obtain independent assessments of distinct 
spatial areas [21]. However, the Vivaldi antennas [20] employed in this 
study for non-contact sensing offer several significant benefits over 
coiled antennas, such as (1) a compact antenna design that enables the 
placement of multiple antennas in very close proximity without inter
ference, (2) improved radio frequency (RF) and displacement sensing 
accuracy, and (3) an enhanced linear relationship between the RF 
resonant frequency and implant deflections across a larger initial gap 
between the implant and the antenna. Consequently, the multi-antenna 
DEC (maDEC) technique represents a substantial advancement in this 
technology platform. As this study calculated angular displacement with 
three antennas, we conclude that these data demonstrate that the 
maDEC’s approach could be capable of determining localized fracture 
site compliance at multiple positions within a single bone. This approach 
would signify a fundamental shift in a clinician’s capacity to oversee an 
array of intricate fracture situations encompassing multi-fragmented 
comminuted fractures or allograft incorporation instances. 

Furthermore, this research demonstrated statistically significant as
sociations between the temporal maDEC cumulative normalized stiff
ness data and tissue-level responses at the fracture location, 
encompassing biomechanical, structural (as assessed by μCT), and 
compositional (as evaluated by histomorphometry) alterations tran
spiring during the acute timeframe. In conjunction with the presented 
probability and ROC AUC findings, these correlations with tissue-level 
modifications suggest that maDEC data can predict the fracture heal
ing cascade and provide meaningful insights into the strength and ar
chitecture at the fracture site throughout the acute temporal healing 
process. These correlations are important, as understanding the tem
poral tissue changes observed during fracture healing is essential for 
optimizing patient care, developing personalized treatment plans, 
advancing therapeutic strategies, and evaluating treatment efficacy. 
This knowledge can potentially improve patient outcomes and enable 
new possibilities in fracture management. 

The ovine model of metatarsal fracture, which was employed to 
assess the effectiveness of maDEC technology, shares similarities with 
human diaphyseal long bone fractures. Nevertheless, it is essential to 
note that this model has certain limitations. The impaired healing 
method of utilizing a large defect had the desired outcome of causing a 
delayed healing response. Still, it did not prevent callus formation, and it 
is unknown if bony union would have occurred if animals had survived 
for a more extended period. While this model provided an appropriate 
platform for assessing the maDEC method, the results do not necessarily 

represent all pathological impairments to fracture healing. Also, the 
mRUST scores in this large defect model may not represent clinical 
fractures; however, based on a parametric finite element study, we 
expect this model to be an accurate biomechanical platform for assessing 
the DEC approach [19]. This likely means that surgical treatment groups 
predetermine our outcomes in the logistic regression (prediction) anal
ysis. Further, while the overall trends in maDEC results are translatable 
to human fractures, bony healing rates can differ between ovine and 
human species. 

These data observations suggest that the real power of approaches 
that track in vivo compliance or stiffness, like the maDEC, to predict 
healing lies in their ability to track changes over time rather than 
providing one-time measurements. The cumulative normalized stiffness, 
which integrates measurements over the entire healing period, appeared 
to give a more accurate reflection of the healing process and correlates 
more strongly with other outcome measures. Thus, using maDEC and 
similar approaches in clinical or research settings may be most benefi
cial when measurements are taken frequently and monitored longitu
dinally throughout the healing process. 

In summary, to address the shortcomings of current diagnostic 
methods, it is essential to continue to develop innovative approaches 
akin to the maDEC technology presented herein, capable of predicting 
fracture healing outcomes and potentially determining the efficacy of 
transformative therapies during the early phases of the healing process. 
By incorporating novel diagnostic techniques such as the maDEC 
approach, clinical and engineering professionals can collaborate to 
optimize patient care and advance the field of fracture management. 
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