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Abstract

PURPOSE—Early treatment of heterotopic ossification (HO) is currently limited by delayed
diagnosis due to limited visualization at early time points. In this study, we validate the use of
spectral ultrasound imaging (SUSI) in an animal model to detect HO as early as one week after
burn tenotomy.

METHODS—Concurrent SUSI, micro CT, and histology at 1, 2, 4, and 9 weeks post-injury were
used to follow the progression of HO after an Achilles tenotomy and 30% total body surface area
burn (n=3-5 limbs per time point). To compare the use of SUSI in different types of injury models,
mice (n=5 per group) underwent either burn/tenotomy or skin incision injury and were imaged
using a 55 MHz probe on VisualSonics VEVO 770 system at one week post injury to evaluate the
ability of SUSI to distinguish between edema and HO. Average acoustic concentration (AAC) and
average scatterer diameter (ASD) were calculated for each ultrasound image frame. Micro CT was
used to calculate the total volume of HO. Histology was used to confirm bone formation.

RESULTS—Using SUSI, HO was visualized as early as 1 week after injury. HO was visualized
earliest by 4 weeks after injury by micro CT. The average acoustic concentration of HO was 33%
more than that of the control limb (n = 5). Spectroscopic foci of HO present at 1 week that
persisted throughout all time points correlated with the HO present at 9 weeks on micro CT
imaging.

CONCLUSION—SUSI visualizes HO as early as one week after injury in an animal model. SUSI
represents a new imaging modality with promise for early diagnosis of HO.
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Introduction

Patients with severe burns, spinal cord injuries, and orthopedic interventions are at
significant risk for developing heterotopic ossification (HO).1-3 More than65% of major
combat injuries and over 10% of patients who undergo invasive joint surgery develop HO.*
Animal models of traumatic HO have been tailored to create reproducible HO after
polytrauma.>® Current treatment strategies are lacking, and even after a technically
successful surgical extirpation, over 75% of patients have difficulty maintaining their range
of motion.” The disruption of physiological structures by HO results in significant morbidity
including limited range of motion, pain, and disability in performing activities of daily
living.4® Currently, a definitive diagnosis of HO relies on the use of CT and MR to locate
and visualize ectopic lesions.23 Unfortunately, however, these imaging modalities are
expensive, and diagnosis is oftentimes delayed as HO is only visualized after it has already
formed and matured. In these cases, the critical therapeutic window for non-operative
treatment has passed and surgery becomes the only definitive option.6 Unfortunately,
however, surgery is limited by incomplete restoration of range of motion and frequent
recurrence in approximately 50-90% of cases.!

The early diagnosis of HO is critically important for multiple reasons.’” Recent studies have
analyzed newer strategies to detect early HO in congenital and traumatic forms.8-10 With
improved diagnostic technologies for patients who are at high risk for HO, patients with
severe burns and blast injuries may be candidates for medical management as opposed to
surgical intervention; more specifically, identifying a technology that can detect HO within
1-3 weeks after initiation will enable the implementation of pharmacologic strategies for
early treatment instead of surgery.8 In animal models, the pharmacologic modulation of
BMP signaling demonstrated the greatest reduction in HO when administered 0-2 weeks
after injury, and less effect when administered 3-6 weeks after injury.® Current diagnostic
modalities including CT and MRI are inadequate for the early detection of HO; other
developing technologies such as Raman spectroscopy are effective in discriminating
endochondral bone development, but have yet to be effectively translated to the clinic.®

Spectral ultrasound imaging (SUSI), a technique extended from conventional grayscale B-
mode ultrasound imaging, retains the non-invasiveness of ultrasound imaging yet is capable
of obtaining objective parameters related to the composition and structural properties of
tissues based on an already ubiquitous technology.11-13 While some studies have tested the
use of conventional grayscale ultrasound imaging for the detection of HO, it is not surprising
that these studies have proven that ultrasound is effective for visualizing HO only once it has
already formed or in the presence of limitations in range of motion, rather than at early time
points.14-16 Conventional grayscale ultrasound imaging primarily provides morphological
information of tissue cross-sections with millimeters of spatial resolution. SUSI, on the other
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hand, utilizes calibrated spectra based on radio-frequency backscattered signals to extract
parameters that are system- and operator independent; SUSI provides quantitative and
objective tissue characterization.1” Spectral characteristics including acoustic scatter
diameter in addition to other spectral parameters enable detection of tissue compositional
changes in addition to morphology. These parameters can be mapped to generate specimen-
specific reference ranges. Although high frequency ultrasound is not suitable for use in
highly mineralized tissues due to limited penetration and attenuation, SUSI represents a
unique advancement for the visualization of developing foci of bone in soft tissue such as
HO. Given previous results that have validated the use of spectral parameters of quantitative
spectral ultrasound imaging in characterizing solid particles in inhomogeneous materials and
improving the early detection of pathologies including breast cancer and atherosclerotic

plaques, it is possible that this technology will provide value for the early detection of HO.
18,19,20

In this study, we validate the use of SUSI in the identification of musculoskeletal tissues, and
the visualization of ectopic bone at multiple stages of its development in a mouse model of
traumatic HO. We investigated the differences in timing between injury and initial detection
of HO using SUSI versus the current gold standard of imaging, micro CT. The use of SUSI
has the potential to expand the diagnostic options available to patients with HO, and can also
enable the use of additional pharmacologic agents against HO in a more timely manner than
what is currently possible.

Material and Methods

2.1 Burn injury and Achilles tenotomy models

To evaluate the ability of SUSI to detect HO, we used our validated burn/tenotomy model®.
Two groups of studies were performed. First, a longitudinal analysis was conducted to
compare an injured limb (left) to an uninjured limb (right) as a control (n=5 mice per group).
This specific comparison was selected as a correlate to clinical scenarios in which patients
commonly present with one injured limb using imaging from the injured side as a
comparison to the uninjured side to detect pathology. Longitudinal analysis was conducted
to compare the accuracy and timing of detection using SUSI versus micro CT. Additionally,
static time point analyses were performed to compare the uninjured limb (right) to the
injured limb with HO (left) using SUSI, CT, and histology at 1, 2, 4, and 9 weeks after
injury (n=3-5 mice per time point). To perform the burn/tenotomy surgeries, mice were
anesthetized using isofluorane and pre-treated with buprenorphine. The dorsum of each
mouse was shaved, and a metal block heated to 60°Celsius was placed at this site for 18
seconds. Next, a pair of scissors was used to make an incision at the site of the Achilles’
tendon. Dissection was carried down to visualize the tendon which was then sharply divided.
The skin incision was closed with a 4-0 vicryl suture. No injury was performed on the right
limb for comparison.

Next, in order to ensure that the hyperechoic foci detected at one week post-injury were HO
rather than simple pockets of edema, we compared the findings of SUSI using two different
injury models. Animals underwent either burn/tenotomy (n=5) or burn with skin incision
without tenotomy (n=5). This skin incision model results in the presence of edema without
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HO, and can thus be used to define the ability of SUSI to distinguish between HO and
edema at early time points. SUSI was performed at one week post-injury. For animals
treated with skin incision only, mice were anesthetized, shaved, and pre-treated with
buprenorphine as above. A scissors was used to make a small skin incision at the site of the
Achilles’ tendon, but the tendon itself was not divided. The skin incision was closed with a
4-0 vicryl suture.

2.2 Ultrasound imaging and data acquisition

Mice were placed on examination stage and anesthetized with 2% isoflurane in oxygen
during ultrasound imaging. Animals were placed on the examination stage with similar
orientation, and the skin surface was brought to the focus of the ultrasound probe to optimize
the imaging quality. Excessive hair surrounding the heel was removed and ultrasound gel
was applied on the skin at the site as a coupling agent. Imaging was performed with a high-
resolution small animal ultrasound imaging unit, \Vevo 770 System (Visualsonics, Toronto,
Canada) and a 55-MHz center frequency single element transducer (Vevo 708 scan head,;
20-75 MHz -6 dB bandwidth; 30 um axial resolution; 70 um lateral resolution; 4.5 mm focal
distance; 1.5 mm -6 dB focal depth; 100% transmit power). Both heels of each mouse were
imaged with B-mode, 3D scan mode, and radiofrequency mode to acquire backscattered
ultrasound signals for SUSI processing. Cross-section images were obtained under B-mode.
A 6 mm range around the calcaneus was scanned with a step size of 30 um, and 3D images
were reconstructed. Backscattered radio frequency (RF) signals were acquired using the RF
mode with a 200 um step size and a 5-millimeter scan range. 3D scanning was accomplished
with an automated scanning motor on the system with a 30 um distance between
neighboring frames. This non-invasive imaging procedure requires less than 15 min for each
imaging site. Grayscale images were reconstructed from the radio-frequency signals.

2.3 High-frequency spectral ultrasound analysis

2.3.1 Grayscale—Grayscale values GS(y, z) and images were computed as previously
mentioned.20 Briefly, raw backscattered RF data was Hilbert transformed to obtain the
complex analytical signal p(y, z). Grayscale B-mode images are reconstructed using the
logarithm of amplitude envelop the signal. Quantitatively, grayscale values (GS) were
determined as the mean absolute value of the signal over the selected region of interest as:

GS(y, 2) =log (lp(y, 2

2.3.2 Spectral parameters and parametric images—Analysis of the ultrasound
power spectrum has been discussed and applied for detecting mineralization in engineered
tissue constructs previously.2! Similar to our previous work on detecting mineralization, we
were targeting ossification at the early stage, in which the mineral nuclei in the soft tissue
didn’t yield multiple backscattering as mature bone and the spherical scatterer assumption
can be applied to yield a first-order approximation. The power spectrum of each RF scan
line in an image was calculated by taking the Fast Fourier Transform of the segment of
signals gated by a hamming window of 0.2 ps sliding with a 0.1 us offset. To remove
system-dependence, the power spectrum of the gated signals was calibrated by dividing it by
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a calibration power spectrum, which was obtained from a perfect reflector (oil-water
interface). Spectral parameters slope (m) and mid-band fit (MBF) were determined by using
linear regression to the calibrated power spectrum within a -9 dB bandwidth. Microstructural
parameters such as the acoustic scatterer diameter, a, which represents an effective size of
the acoustic scatters in tissue, can be assessed from the spectral parameters including the
slope m, the geometry index (n), the center frequency of the imaging transducer (f;), and
bandwidth of the transducer (b), and is given by:

2
- -2

3.2
bfc

_ m
10557,

a= 2%//0.25n

Acoustic concentration, which is denoted as CQ?, a product of scatter concentration and the
square of the acoustic impedance of the scatters, depends on MBF, scatterer diameter (a) and
a shape dependent factor (E), and is defined as:

a2
exp(O.23(MBF —gn—8)3) ))
Eaz(n -1)

cQ?=

221055, 1
gl(fc,b>=4.34[ln(fc(l_4) (ﬁ)b)_l],

2
8y(fob) = —76977G + %).

The average scatterer diameter (ASD) and average acoustic concentration (AAC) is
calculated as the average value of the scatterer size (a), and the acoustic concentration( CQZ)
respectively in the chosen region of interest (ROI). Due to the large span of the cQ? values,
AAC values are represented in decible scale?2. The values of the scatterer diameter and the
acoustic concentration were assigned to each pixel in the selected ROI and overlaid on the
grayscale image to create parametric images representing these parameters.

2.4 Micro-computed tomography

Micro CT was performed at each time point at which SUSI was performed GE Healthcare
Biosciences, using 80 kVp, 80 mA, and 1,100 ms exposure). The anatomic and spatial
orientation of HO was characterized using a calibrated imaging protocol as previously
described. Three-dimensional reconstructions were performed at a threshold of 800
Houndsfield Units using anatomic landmarks and observer identification to quantify and
define the original cortical bone structures. This defined bone mineral within the soft tissues
was quantified as HO.23
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2.5 Histological Staining and Image Acquisition

Animals in each respective experimental arm were euthanized following the conclusion of
sonographic and radiographic assays. Harvested hind limbs were fixed in 10% formalin for
24 hours at 4°C. Specimens were subsequently decalcified using 4% EDTA for 3 weeks at
4°C, paraffin processed, and cut in 5um transversely oriented sections. Specimens were then
deparaffinized, rehydrated, and stained using H&E and Movat’s Pentachrome formulations.
Stained slides were imaged using an Olympus Bx-51 microscope equipped with an Olympus
DP-70 high-resolution digital camera.2*

2.6 Statistical test

Results

ROIs in at least 5 frames from each limb were identified using grayscale images and
quantified with GS value and spectral parameters. Results were presented as mean + SEM.
Statistical comparisons of parameters between groups and time points were made using
Student’s t-test for paired samples and the differences were considered significant at a level
of p<0.05. In our initial pilot study, the average acoustic concentration (AAC;
(10*log(mm-3)) of HO was 37.82 + 2.41 and 29.34 + 3.81 for control samples. To be able to
detect a true difference between these groups with 80 percent certainty using an alpha of .05,
at least 4 mice per group are necessary to ensure adequate power. Therefore, five mice per
group were included in the subsequent analysis groups.

3.1 The mineral density of post-traumatic HO foci at early time points indicates a
composition that is between cartilage and bone as indicated by ASD and AAC

To assess the ability of SUSI to distinguish between various musculoskeletal tissue types,
samples of bone, cartilage, tendon, and muscle were imaged ex vivo (Figure 1). Clear
distinctions between these tissue types were observed with SUSI (Figure 1A). Bone was the
most echogenic, with the highest grayscale values (GS), and was also associated with the
high acoustic concentration (AAC: 86.3+1.02, 79.2+1.4, 76.8+1.22 dB[mm~3] for femur,
calcaneus, and tibia respectively). Fibrocartilage was less echogenic than bone with a lower
AAC (49.2+1.34 dB[mm™3]), but was more mineralized than soft tissues such as tendon
(39.720.4 dB[mm~3]) and muscle (30.2+1.34 dB[mm™2]) (Figure 1B). In particular, HO has
a higher AAC and ASD than cartilage, but less than bone. This indicates the HO
development at week 1 is at a level of mineralization between the calcaneus and the
cartilage. These findings are consistent with histology demonstrating the progression of HO
in previous studies.2524 Interestingly, although the grayscale values for all tissue types are
similar except muscle, the AAC values exhibited much more differences (Figure 1B and
1C). In addition, while the ASD values may be similar (Figure 1C), the tissue types can be
easily differentiated by the AAC values, indicating that SUSI is sensitive in detecting the
tissue types based on tissue composition. Importantly, SUSI revealed tissue specific
signatures of these samples (Figure 1C) based on both ACC and ASD values, with larger
scatter size and higher concentration for more mineralized tissues such as bone.
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3.2 SUSI differentiates between post-traumatic HO in the injury model versus edema in the
skin incision only model

Injured and sham-treated animals were imaged at one-week post-injury to test whether that
SUSI was able to distinguish between edema and HO at very early time points during which
time these two structures may be mistaken for one another on imaging. Reconstructed
grayscale images from the RF data for the two HO models are presented in Figure 2A and
2B. Differences in the two models were also revealed in the parametric images (Figure 2A
and 2B). The quantitative results show significantly higher grayscale value, ASD and AAC
value in the HO foci (GS: 42.9+1.6, ASD: 29.2+0.8 um, AAC: 63.2+2.8 dB[mm™3], n = 5)
relative to the surrounding edema (GS: 28.7+0.7, ASD: 26.4+0.3 pm, AAC: 37.2+1.5
dB[mm™3], n = 5) in the B/T model. The calcaneus has the highest value in all three
parameters (GS: 50.9+2.0, ASD: 31.5+0.7 pm, AAC: 79.2+1.4 dB[mm=3], n = 5). In the
skin incision only model, no ROI with high AAC/ASD values were detected. The edema
region in the sham-treated limb show similar grayscale, ASD and AAC value as the edema
in the injured limb (GS: 28.3+0.6, ASD: 26.8+0.3 pm, AAC: 39.9+0.5 dB[mm™3], n = 3). As
shown clearly in the SUSI signature (Figure 2C), our results comparing the burn/tenotomy
limb with the skin incision limb demonstrate that SUSI is able to accurately distinguish
between two different injury models. Notably, this technology both qualitatively and
quantitatively differentiates between edema and HO as early as one week post-injury (Figure
2).

3.3 SUSI visualizes post-traumatic HO foci as early as one week after injury, and
demonstrates progression to mature HO over time

We performed serial imaging at 1, 2, 4, and 9 weeks to demonstrate consistency and
accuracy of SUSI over time in terms of the ability to identify HO.

As shown in Figure 3, in the control limb (right limb), both skin and calcaneus maintain a
high level of ASD and ACC consistently over time. Connective tissue next to the calcaneus
is less echogenic, and has a lower ASD (27.1£0.7 um) and AAC (47.4+1.7 dB[mm™~3])
values in the region. No hyperechoic foci are seen at any time points in the uninjured model.
However, on the injured side, parametric images demonstrate that the HO foci are present as
early as one week after injury, and have much higher ACC and larger ASD compared to the
surrounding edema, The AAC value for the HO foci increases from 63.2+2.8 to 67.7+1.3
dB[mm~3] from week 1 to week 9, while the surrounding edema has an AAC value of
37.2+1.5 and 40.5+1.8 dB[mm~3] at week 1 and week 9. This indicates that HO on SUSI is
consistently different from edema longitudinally at all time points. Moreover, while the
grayscale values are different between the control and HO model at week 9, only the SUSI
ACC values are distinct for the control and HO model as early as week 1. Furthermore, the
HO foci at week 9 have slightly higher acoustic concentration compared to earlier time
points, demonstrating greater mineralization of these tissues with time. In addition,
compared to the calcaneus (AAC value of 79.2+1.4 dB[mm~3] at week 1, the HO foci have
slightly lower acoustic concentration indicating a less dense mineral density in the HO foci.
The progression of HO over time is clearly evident qualitatively based on the evolution of
the hyperechoic foci from weeks 1-9 post-injury (Figure 3B-D). Additionally, the presence
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of hyperechoic foci on SUSI correlates with early cartilage deposits and inflammation on
histology.

3.4 SUSI identifies post-traumatic HO 3-5 weeks earlier than micro CT and is consistent
with histological findings

Currently, micro CT serves as the gold standard to detect HO. HO is reliably visualized at
approximately 4-6 weeks post-injury using micro CT (Figure 4). Histologically, HO begins
as small inflammatory infiltrates which subsequently coalesce into uncalcified regions at 1
week, and transition to calcified and uncalcified fibrocartilage islands approximately 3
weeks after the injury. Approximately 4-6 weeks after the initial injury, these networks of
cartilage become bone through the process of endochondral ossification. Using SUSI, we
were able to visualize ectopic bone within the calcaneal region of each mouse as early as one
week after injury (Figure 4A). The findings of SUSI at early time points and late time points
correlated with the presence of HO on histology at all time points and on micro CT at 9
weeks (Figure 4B and 4C). Given the known progression of HO from an inflammatory
lesion at 1-2 weeks, to cartilage at 3 weeks, and finally HO after 6 weeks, it is likely that
SUSI captures the inflammatory foci that ultimately progress to cartilage and bone at later
time points. None of the control limbs demonstrated these inflammatory infiltrates or HO
according to micro CT or SUSI (Figure 4). 3D reconstructions performed on SUSI
demonstrate that HO can be visualized 3-5 weeks earlier than on micro CT.

Discussion

Timely initiation of early medical management strategies against HO remain ineffective due
to a lack of diagnostic strategies available to accurately detect and visualize HO within 1-2
weeks of injury. In this study, we validate the use of SUSI for the early detection of HO
within one week of inciting injury using two animal models. When compared to more
traditional modalities of imaging including micro CT, SUSI visualized and quantified the
presence of HO five weeks earlier, consistent with the formation of HO as visualized by
histology. The system and operator independent nature and quantitative output of SUSI
simplify its use and allows for providers with varying degrees of training to benefit equally
from such advancements. As such, based on the result of our /n vivo testing, we believe that
SUSI represents a promising tool to enable the early detection of HO. Earlier detection may
enable the initiation of early pharmacologic treatment among high-risk patients to mitigate
the need for surgery. Specifically, we forsee this technology being used in burn patients who
develop HO in the elbow >90% of the time. Future studies to validate this technology in
deeper tissue forms of HO such as hip replacement are needed. To achieve more penetration
depth, ultrasound probe with lower center frequency can be used with the cost in imaging
resolution, yet the power spectral analysis has been validated with ultrasound center
frequency as low as 5 MHz.17

Traditional ultrasound imaging alone has been validated as a screening tool to detect ectopic
bone among patients with neurogenic HO. For example, Falsetti et al stated that bedside
ultrasound is a safe, non-invasive, cost-effective screening tool important for screening
patients with acquired forms of brain injury.26 Importantly, however, one of the main
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limitations of this study is the lack of generalizability, as one operator performed all
measurements in this study precluding the assessment of inter-operator reliability. In this
regard, SUSI represents an improvement beyond traditional ultrasound techniques because
SUSI obtains parameters from calibrated spectrum which are objective and quantitative; as
these parameters are related to the intrinsic properties of tissues, SUSI allows for greater
utility and without the need to rely on subjective graphic assessments. Specifically, SUSI
provides parameters that represent tissue properties beyond grayscale imaging intensity. As
shown in this study, the utility of SUSI is also demonstrated by its ability to perform
comprehensive, objective visualizations of microstructural tissue properties to a much
greater degree than conventional ultrasound.27-31 Such objectivity enhances the application
and utility of this technology into clinical environments that are currently founded upon
principles of clinical judgement and experience. With regards to patients at high risk for HO
specifically after burns and blast injuries, targeted forms of screening may be instituted to
promote early detection given that the most common sites of HO have been clearly defined
in the past. By implementing standardized imaging procedures at these sites specifically, it
may be possible to diagnosis HO earlier than current imaging modalities permit. This
process may also be broadened to include imaging for symptomatic regions in patients who
present with signs concerning for the development of HO.

Conventional B-mode grayscale values are not absolute and dependent on imaging settings
and specific systems and interpretation of these images are not absolute and unable to
compared with different studies. Therefore, such qualitative results are inevitably subjected
to operator variation. SUSI offers a quantitative method that is system- and operator
independent because it uses acoustic scatterer diameter (ASD) and acoustic concentration
(AAC) extracted from the backscattered signals to distinguish tissue changes within the
region of interest of the injured and control limbs as early as possible for HO diagnosis.

While there are limitations to consider, the strength of our findings lies in the identification
of a non-invasive technology that detects the presence of HO much earlier than traditional,
gold standard modalities commonly used today. Our study is limited by the restrictions
imposed on the serial imaging of animals within our institution. To address this, we
performed both longitudinal and individual time point analyses to ensure that we were
performing serial evaluations from multiple perspectives using both SUSI and micro CT.
Consequently, our results demonstrate that SUSI correlated with micro CT at both final and
early time points. Additionally, the overall generalizability of our findings can be enhanced
by validating the use of SUSI in other musculoskeletal pathologies as well. The theoretical
model we applied herein involves assumption of spherical scatterers, which may not be
optimal for some tissue types. Nevertheless, this model provides a first order approximation
of more complex scatterer geometry. In addition, the spherical sphere assumption provides
an effective radius that can be used to describe any given scatterer. For future work, other
theoretical models of various scatterer geometry and dimension, will be investigated.32: 33
Despite these limitations, the use of SUSI to detect early post-traumatic HO is significant.
SUSI represents an effective, non-invasive, potentially cost-effective diagnostic strategy that
can facilitate the early diagnosis of HO.
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Conclusions

In this study, we demonstrate the utility of SUSI in detecting post-traumatic HO as early as
one week post-injury in two models. Application of this technology will facilitate the prompt
diagnosis of HO based on both quantitative and objective data. Early diagnosis may allow
for timely initiation of treatments that may negate the need for surgical intervention in the
future. Using quantitative metrics and advanced, yet noninvasive imaging strategies, SUSI
represents an important technological advancement for its application to visualizing ectopic
bone formation.
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HO Heterotopic ossification

SUSI Spectral ultrasound imaging
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Highlights

Acoustic concentration from SUSI correlates with mineralization in different
types of tissue.

SUSI visualizes heterotopic bone formation as early as one-week post injury
in a mouse model of traumatic HO.

HO foci exhibit significantly higher acoustic concentration and scatterer size
than surrounding foci of edema.

SUSI monitors longitudinal progression of HO noninvasively, and correlates
with histology and micro CT imaging.
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Figure 1.

Characterization of different types of musculoskeletal tissue by SUSI. A. Grayscale images
of calcaneus, cartilage, muscle and tendon overlaid with acoustic concentration values (scale
bar: 1 mm). B. Table summarizes the mean + SEM of grayscale intensity, average scatterer
diameter (ASD) and average acoustic concentration (AAC) of various musculoskeletal tissue
types (n = 3). Heterotopic ossification at 1 week post injury shows AAC values between
cartilage and calcaneus, indicating a mineralization level between the two. C. Scatter plot of
the ASD and AAC values of various tissue types. Different tissue types can be differentiated

by the AAC values.
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Figure 2.

SUSI comparison of the skin incision (SI) model and the burn/tenotomy model at 1 week
post injury. A. As shown in the grayscale image, animal underwent burn and skin incision
with tenotomy developed edema (green box) without formation of ectopic bone (scale bar: 1
mm). Low values of AAC are shown in the edema region. B. In animals underwent burn and
tenotomy, both edema (green box) and HO (red ROI) formed in the space between bone
(blue box) and skin. The HO foci exhibited AAC and ASD values between bone and edema.
C. Scatter plot of ASD and AAC values of edema in skin incision model, edema, HO and
calcaneus in B/T model (n = 5). D-F. Bar plots of grayscale intensity, ASD and AAC values
in the skin incision edema, B/T edema, HO and Calcaneus foci. Edema in both models
showed similar ASD and AAC. HO foci showed ASD and AAC values in between edema

and bone.
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Figure 3.
SUSI monitors longitudinal tissue development in the uninjured and B/T limb at 1, 2, 4 and

9 weeks post injury. A. In the uninjured limb at all four time points, no edema formed and
the calcaneus (yellow arrow) was located beneath the skin. In the B/T limb, edema formed
and its volume gradually decreased over time (scale bar: 1 mm). HO (red arrow) can be
visualized at 1 week post injury. The AAC-overlaid images show high intensity at the bone
and HO foci. Corresponding H&E and Pentachrome staining images confirmed the presence
of cartilage deposition and inflammation. B-D. Mean = SEM (n=5) of grayscale intensity,
ASD and AAC values are shown for the connective tissue region (between skin and bone) in
the uninjured limb, and the HO foci (yellow arrow) in the B/T limb at week 1, 2, 4 and 9
post injury. GS, ASD and AAC values of the HO foci are higher than that in the uninjured
limb at all four time points.
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Figure 4.
Concurrent SUSI and micro CT of the uninjured and B/T limbs at 1, 2, 4, and 9 weeks post

injury. A. 3D rendered ultrasound images of the uninjured limbs and the B/T limbs (scale
bar: 1 mm). Inflammation and HO formation in the B/T were reflected by the tissue volume
increase compared to the uninjured limb. B. HO was visualized under micro CT 4 weeks
post injury. Blue areas shows the newly formed ectopic bone. C. Mean £ SEM (n=5) of the
volume of ectopic bone measured with reconstructed micro CT. Graphic comparison of HO
development at 1 week (0.01 + 0.00 mm?3, n=6), 2 weeks (2.29 + 0.31 mm3, n=3), 4 weeks
(0.79 + 0.26 mm3, n=4), and 9 weeks post-injury (6.64 + 2.07, n=5). Difference in
detectable HO volume at 4 v. 9 weeks is statistically significant (p=0.0465, two-sided
student’s t-test).
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