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Abstract 

Achilles tendon rupture is a common debilitating medical condition. The healing process is 

slow and can be affected by heterotopic ossification (HO), which occurs when pathologic bone-33 

like tissue is deposited instead of the soft collagenous tendon tissue. Little is known about the 

temporal and spatial progression of HO during Achilles tendon healing. In this study we 

characterize HO deposition, microstructure, and location at different stages of healing in a rat 36 

model. We use phase-contrast enhanced synchrotron micro-tomography, a state-of-the-art 

technique that allows 3D imaging at high-resolution of soft biological tissues without invasive 

or time-consuming sample preparation. The results increase our understanding of HO 39 

deposition, from the early inflammatory phase of tendon healing, by showing that the 

deposition is initiated as early as one week after injury in the distal stump and mostly growing 

on pre-injury HO deposits. Later, more deposits form first in the stumps and then all over the 42 

tendon callus, merging into large, calcified structures which occupy up to 10% of the tendon 

volume.  The HOs were characterized by a looser connective trabecular-like structure and a 

proteoglycan rich matrix containing chondrocyte-like cells with lacunae. The study shows the 45 

potential of 3D imaging at high-resolution by phase contrast tomography to better understand 

-ossification in healing tendons.  

 48 

Keywords: pathologic calcification, synchrotron imaging, endochondral, mineralization 

template  

 51 
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 Introduction 

Tendon and ligament injuries represent one of the most common musculoskeletal pathologies 54 

for which patients require medical care [1,2]. Achilles tendon repair after injury or rupture is a 

very slow process. The poor intrinsic healing capacity is considered to be, in part, due to the 

low cellularity and vascularity in the tendon tissue, but our understanding of the repair process 57 

is still limited [2,3]. During repair, different types of tendon cells proliferate and synthesize 

collagen and other extracellular matrix proteins to reform collagen fibrils and fibers. Injured 

tendons do not seem to fully regain their original structural and biomechanical properties such 60 

as strength, flexibility, and elasticity [4–6]. 

One complication associated with tendon healing and tendinopathy is heterotopic ossification 

(HO). HO is an aberrant regenerative process in which pathologic bone is deposited where it 63 

should normally not be present, in this case in the soft tendon tissue [7]. HO may be triggered 

in response to musculoskeletal trauma by differentiation of stem cells or tendon cells into 

chondrocytes which can form cartilage, undergo hypertrophy and calcify into bone-like 66 

deposits [7,8].  Recent studies indicate that HO deposition may share similar mechanisms with 

normal physiological osteogenesis [9]. However, other studies suggest that although HO 

formation can involve osteoblasts and osteoclasts, the deposition greatly differs from 69 

physiological osteogenesis and can vary depending on the origin of the HO [10].  

HO can result in pain and dysfunction, and thus may severely affect the life quality of patients 

[11]. A recent clinical study has shown that almost 20% of the patients with a surgically 72 

repaired Achilles tendon rupture have some level of HO in their healing Achilles tendon [12]. 

The formation of the HO after tendon rupture appears to be an early process initiated within 

the first six weeks and can then be visualized by plain x-ray.  75 

Small animal models play a fundamental role in tendon research, especially for mechanistic 

investigation where human studies are impossible [13]. In particular, rats provide a model 
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where tendon studies are fast and reproducible, while still being important for human tendon 78 

physiology and healing [1,14]. HO during tendon healing in rats is even more common than in 

humans and areas of cartilage and ossified tissue were recently observed after 3 to 17 and 5 to 

16 weeks of healing [3,7,15–19]. However, there is limited knowledge about HO in relation to 81 

Achilles tendon healing and the specific spatiotemporal evolution of HO during tendon 

regeneration. In order to study how the collagenous tendon tissue is mineralized, it is important 

to use techniques that allow 3D visualization at high resolution and quantification [20]. Here 84 

we use a rat model in combination with high-resolution phase contrast enhanced synchrotron 

X-ray tomography to improve our understanding of the spatiotemporal formation of HO in 

healing Achilles tendons. This study provides new insights on the formation, microstructure, 87 

and growth mechanism of HO deposits. 

 

2. Methods 90 

2.1 Animal model 

The right Achilles tendon of 29 female Sprague-Dawley rats (12 weeks old) was transected 

transversely under sedation with isoflurane, as previously described [19,21]. During the healing 93 

period, the rats were kept two per cage, free to move around, with a light-dark cycle of 12 hours 

and controlled temperature (22 °C). Food and water were provided ad libitum. The rats were 

euthanized at 1, 2, 3, 6, 12, 16 and 20 weeks post-injury. The tendons were dissected and 96 

harvested for either tomography (all time points) or for histology (12 and 20 weeks). The study 

was approved by the Regional Ethics Committee for animal experiments in Linköping, Sweden 

(Jordbruksverket, ID1424). 99 

 

 

 102 
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2.2 Synchrotron phase contrast X-ray tomography  

Samples from all time points (week 1: N=4, week 2: N=1, week 3: N=4, week 6: N=2, week 

12: N=4, week 16: N= 2, week 20: N=4) were stored frozen in saline solution (-20°C) until 105 

imaging. Additionally, a contralateral intact tendon of one 3 weeks healing rat was imaged as 

controls for the short healing time points and two contralateral tendons of the 20 weeks as 

controls for the long healing samples. All samples were imaged by synchrotron phase contrast 108 

X-ray tomography at the Diamond-Manchester Imaging Branchline I13–2 [22,23] of the 

Diamond Light Source (DLS) synchrotron (Oxfordshire, United Kingdom). A partially-

coherent, near-parallel, polychromatic ‘pink’ beam (8 – 30 keV) was generated by an undulator 111 

in an electron storage ring of 3.0 GeV voltage and 300 mA current. Samples were kept frozen 

throughout the scans using an Oxford Cryosystems nitrogen jet (Fig. 1A). Temperature was set 

to 84 K and the cooling jet was directed towards the sample from above. Keeping the sample 114 

frozen during the scans limited sample movement and prevented bubbling of the saline solution 

in which the samples were kept hydrated. Various propagation distances were tested, and ~400 

mm was chosen to give the best level of phase contrast for the unstained soft tissues. 2001 117 

projection images were acquired at equally-spaced angles over 180° of continuous rotation 

(‘fly scan’). Dark- and flat-field images were collected to normalize projections. Images were 

collected by a pco.edge 5.5 Camera Link (PCO AG, Germany) detector (sCMOS sensor of 120 

2560 × 2160 pixels) mounted on a visible light microscope of variable magnification. A 1.25× 

objective coupled to a 500μm LuAG:Ce scintillator that was mounted ahead of a 2× lens, 

provided 2.5× total magnification with a field of view of 6.7 × 5.6 mm and an effective pixel 123 

size of 2.6 μm. Exposure time was 50ms (overhead 11ms), leading to imaging times of circa 

2.5 minutes per tomographic data collection (~130s total exposure). To cover the whole tendon 

from heel bone to muscles, 2 to 3 consecutive vertical scans were acquired, while keeping an 126 

overlap between consecutive scans of 10%. 3D volumes were reconstructed via filtered back 
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projection in the modular pipeline Savu [24,25] which incorporated flat- and dark-field 

correction, optical distortion correction [26,27], ring artefact suppression [28] and automatic 129 

rotation center calculation [29]. 

 

Figure 1. Experimental workflow for Synchrotron Phase contrast X-Ray Tomography. A) 132 
Imaging setup at I13-2, Diamond Light Source. A cryojet enabled to image the samples while keeping 

them frozen; B) automatic image processing to segment tendon soft tissue and HO deposits; C) volume 

rendering showing different components in a healing tendon (week 6).  135 

 

2.3 Image analysis  

Segmentation and quantification: A MATLAB custom made pipeline for volume segmentation 138 

was designed to select tendon soft tissue and HO deposits (Fig. 1B). The full resolution image 

stacks were preprocessed by filtering with CLAHE- and Median-filters and subtracting the 

image background. Then the tendon tissue was binarized using the Otsu’s method. The 141 

selection was denoised by applying a size filter that removed all features smaller than 2.5*10-

4 mm3. To enable segmentation of the soft tendon, gaps were filled in 3D. To achieve this, 

morphological operations of closing and opening were performed in sequence first in the XY 144 

plane then in the XZ plane (structural element: disk of 2 to 50 pixels depending on the iteration 

step). HO deposits were selected by threshold segmentation increasing the value used for the 
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soft tissue of ~10 times. The tendon total volume was calculated as the sum of white pixels. 147 

The total volume of HO deposits was obtained as the sum of individual HO volumes and the 

percentage of tendon tissue occupied by HO deposits (HO volume fraction) was calculated as 

total volume of HO deposits divided by the total tendon volume (HO/tendon volume-ratio). 150 

The tendon length was calculated as the distance between the heel bone (tendon-bone junction) 

and the muscles (tendon-muscle junction). The gap length represents the distance between the 

upper and lower intact stumps (Fig. 1C). 153 

Volume renderings of whole tendons were performed in ImageJ and Dragonfly (v 4.1, 

ORS software) [30,31]. To visualize the whole tendons (Fig. 1C), volumes were converted 

from 32-bit to 8-bit images and downsized 5 times, then all volumes were stitched using the 156 

BigStitcher plugin for ImageJ [32]. Dragonfly was used to manually segment part of the 

volumes to validate the automatic segmentation. 

 159 

2.3.3 Validations 

Comparison between tendons imaged at room temperature and while kept frozen: For this 

comparison, 2 samples were scanned both at room temperature (as described in details in [33]) 162 

and frozen according to the protocol described in the current study. Volume segmentation was 

performed manually using the Dragonfly software. The tendon tissues were selected manually 

every 100 slices (transversal tendon cross-section) and interpolated in between, along the 165 

tendon main axes. This volume segmentation was performed twice for each tendon sample: 

one when the tendon was imaged at room temperature and one when it was frozen (Fig. S1). 

The analysis showed that after freezing no changes in the total sample volume were observed 168 

(~1% difference between the volumes for the same sample frozen and at room temperature). 

However, the volumes of the individual fibers were reduced substantially by freezing, probably 

due to the formation of ice crystals in between them (Fig. S1 arrows). 171 
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Comparison between automatic and manual segmentation: The efficiency of the 

automatic segmentation was tested comparing the results obtained for subvolumes extracted 

from one intact and one healing tendon (Fig. S2). The whole tendon cross-section for 0.5 mm 174 

along the tendon main axes was considered. The difference between the two techniques was 

between 2% for the intact tendon and 5% for the healing tendon. 

 177 

2.4 Histology 

Healing Achilles tendons for histology were harvested after 3 (N=4), 12 (N=4) and 20 (N=4) 

weeks, treated with sucrose solution, snap-frozen in optimal cutting temperature compound 180 

(OCT; VWR international AB, Spånga, Sweden) in liquid nitrogen, as described previously 

[34]. The tendons were stored at -80°C before they were sectioned longitudinally comprising 

the full length of the tendon (7 µm thickness). Tendons were stained with hematoxylin & eosin 183 

to visualize tissue and cell morphology, and nuclear fast red & alcain blue to visualize 

proteoglycan content.  The stained specimens were examined using an Olympus BX51 light 

microscope. 186 

 

3. Results 

3.1. 3D structural characterization of HO deposits during healing 189 

Phase-contrast enhanced synchrotron micro-tomography allowed to clearly distinguish tendon 

and muscle structures, calcaneus bone and HO deposits (Fig. 1B) and to study the 

spatiotemporal evolution of HO during healing (Fig. 2). Small deposits of HO were initially 192 

found only in the distal stump close to the calcaneal bone (at 1-3 weeks) and not within the 

callus tissue. Thereafter (at 6-12 weeks), HO was also found in the proximal stump close to the 

muscles. At even later healing time points (16-20 weeks), HO was deposited nearly everywhere 195 

in the tendon (both at the stumps and in callus). 
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Figure 2. Spatiotemporal evolution of HO deposits during tendon healing, where the calcaneal bone 198 
is on the lower end (stars) and the muscle on the top, and the regenerating tendon in between. At 1-3 

weeks of healing the HO deposits are shown as small white structures located close to the calcaneal 

bone (arrowheads), during healing they grow into bigger structures and at 20 weeks, HOs are 201 
widespread throughout the whole tendon. 

 

We also observed small HO areas in all contralateral tendons (imaged as intact controls) close 204 

to the calcaneal bone, typically on the anterior side of the tendon (Fig. 3A left). This location 

is similar to the initial findings of HO in the healing tendons at 1 week. The HO deposits in the 

intact tendons were all characterized by a compact fiber-like structure (Fig. 3A right). At early 207 

healing time points (1-3 weeks) the additional HO deposition seemed to occur in relation to the 

pre-injury HO growing around it (Fig. 3B and Fig.S3). The HOs deposited during healing were 

characterized by a looser connective trabecular-like structure (Fig. 3B star). At 6 weeks, HO 210 

started spreading in new regions of the healing tendon where no pre-injury HOs were present: 

first close to the distal stump and then at the proximal stump (Fig. 2).  By week 12, HO was 

forming also in the callus tissue (between the stumps, Fig. 2). At this point, the HO deposits 213 

were highly irregular, and often included fat-like tissue (Fig. 3C). Furthermore, starting from 

week 12, abundant regenerated tissue had formed in the gap making it difficult to distinguish 

the stumps from the rest of the callus tissue.  At week 16, multiple HO deposits started to merge 216 

into one complex ossified structure and expanded toward the center of the tendon (Fig. 2 and 

Fig. 3D). By week 20, many HO deposits had merged into one denser structure with small fat 

inclusions (Fig. 2).  219 
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Figure 3. Characterization of HO deposits. In each subfigure on the left a volume rendering of the 

whole tendon shows the location of the HO deposit rendered at higher magnification on the right. A) 222 
HO in an intact tendon; B) HO in a 3-week healing tendon (the dotted lines indicate the stumps, * 

indicate a pre-existing HO and the triangle the trabecular-like structure, i) cross sectional and ii) 

longitudinal views; C) Fat deposits (highlighted in red) enclosed in a HO deposit at 12 weeks; D) 225 
Multiple HO deposits start to merge (arrowhead) and grow outward (arrow) at 16 weeks of healing i) 

cross sectional and ii) longitudinal views, the triangles indicate the growth front. 

 228 

3.2. Quantification of HO properties during healing 

The volume of the tendon increased during the initial 3 weeks of healing to later decrease (Fig. 

4A). In contrast the volume of the HO deposits grew substantially starting from 3 weeks 231 

onwards (Fig. 4A and B). The length of the tendon and the length of the gap between the intact 

stumps did not substantially change (Fig. 4C). 

234 
Figure 4. Quantification of tendon and HO properties and their evolution during healing. A) 
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Tendon tissue and HO volumes, B) HO volume fraction calculated as HO volume/ tendon volume and 

C) tendon and gap length. 237 

 

3.3. Histological characterization of HO deposits and tendon tissue  

Very early stages of HO, possibly preceding mineral deposition, were identified in 3-weeks 240 

healing tendons at the edge of the upper stump (Fig. 5A-D). This region was characterized by 

increased cellularity (Fig. 5A) including chondrocyte-like cells being more rounded and bigger 

than the surrounding tendon cells (Fig. 5B). As seen with alcain blue staining, this region was 243 

also characterized by a slightly higher proteoglycan content than the surrounding tissue (Fig. 

5C, D). This area coincides with regions where large deposits were found at later time points 

during healing (Fig. 5E).  246 

Furthermore, after being imaged by tomography, a 3-week healing tendon containing a pre-

existing deposit was embedded and stained with hematoxylin and eosin. The pre-existing 

deposit was identified and imaged showing a fiber-like structure equivalent to the structure that 249 

could be observed by tomography (Fig. S4). At 12 and 20 weeks the HO appeared as dark 

purple in hematoxylin & eosin staining (Fig.  5E, F, I, J), and dark blue (especially at the 

borders) in alcain blue staining (Fig. 5G, H, K, L). These HO regions contained either high (12 252 

weeks, Fig. 5G, H) or low-level of proteoglycans (20 weeks, Fig 5 K, L), but all contained 

acellular areas, lined with cells (Fig. 5G, H, K, L). Chondrocyte-like cells with lacunae could 

often be identified in proteoglycan-rich regions (Fig. 5G, H). The stumps were easily 255 

distinguishable from healing tissue both at 12 and 20 weeks of healing (Fig. 5I). 
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 258 

Figure 5. Histology of HO regions in healing tendons at 3, 12 and 20 weeks. Healing tendons were 

stained with hematoxylin & eosin (A-B, E-F, I-J) or nuclear fast red & alcain blue (C-D, G-H, K-L). A) 

Region showing early stages of HO at the stump in a 3-weeks healing tendon. B) Magnification of the 261 
transition between a HO area characterized by round wide cells (arrows) and the surrounding tendon-

like tissue (characterized by elongated and smaller cells, arrowheads), as marked in A.). C) The same 

sample and similar region as in A showing that the proteoglycan content is slightly higher (rectangle) 264 
in the HO region than in the surrounding tissue. D) Magnification of the area marked in C. E) Healing 

tendon at 12 weeks including two HO regions (dark purple, *), one at each stump. F) HO region with 

high proteoglycan content and chondrocyte-like cells in a 12-weeks healing tendon. G) The same 267 
sample and similar region as in F. Cell lacunae (arrows) indicate the presence of chondrocytes. H) 

Magnification of the marked area in G showing the interface between the HO region and the soft tendon 

tissue.  I) Healing tendon at 20 weeks showing a stump (dark pink) with one HO region (dark purple). 270 
J) HO region with low proteoglycan content. K) The same sample and similar region as in J. L) 

Magnification of the area marked in K showing the border between the HO region and the soft tendon 

tissue. 273 
 

Discussion 

By using high-resolution phase-contrast synchrotron X-ray tomography this study provides 276 

new information on the spatiotemporal formation, structure, and growth of HO deposits in 

healing rat Achilles tendons. We identified HO deposits with fiber-like internal structure 

(visible both in the tomograms, Fig. 3)  close to the calcaneal bone in all the intact tendons 279 

similarly to what we recently reported [35]. The fiber-like structure allowed us to distinguish 
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the pre-existing deposits from HO formed during the healing process [35]. The pre-existing 

HO deposits were also clearly visible at 1 week, and the size (in some cases up to 1.2mm3) was 282 

comparable to what we observed in intact tendons [35] however, new mineral deposition at 

some of the edges could be already observed (Fig. S3). Moreover, we did not observe an 

increase in size or number of this fiber-like HO deposit structure during the healing process, 285 

but they seemed to act as templates for additional mineral formation. In fact, at early healing 

time points, HO was observed only where these pre-existing fiber-like deposits are located. 

The HO deposited during healing had a more trabecular-like structure, and the histological 288 

results show chondrocytes and proteoglycan rich matrix. It was previously shown for hip, knee, 

brain and spinal cord that, when HO is associated with trauma, the deposition occurs primarily 

through endochondral osteogenesis  [36]. Our results also suggest that in rat Achilles tendons, 291 

HO post-injury occurs through endochondral ossification. Previous studies have shown that 

BMP signaling in general, and the activin receptor type-1 (Acvr1) in particular, seem to be 

involved in endochondral ossification and HO [10,37]. Furthermore, both inflammation and 294 

mechanical loading have been suggested to contribute to HO, possibly through stimulation of 

mTORC1 and activation of quiescent stem cells [38–40]. Blocking of this pathway by 

rapamycin has been shown to prevent traumatic HO deposition in a mouse model for Achilles 297 

tendon injury, and could represent a possible therapeutic factor against HO [10]. Additionally, 

HO could result from stem cell or progenitor cell differentiation, specifically from a group of 

cathepsin K positive tendon progenitor cells [41]. However, additional in-depth studies on 300 

cellular contributions to HO and interventions to prevent HO after tendon rupture is needed, 

and we suggest that phase-contrast enhanced synchrotron micro-tomography could be used to 

evaluate the tissue in such studies.  303 

Earlier animal studies have demonstrated HO deposition after 3 to 5 weeks of tendon healing 

[7,17].  However, we have shown initiation of the ossification already at 1 week post-injury 
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(Fig. S3), and possibly even earlier. This observation extends our knowledge regarding HO 306 

deposition during the inflammatory phase of tendon healing. However, at the early stages of 

healing the HO deposits were not found in the immediate callus tissue, but rather in the stumps.  

Our results show that from 6 weeks and onwards, HO deposits also formed in regions where 309 

there were no pre-injury deposits, first in the distal stump and then in the proximal stump. This 

is consistent with human data where HO is primarily formed outside the callus area [12]. 

Furthermore, in the upper stump, where deposits were observed at 6 weeks, histology showed 312 

regions with slightly higher proteoglycan content than surrounding tissue and the presence of 

chondrocyte-like cells at this site already at 3 weeks (Fig. 5A-D).  This possibly represents an 

early stage of HO preceding mineral deposition. However, to confirm this observation, more 315 

samples and time points should be considered. 

The observed increase in proteoglycans may represent an initiation of HO formation; thus, a 

phase that is preceding the mineral deposition. These results were also in good agreement with 318 

previous observations in animal studies of cartilage, proteoglycans and other indicators of HO 

or endochondral ossification being present near the stumps from around 4 weeks of healing 

[17,19,50]. Previous literature has also suggested that tissue vascularization precedes HO 321 

[51,52].  Consequently, one of the reasons why HO formation was first observed in the stumps 

and only later in the gap tissue could be the initial lack of oxygenation in the callus tissue. 

Furthermore, our data indicated that the total tendon volume increased until 3 weeks and then 324 

started to decrease. This can be explained as the two initial phases of tendon healing are 

associated with inflammation and bulk matrix production and the third phase, the remodeling 

is associated with a volume reduction [21]. Additionally, the gap between the intact stumps did 327 

not seem to change over time.  

By week 12, HO deposition occurred also in the center of the callus area, between the stumps, 

with a more irregular structure where often fat inclusions were found within the HO. Abundant 330 
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fat deposition embedded in the callus was also observed during the early stages of healing. Fat 

tissue in healing tendons has previously been described in other studies, but not encapsulated 

in HO deposits [19,53]. The spheric deposits that we observed are similar to the fat tissue also 333 

observed around intact tendons [33] and within some of the HO protruding out from intact 

tendons [35]. The presence of fat-like tissue inside some HO could explain previous 

histological observation of unstained regions (and consequently neither mineral nor cartilage) 336 

in the center of some deposits at weeks 12 and 16 [8], and the presence of the empty rings 

observed in histological images in this study at weeks 12 and 20. In previous studies, vessels 

were detected in the large ossified areas after 12 and 16 weeks of healing [8,54]. HO may be 339 

associated with vascularization, higher oxygen supply and increased mechanical stimulation 

[39,54], while a reduction in oxygen levels and low mechanical stimulation may lead to 

reduced amounts of HO and increased presence of adipose tissue [53]. Adipose tissue in the 342 

healing region may be less debilitating than HO, and result in more successful healing 

outcomes compared to when HO is formed [55]. Furthermore, histology shows a lower 

presence of chondrocytes at week 20 than at week 12, which could indicate that most regions 345 

with cartilaginous tissue have ossified by 20 weeks and that the rate of the HO deposition 

started to decrease. However, this cannot be confirmed as we did not consider timepoints 

beyond 20 weeks. This study only used female rats as they grow slower than male rats. 348 

Therefore, as a limitation we cannot study sex specific differences. Furthermore, as an 

additional limitation of this study, histology was mainly performed at late time points (12 and 

20 weeks) when many bigger deposits, that were easy to identify, were present. In the future, 351 

histological studies of the initial stages of HO formation at early healing time points would be 

highly beneficial to better understand the underlying biology of the initiation process of HO. 

HO deposits in healing Achilles tendons are not unique to rats. They are also common in 354 

humans most often on the anterior side of the healing tendon [12]. Approximately 20% of 
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patients with Achilles tendon rupture can develop HO [12,56]. The impact of the HO on patient 

functional outcomes are inconclusive, but large HO deposits have been hypothesized to 357 

contribute to poor function after tendon repair [12,17]. When reviewing clinical CT images 

from 38 patients enrolled in a clinical trial [12], we found some similarities between HO 

deposits in rats and humans. In both rats and humans, the HO deposits at early healing have an 360 

elongated morphology which extends in the direction of the tendon main axes. Furthermore, 

HOs are more commonly located in the correspondence of the lower stump close to the 

calcaneus, and they are often at the border of the tendon stump, almost bulging out from it (Fig. 363 

3B and Fig. 6). 

Starting from the 1990s several studies have investigated the advantages of using synchrotron 

X-ray for radiography, radiotherapy and clinical diagnostics [42–44]. A significant dose 366 

reduction for equivalent image quality could be reached using synchrotron monochromatic 

radiation [43,45]. To date, there are still researchers that continue to push forward the use of 

synchrotron beamlines for clinically focused research [45,46]. However, the synchrotron X-369 

ray tomography approach used in this study cannot be used as a diagnostic tool and can only 

be performed ex vivo and on a limited number of samples.  Nevertheless, we believe that the 

presented results can pave the way for future studies using high-resolution synchrotron X-ray 372 

tomography to understand HO progression during tendon healing. In particular, high resolution 

structural characterization, in conjunction with a precise localization of HO, could in future 

allow to create a classification system for HO deposits in tendons and ligaments based on 375 

location, size, and morphology of the deposits similar to the Della Valle and Brooker 

classifications for HO formation following total hip arthroplasty [47–49]. 

 378 

 

Conclusions 

 381 
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HO in healing Achilles tendons is a prevalent clinical problem. This study shows that by using 

3D high-resolution phase-contrast synchrotron X-ray tomography new understanding of the 

pathological process by which HO deposits form can be gained. Our results indicate that both 384 

ossification on pre-existing HO and endochondral ossification may occur, but at different 

healing time points. Additionally, the spatial evolution of the deposits, occurring first in the 

lower stump, then close to muscles and only at later time points in the centre of the callus, as 387 

well as the presence of encapsulated fat, could give insights on the factors governing HO.  
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