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The use of magnetic resonance imaging (MRI) has led to increased clinical and research applications using 3D segmentation and reconstructed volumetric data in musculoskeletal imaging. Lesions of the deep digital flexor tendon (DDFT) are a common pathology in horses undergoing MRI. Three-dimensional MRI reconstruction performed for volumetric tendon analysis in horses has not previously been documented. The aim of this proof-of-concept study was to evaluate the 3D segmentation of horses undergoing repeated MRI at several time points and to perform an analysis of the segmented DDFTs across time. MRI DICOM files were acquired from six horses undergoing repeated MRI examination of the foot for DDFT injury. Once segmented, volumetric tendon surface tessellation language (STL) files were created. Thickness and volumetric data were acquired for each tendon in addition to a tendon comparison across timepoints within each horse. Pearson correlation coefficients were calculated for comparison of MRI reports to computer analysis. There was a significant and positive correlation between MRI and medial record reports of clinical improvement or deterioration and computer analysis (r = 0.56, p = 0.01). The lower end range limit for tendon thickness varied between 0.16 and 1.74 mm. The upper end range limit for DDFT thickness varied between 4.6 and 23.6 mm. During tendon part comparison, changes in DDFT were reported between −3.0 and + 14.3 mm. Changes in DDFT size were non-uniform and demonstrated fluctuations throughout the tendon. The study was successful in establishing the volumetric appearance and thickness of the DDFT as it courses in the foot and tracking this over time. We encountered difficulties in accurate segmentation of the distal insertion of the DDFT as it blends with the distal phalanx. The data demonstrated that the DDFT can be segmented and volumetric studies based on size and shape can be performed using an in silico approach.
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INTRODUCTION

Lesions of the deep digital flexor tendon (DDFT) are a common pathology and are reported to occur in 82.6% of limbs in horses undergoing magnetic resonance imaging (MRI) evaluation (1). Lesions most commonly occur at the level of the collateral sesamoidean ligament or at the level of the navicular bone (1). MRI and Computed Tomography (CT) have been utilized to quantitatively assess the DDFT within the hoof capsule using two dimensional (2D) cross sectional area (2). Ultrasonographic evaluation for quantitative assessment of the deep digital flexor tendon proximal to the hoof capsule has also been described (3, 4). However, changes in cross sectional area depend on the type of DDFT pathology present and are not are not consistent. They can be contingent on the type of lesion present but also could depend on the modality used to determine the cross-sectional area (2).

Segmentation of medical images has become an indispensable process to perform quantitative analysis of images of biological structures (5). Computed tomography (CT) segmentation has been utilized for quantitative assessment in diagnosis, surgical planning, and post-operative assessment in orthopedic surgery (6). Volumetric CT scans have a short acquisition time and result in hundreds to thousands of image slices (6). However, soft tissue structures are challenging to segment and evaluate utilizing these CT based images (6). Soft tissue detail is more accurately evaluated with superior contrast resolution using ultrasound and magnetic resonance imaging (6, 7).

The cornerstone of musculoskeletal MRI is multiplanar 2D acquisition. Although the analysis of MRI provides a series of 2D images using a variety of imaging sequences, the focus has been on speed of image acquisition, to minimize anesthesia and imaging times, and using an MRI sequence which is optimal to highlight a lesion. As such, fewer image slices are made using an MRI compared to a CT examination. Since fewer slices are made with an MRI scan compared to a CT scan of the same region, each slice must either be thicker in the MRI scan or there is an increased distance between two slices. These criteria are important in determining the final make up of a 3D data point (voxel). The width and height of a voxel can be calculated by the following formula (8):

Voxel width (or height) in mm = Field of view (mm) / Matrix width (or height).

Where “matrix width/height” refer to the number of the number of pixels in the image along the horizontal (x-axis) and vertical (y-axis) axes respectively (9). The depth (z-axis) of a voxel is the distance between two slices, which can also be called as slice increment. When the length, width and depth are identical, the voxel is isotropic; when they are not, the voxel is anisotropic (9). Although the majority of equine MRI sequences are anisotropic and can be used for 3D analysis, isotropic voxels are better suited and preferred for 3D reconstruction.

Multiplanar 2D acquisition using sequences such as proton density (PD) or proton density fat saturated (PD FS) results in cuboidal shaped voxels that are typically five to nine times larger than the in-plane resolution, creating a predisposition to averaging of MR signal along the slice direction. This typically manifests at anatomical contrast margins and may obscure or eliminate potentially clinically relevant details. As innovations in imaging have led to the introduction of new technologies, 3D MRI sequences have been increasingly incorporated into human clinical musculoskeletal protocols. High-resolution isotropic 3D (HiRes-3D) MRI acquisitions have isotropic, or near isotropic voxels as well as a slice thickness equivalent to in-plane resolution. Therefore, one of the primary advantages of HiRes-3D sequences when compared to traditional multiplanar 2D fast spin-echo (FSE) techniques is a reduction in partial volume averaging artifacts (10).

The advent of HiRes-3D MRI acquisitions has led to increased clinical and research applications of 3D MRI in musculoskeletal imaging over the past decade in human medicine (11, 12). In human athletes, segmentation has been utilized to gather data that would be beneficial for injury prevention (13, 14). One study found that changes in volume of the anterior cruciate ligament are associated with injury (13). Another study identified a volumetric increase in size of the anterior cruciate ligament over the course of a competitive soccer season in female athletes (14).

The use of MRI for 3D reconstruction of anatomy has been previously performed for anatomical analysis of the metacarpophalangeal joint in horses (15). Additionally, the use of CT for 3D reconstruction of anatomy has been performed for anatomical description of the synovial structures in the equine distal limb (16). Image fusion of CT and MRI images has been described for development of a 3D musculoskeletal model of the equine forelimb (17). However, the use of MRI for 3D reconstruction for volumetric tendon analysis in horses has not previously been documented. The aim of this proof-of-concept study was to evaluate the 3D segmentation of horses undergoing repeated MRI at multiple time points and perform part analysis of the segmented tendons at the different time points. We hypothesized that thickness and volumetric measurement of the DDFT over time would correlate with changes in reported clinical lameness and pathological findings on MRI reports.



MATERIALS AND METHODS

Medical records of horses which were presented for high field (1.5 T) MRI examinations of the foot at the University of Florida and Equine Diagnostic Imaging, Inc. from 2015 to 2020 were reviewed. MRI studies were included if the MRI report findings included a lesion of the DDFT (reported by a board-certified veterinary radiologist) and if one or more repeat MRI examination were performed. Based on the history, it was noted if the left or right limb were clinically affected/abnormal at each time point and if there had been any clinical improvement since the previous examination. From the clinical comments and the MRI reports, changes in lameness and changes in MRI interpretation, focused on the DDFT only, were coded as follows: improvements were recorded as +1, no change as 0 and a worsening or progression as a −1. Comments regarding any effusion, changes to the navicular bone or collateral structures or any other changes between scans not related to the DDFT were excluded.


MRI Study Acquisition and Evaluation

Initial MRI studies were performed using a 1.5-Tesla magnet (Vantage™, Toshiba, Tustin, CA). Follow-up MRI examination was performed with either the 1.5-Tesla magnet (Vantage™, Toshiba, Tustin, CA) or 0.27-Tesla magnet (sMRI, Hallmarq Advanced Veterinary Imaging, West Chicago, IL). MRI studies performed using the 1.5-Tesla magnet were performed under general anesthesia with the horse in lateral recumbency using a 160 mm coil (QD Knee Coil, Toshiba, Tustin, CA). Images extracted from these cases included the anisotropic Proton Density Weighted (PDW) and Proton Density Fat Saturation (PD FS) sequences. MRI studies performed using the 0.27-Tesla magnet were performed utilizing chemical restraint with the horse standing. Images extracted from these cases include both the anisotropic proton density weighted (PDW) and T1 weighted 3D (T1W 3D) isotropic sequences. MRI protocols varied between patients; however, all MRI studies included scan sequences obtained in sagittal, axial, and dorsal planes. All images were viewed using standard dedicated Digital imaging and communication in medicine files (DICOM) viewing software (Merge PACS™, IBM Watson Health, Chicago, IL or Keystone Omni, Asteris, Inc., Monument, CO). Information regarding image acquisition was obtained from the metadata of the DICOM files and included slice thickness, repetition time, echo time, spacing between slices, pixel matrix size and spacing size. The time interval (months) between scans was also recorded.



Segmentation

A single operator (HH) performed all the segmentations and was blinded to the MRI reports. DICOM files were imported into segmentation software (Mimics Ver 23.0, Materialize, Plymouth, MI). All 1.5 and 0.27 T images were segmented using the same methodology. 3D segmentation of the DDFTs for all horses at all time points was performed using a “livewire” segmentation algorithm using the PDW or the T1W 3D sagittal, axial and dorsal plane images. The livewire segmentation is a function of the Mimics segmentation software. The outline of the tendon is traced using a magnetic lasso which attracts to the interface between hypo and hyperintense signal regions. This is completed on each slice and the computer interpolates the 3D structure of the tendon from this data. Thus, each horse has their DDFT segmented in triplicate (once for each segmental plane). Segmentation was cropped to (1) the palmaroproximal aspect of the middle phalanx and (2) tangent to the most distal aspect of the distal interphalangeal joint, to maximize consistency in segmentation size and enhance repeatability. Only hypointense signal on the MRI scans was segmented; hyperintense lesions were excluded from our final model. Once segmented, volumetric tendon surface tessellation language (STL) files were created. These output files generate a 3D volume that can be rotated and manipulated to provide a 360-degree 3D view of the segmented tendon. These STL files were exported to 3D modeling software (3-Matic Ver 15.0, Materialize, Plymouth, MI). Thus, for each time point and tendon, 3 STL files were imported into the modeling software. In this software, the STL files maintain their original spatial relationship and therefore, a boolean intersection of all the three STL files was used to create a single, common, representative portion of the DDFT for the final analysis (Figure 1). These final tendon shapes are referred to as “parts” in the modeling software. These tendon parts were refined through a wrapping and smoothing algorithm prior to final analysis. The tendons were wrapped using a gap closing distance of 0.5 mm with the size of the triangles on the newly created surface (smallest detail function) equal to 1 mm. The parts were then smoothed using a smoothing factor of 0.7.


[image: Figure 1]
FIGURE 1. Deep Digital Flexor Tendon Segmentation. (A,B) The three segmentations (axial, sagittal and dorsal) are imported into a 3D manipulation program. (A) Dorsal view. (B) Sagittal view. A Boolean intersection is performed to select only the common components of all three views before a wrapping and smoothing algorithm is applied. (C,D) The final representative tendon used for analysis. (C) Dorsal view. (D) Sagittal view. Top of the image represents the proximal aspect of the tendon.




Tendon Analysis

Outcome measures for each tendon included the tendon volume (mm3) and tendon thickness (mm, Figure 2). Tendon thickness varies throughout the tendon, therefore, minimum, median and maximum thickness values for each tendon were recorded. Based on each MRI scan, we acquired data for unaffected tendons (normal) and tendons with noted pathology (abnormal). In order to compare tendons at different time points, tendons were aligned using the global registration function using a distance threshold of 5.0 mm with 100 iterations and a 90% subsample threshold. The global registration is an algorithm embedded in the tendon analysis program (3-Matic). Once aligned, a “part comparison” was made between the two tendons (Figure 3). The part comparison is a point-based comparison between two datasets which has also been termed the Hausdorff Distance (18). This generates a 3D color map which visually identifies changes in the tendon thickness. This data can be downloaded into excel format, from which we can determine the minimum, median and maximum differences (mm) between the two parts. Negative values correspond to a reduction in thickness at any given location.


[image: Figure 2]
FIGURE 2. NORMAL Deep Digital Flexor Tendon. (Left) Dorsopalmar tendon thickness evaluation at first time point (after wrapping and smoothing algorithm applied). Measurements are in mm. Note the change in thickness between the bilobed tendon structure proximally to the flat distal portion of the segment. Thickness range is 1.26–6.88 mm. (Right) Tendon thickness evaluation from the same horse 7 months later. Thickness range 1.04–8.50 mm. Top of the image represents the proximal aspect of the tendon.
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FIGURE 3. NORMAL Deep Digital Flexor Tendon. Analysis of the change in tendon size in one horse over 7 months (prior to application of wrapping and smoothing algorithms). Size change is limited to +1.3386 or −1.4366 mm. No significant pattern is observed. (Left) Obliqued dorsal view. (Right) Obliqued palmar view. Top of the image represents the proximal aspect of the tendon.




Data Analysis

Data were evaluated for normality using the Shapiro Wilk test. Where normal, data are reported as mean ± standard deviation, when data are parametric, they are reported as median (range). Comparisons between non-parametric data were performed using the Wilcoxon rank sum test. Pearson correlation coefficients were calculated for comparison of MRI reports to computer analysis of thickness and volume. Odds ratios for changes in tendon thickness over time were calculated along with 95% confidence intervals. P < 0.05 was considered significant. Calculations were performed with MedCalc (MedCalc Ver 20.0, MedCalc Software Limited, Ostend, Belgium).




RESULTS

MRI examinations were acquired from 6 Warmblood horses. Sexes comprised of five geldings and one mare with a median age of 11.0 years (range 8–14 years). One horse had three scans using a high field system, 3 horses had 2 scans using a high field system, 1 horse had 2 scans using a low field system and 1 horse had a mixture of high and low field scans (Table 1). Five left limbs and 5 right limbs were imaged. All limbs imaged were forelimbs. Four horses had complete (left and right sets) of data for all scans. Two horses only had single limbs scanned at all time points (no contralateral comparison). In addition, 2 horses had 3 time points that were used in the analysis. One of these horses had a complete set of data from high field scans, the other had 2 low field scans followed by a high field (Table 1). The median time from onset of clinical signs to initial MRI scan was 3 weeks (range 1–3 months). The median time from first MRI scan to second MRI scan was 5 months (range 2–10 months). The time interval between the second and third MRI scans for the two horses who had three examinations was 3 and 6 months. For the horses who underwent high field (1.5 T) imaging using the PD sequences, the median slice thickness of acquired images was 3.2 mm (range 3 mm-5 mm), the repetition time was 3,072 (range 1,859–5,000), the echo time was 16.8 (range 10–45.6) and the space between slices was 3.6 mm (range 3–4.43 mm). For the low field (0.27 T) imaging using PDW and T1 W 3D sequences, the median slice thickness was 5.0 mm (range 2.97–5 mm), the repetition time was 1,000 (range 24–2002), the echo time was 24 (range 7–81) and the space between slices was 6 mm (range 2.97–6 mm). There was no significant difference in slice thickness (p = 0.36) between low and high field imaging or in the space between slices (p = 0.16). Images scanned using the low field system had a final resolution (pixel spacing size) of 0.7031 mm × 0.7031 mm with a pixel matrix of 256 × 256. Images scanned using the high field system had a 2.25× high final resolution (pixel spacing size) of 0.3125 mm × 0.3125 mm with a pixel matrix of 512 × 512.


Table 1. Summary data for each horse at each time point.
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The lower end range limit for tendon thickness, identified distal to the navicular bone where the DDFT becomes thinner as it transitions to sheet-like varied between 0.16 and 1.74 mm. The upper end range limit for DDFT thickness, identified at the most proximal portion where the DDFT is bilobed, varied between 4.6 and 23.6 mm. Among abnormal tendons, differences of regional thickness ranged from −3.0 mm (indicating tendon thinning) to +14.3 mm (indicating tendon thickening, Figures 3–6). However, it should be noted, changes in DDFT size were non-uniform and demonstrated fluctuations throughout the tendon (Figure 7).


[image: Figure 4]
FIGURE 4. ABNORMAL Deep Digital Flexor Tendon. Axial section at same level of the foot for the same horse at two different time points. (Left) First time point, the delineation of the DDFT can be established. (Right) MRI scan 10 months later, demonstrating a complete and wide parasagittal split (red circle) in the lateral lobe of the DDFT. In this case, the lesion was NOT segmented with the tendon. Only intact portions of tendon were used for segmentation. This provides an absence of data in the DDFT for analysis purposes. The horse also experienced a worsening of clinical signs. Top of the image represents the dorsal aspect of the limb.



[image: Figure 5]
FIGURE 5. ABNORMAL Deep Digital Flexor Tendon. (Left) Tendon thickness evaluation at first time point. Measurements are in mm. Thickness range is 1.38–8.33 mm. (Right) Tendon thickness evaluation from the same horse 10 months later. Thickness range 1.24–8.54 mm, however, note the large absence of data associated with the tendon lesion and thinner normal tendon tissue surrounding the lesion. This is the same tendon as Figure 4. Top of the image represents the proximal aspect of the tendon.



[image: Figure 6]
FIGURE 6. ABNORMAL Deep Digital Flexor Tendon. Analysis of the change in tendon size. The majority of the tendon appears green, indicating the change is minimal (−0.81 mm −1.36 mm difference). However, the large defect in the center is in excess of −2.0 mm difference. The red portions along the edges are segmentation artifacts due to minor inconsistencies in the segmentation model. Top of the image represents the proximal aspect of the tendon.



[image: Figure 7]
FIGURE 7. ABNORMAL Deep Digital Flexor Tendon. In this image, thinning has occurred in the mid region of the DDFT as it courses around the navicular bone over a 6 month period. However, both proximally (yellow) and distally (red) there is an increased in tendon thickness, indicating a dynamic volumetric response to tendon injury. Top of the image represents the proximal aspect of the tendon.


Only a single DDFT from one horse was classified as normal on two separate scans indicating no change in MRI appearance; all other DDFTs had abnormal pathological changes noted at all time points. This normal tendon had a part thickness between 1.55 and 8.98 mm, with a median value of 4.83 mm. The volume of the tendon was 16,550 mm3. At the second MRI scan 7 months later, the tendon had a thickness range of 1.03–8.46 mm with a median value of 4.35 mm and a volume of 16,164 mm3 (2.3% volume reduction). When comparing the thickness of the tendon between these 2 time points, the range of thickness change was between −1.44 to +1.34 mm with a median value of +0.36 mm.

For horses who had a DDFT with pathology (n = 21 tendons), the minimum tendon thickness was 0.76 ± 0.48 mm with a maximum value of 12.3 ± 6.3 mm. The median tendon thickness value was 3.5 ± 0.9 mm with a volume of 10,576 ± 3,698 mm3.

Three horses (4 DDFT's at various time points) had no changes in MRI and clinical scores between time points (recorded as 0), 3 horses (3 DDFTs at various time points) had concurrent improvements in MRI and clinical scores (recorded as +1), 2 horses (2 DDFTs at various time points) had concurrent deterioration in MRI score and clinical signs and 1 horse (2 DDFTs at various time points) had discordant MRI and clinical scores (Table 1). When comparing horses who had no change reported in MRI or clinical scores, the median tendon volume change was +2.6% (range −2.3 to +4.3%), the minimum change in part thickness between scans was −1.27 mm (range −0.79 to −1.43 mm) and the maximum change in thickness between scans was +2.55 mm (range 1.33 to +8.2 mm). The median value of the change in thickness between unchanged (score 0) tendons was 0.165 mm (range −0.07 to +0.36 mm).

For horses who experienced clinical improvement or an improvement in DDFT MRI outcomes, the median volume change was +8.5% (range +5.2 to +22.3%), the minimum change in part thickness between scans was −1.7 mm (range −1.0 mm to −2.2 mm), the maximum change in part thickness between scans was +2.0 mm (range +1.5 to +9.2 mm), and the median value of the change in thickness between improved tendons (score +1) was 0.8 mm (range −0.3 to +1.8 mm).

For horses who experienced a worsening of clinical signs or more significant MRI pathology (n = 3), the median volume change was +14.2% (range −3.6 to +287%), the minimum change in part thickness between scans was −1.3 mm (range −1.2 to −1.6 mm), the maximum change in part thickness between scans was +3.0 mm (range +2.1 to +14.3 mm), and the median value of the change in thickness between tendons with more severe pathology or clinical signs (score −1) was 0.21 mm (range +0.2 to +2.8 mm).

There was a positive correlation between MRI reports (improved or worsened pathology) and computer analysis of median thickness (r = 0.5752, p = 0.01), however, there was no significant correlation with tendon volume (r = 0.4558, p = 0.057).

When comparing tendons within each horse over each scan, horses reported to have improved (+1) or worsened (−1) clinically with comparable MRI changes are 39.0 times (95% confidence interval 1.3 to 1,191) more likely to demonstrate changes in tendon thickness by at least ±1.5 mm compared to horses reported to be static or who demonstrate no changes in tendon pathology (0) (p = 0.038).



DISCUSSION

The study was successful in segmenting a standardized part of the DDFT in normal and diseased tendons and establishing the volumetric appearance and thickness of the DDFT as it courses in the foot. The change in shape of the DDFT from a bilobed appearance proximally to a sheet like appearance as the tendon courses distally was easily visualized. We encountered difficulties in accurate segmentation of the distal insertion of the DDFT as it inserts on the distal phalanx. This could potentially be due to mild obliquity of the MRI slices or due to the fan-like expansion which contains cartilage at the insertion of the tendon (2, 19). Furthermore, there were challenges with the low field images which had a poorer resolution compared to the high field images which has previously been demonstrated (20). This created issues when manually segmenting the soft tissue structures as images become pixelated (low resolution) when attempting to accurately trace the tendon outline, to a lesser degree this was also encountered in high field images. Due to inconsistencies in this segmentation, the decision was made to crop the distal portion of the DDFT at a point where a tangent drawn from the most distal aspect of the distal interphalangeal joint intersected the DDFT. This procedure was additionally performed at the level of the most proximal aspect of the eminences of the middle phalanx. The section that remained for evaluation coincides with the most common locations of lesions within the deep digital flexor tendon (1). Furthermore, some of the scans were acquired using isotropic sequences, and some were acquired using anisotropic imaging. A previous study has demonstrated that anisotropic voxels have a negligible effect on the 3D reconstruction of bone geometric models, and we do not believe they had an impact on our tendon models in the present study (10). We do not make any specific recommendations in regard to the optimal sequences to use, although logically sequences with high spatial resolution with narrow slice thickness and slice spacing, would be optimal for 3D reconstructions. Although the high field sequences used PD sequences for axial, sagittal and coronal imaging, a complete set using a single sequence was not available in the low field system, hence the need to use multiple sequences.

The authors acknowledge there will be some variation in the foot position during recumbency when placed inside the coil in the magnet, which is further amplified if the horse is standing. Therefore, these variables will have an impact on the final thickness/part comparison that was performed. The position of the DDFT varies considerably during stance, and is under tension when fully weight bearing (19, 21, 22). Increasing the hoof angle, which occurs when positioning the horse for an MRI examination at our hospital, results in relaxation of the tendon and increases the cross-sectional area of the deep digital flexor tendon (19, 21–24). However, this positioning is necessary to decrease the probability of magic angle artifact (24). Magic angle artifact is observed as increased intratendinous signal intensity when the angle between the deep digital flexor tendon and the constant magnetic field approach 55° (24). Magic angle artifact has also been described in feet examined with low-field MRI; however, it is observed as an asymmetric appearance of the two lobes of the deep digital flexor tendon (25). Segmentation could enable a more accurate evaluation of the DDFT that was potentially overestimated due to the magic angle artifact.

Magic angle causes an artifactual increase in signal intensity, which can be mistaken for pathological change. In the current study, we were careful to exclude portion of tendon that had a hyperintense signal on our scans so that only hypointense tendon was used to create our 3D parts. The software we used can provide image fusion, so scans which reduce or highlight artifacts or lesions can be included/excluded in the final 3D model or segmented as a separate entity based on the desire of the operator. We aimed to focus this study solely on hypointense tendon signal from the scans, if core lesions were encountered, if they had a rim of hypointense tendon signal, they were included in the final 3D model. If the hyperintense signal contacted a tendon surface, the hyperintense region was excluded. Thus, the segmentation methodology we used, which aimed to segment regions of “normal tendon only,” exclusive of pathology, may explain the changes we noted in difference in tendon volume. It remains debatable if this is the correct methodology for tendon segmentation, however the technique allows for flexibility to include/exclude any pathology based on signal intensities and scan sequences used depending on the area of research.

It was noted that DDFTs which demonstrated thinning in one region were often thicker in other regions, perhaps due to compensation for changes in tensile forces (Figure 7). It has been shown that histological changes which reflect abnormal stress can occur (26, 27). These changes could potentially create an increase in the size of the tendon. Previous studies evaluating cross sectional area found that an increase in tendon size was only associated with core lesions (2, 27). While lesion type was not evaluated in the current study, it is interesting that the median tendon thickness and volume for tendons with lesions was less than in tendons reported as normal. This is in contrast with a previous study which found that lesions were not associated with thinning of the tendon (2, 27). The clinical implications and relevance of these findings remains to be determined. Further studies including histological evaluation to determine correlation with imaging findings should be performed to determine the significance of these findings.

Previous studies have shown that heel elevation effects maximal strain within the DDFT (22, 23). As inclusion of shoeing details was outside of the scope of the current study, future studies to investigate how long-term utilization of therapeutic farriery may affect the thickness of the DDFT could be performed.


Limitations

The major limitations for this study are related to inaccuracies particularly around the periphery of the tendons during segmentation. Due to the low image numbers acquired during scanning resulting in slice numbers in the 30's, 3D multiplanar reconstruction using this data was challenging. Due to this, segmentation was performed in triplicate using each plane to provide separate DDFT outlines. In the future, scans using specific 3D sequences with isotropic voxel size, smaller slice gaps and higher resolution images could be acquired, however, this would often require a prolonged scan time. Furthermore, the use of lower resolution low field images also compromised the fidelity of DDFT recreation and analysis. Currently, it is unknown if any differences between low and high field MRI are due to the resolution issues between the two systems, operator error or an inherent variability in segmenting complex structures such as the tendon and further research would be required. In addition, the angle of the foot and DDFT tension which occur during limb positioning or between general anesthesia and standing MR image acquisition may have had an impact on the data. In the future, such studies are recommended to be conducted using high field imaging only. Furthermore, although clinical and MRI reports were coded according to changes noted in the DDFT between scans, many other structures including the navicular were reported to have changed. These may have been more significant than the DDFT changes. As such, it ids challenging to from a direct link between DDFT score changes and clinical outcomes when so many other structures can contribute to the global picture.



Conclusion

The data presented here demonstrates that the DDFT can be segmented and volumetric studies based on size and shape can be performed using an in silico approach. There was a high correlation between lesions described on MRI reports and tendon thickness.




DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by the University of Florida Institutional Animal Care and Use Committee. Written informed consent was obtained from the owners for the participation of their animals in this study.



AUTHOR CONTRIBUTIONS

KT-M: analysis and interpretation of the data, drafting the article, revising the article for intellectual content, and final approval of the completed article. AB: conception, design, acquisition of data, analysis and interpretation of the data, drafting the article, revising the article for intellectual content, and final approval of the completed article. HH: segmentation of images, analysis of the data, and final approval of the completed article. NW: acquisition of data, analysis and interpretation of the data, revising the article for intellectual content, and final approval of the completed article.



FUNDING

This study was funded by the University of Florida Surgical Translational and 3D Printing Research Lab.



REFERENCES

 1. Dyson S, Murray R. Magnetic resonance imaging evaluation of 264 horses with foot pain: the podotrochlear apparatus, deep digital flexor tendon and collateral ligaments of the distal interphalangeal joint. Equine Vet J. (2007) 39:340–3. doi: 10.2746/042516407X185566

 2. Murray R, Roberts B, Schramme M, Dyson S, Branch M. Quantitative evaluation of equine deep digital flexor tendon morphology using magnetic resonance imaging. Vet Radiol Ultrasound. (2004) 45:103–11. doi: 10.1111/j.1740-8261.2004.04017.x

 3. Smith R, Jones R, Webbon P. The cross-sectional areas of normal equine digital flexor tendons determined ultrasonographically. Equine Vet J. (1994) 26:460–65. doi: 10.1111/j.2042-3306.1994.tb04050.x

 4. Rantanen NW, Jorgensen JS, Genovese RL. Ultrasonographic evaluation of the equine limb: technique. In: Ross MW, Dyson SJ, editors. Diagnosis and Management of Lameness in the Horse. Philadelphia, PA: Saunders (2003). p. 166–88. doi: 10.1016/B978-0-7216-8342-3.50023-1 

 5. Poon M, Hamarneh G, Abugharbieh R. Efficient interactive 3D Livewire segmentation of complex objects with arbitrary topology. Comput Med Imag Grap. (2008) 32:639–50. doi: 10.1016/j.compmedimag.2008.07.004

 6. Yokota F, Otake Y, Takao Ogawa T, Okada T, Sugano N, et al. Automated muscle segmentation from CT images of the hip and thigh using a hierarchial multi-atlas method. Int J Comput Ass Rad. (2018) 13:977–86. doi: 10.1007/s11548-018-1758-y

 7. Lee LK, Liew SC, Thong WJ. A review of image segmentation methodologies in medical image. In: Sulaiman H, Othman M, Othman M, Rahim Y, Pee N, editors. Advanced Computer and Communication Engineering Technology. Lecture Notes in Electrical Engineering, vol 315. Cham: Springer (2015). p. 1069–80. doi: 10.1007/978-3-319-07674-4_99 

 8. Horowitz AL. Matrix size and the field of view. In: MRI Physics for Radiologists. New York, NY: Springer (1995). doi: 10.1007/978-1-4612-0785-6_15 

 9. Goldman L. Principles of CT and CT technology. J Nucl Med Technol. (2007) 35:115–28. doi: 10.2967/jnmt.107.042978

 10. Liu Y, Li R, Fan Y, Antonijevic D, Milenkovic P, Li Z, et al. The influence of anisotropic voxel caused by field of view setting on the accuracy of three-dimensional reconstruction of bone geometric models. AIP Adv. (2018) 8:085111. doi: 10.1063/1.5041990 

 11. Glaser C, D'Anastasi M, Theisen D, Notohamiprodjo M, Horger W, Paul D, et al. Understanding 3D TSE sequences: advantages, disadvantages, and application in MSK imaging. Semin Musculoskel R. (2015) 19:321–7. doi: 10.1055/s-0035-1563732

 12. Naraghi A, White LM. Three-dimensional MRI of the musculoskeletal system. Am J Roentgenol. (2012) 199:283–93. doi: 10.2214/AJR.12.9099

 13. Chaudhari A, Zelman E, Flanigan D, Kaeding C, Nagaraja H. ACL-Injured subjects have smaller ACLs than matched controls: an MRI study. Am J Sports Med. (2009) 37:1282–87. doi: 10.1177/0363546509332256

 14. Myrick KM, Voss A, Feinn RS, Martin T, Mele BM, Garbalosa JC. Effects of season long participation on ACL volume in female intercollegiate soccer athletes. J Exp Orthop. (2019) 6:12. doi: 10.1186/s40634-019-0182-8

 15. Martinelli MJ, Kuriashkin IV, Carragher BO, Clarkson RB, Baker GJ. Magnetic resonance imaging of the equine metacarpophalangeal joint: three-dimensional reconstruction and anatomic analysis. Vet Radiol Ultrasound. (1997) 38:193–9. doi: 10.1111/j.1740-8261.1997.tb00840.x

 16. Smith A, Felstead C, Lawson J, Weller R. An innovative technique for displaying three dimensional radiographic anatomy of synovial structures in the equine distal limb. Vet Radiol Ultrasound. (2009) 50:589–94. doi: 10.1111/j.1740-8261.2009.01588.x

 17. Zarucco L, Wisner E, Swanstrom M, Stover S. Image fusion of computed tomographic and magnetic resonance images for the development of a three-dimensional musculoskeletal model of the equine forelimb. Vet Radiol Ultrasound. (2006) 47:553–62. doi: 10.1111/j.1740-8261.2006.00185.x

 18. Biedrzycki AH, Kistler HC, Perez-Jimenez EE, Morton AJ. Use of Hausdorff distance and computer modelling to evaluate virtual surgical plans with three-dimensional printed guides against freehand techniques for navicular bone repair in equine orthopaedics. Vet Comp Orthop and Traumatol. (2021) 34:9–16. doi: 10.1055/s-0040-1721846

 19. Dyson S. The deep digital flexor tendon. In: Ross MW, Dyson SJ, editors. Diagnosis and Management of Lameness in the Horse. Philadelphia, PA: Saunders (2003). p. 726–7. doi: 10.1016/B978-1-4160-6069-7.00070-5 

 20. Bolen G, Audigié F, Spriet M, Vandenberghe F, Busoni V. Qualitative comparison of 0.27 T, 1.5 T, and 3T magnetic resonance images of the normal equine foot. J Equine Vet Sci. (2010) 30:9–20. doi: 10.1016/j.jevs.2009.11.002 

 21. Hagen J, Kojah K, Geiger M, Vogel M. Immediate effects of an artificial change in hoof angulation on the dorsal metacarpophalangeal joint angle and cross-sectional areas of both flexor tendons. Vet Rec. (2018) 182:692. doi: 10.1136/vr.104700

 22. Willemen MA, Savelberg HH, Barneveld A. The effect of orthopaedic shoeing on the force exerted by the deep digital flexor tendon on the navicular bone in horses. Equine Vet J. (1999) 31:25–30. doi: 10.1111/j.2042-3306.1999.tb03787.x

 23. Lawson SE, Chateau H, Pourcelot P, Denoix JM, Crevier-Denoix N. Effect of toe and heel elevation on calculated tendon strains in the horse and the influence on the proximal interphalangeal joint. J Anat. (2007) 210:583–91. doi: 10.1111/j.1469-7580.2007.00714.x

 24. Busoni V, Snaps F. Effect of deep digital flexor tendon orientation on magnetic resonance imaging signal intensity in isolated equine limbs-the magic angle effect. Vet Radiol Ultrasound. (2002) 43:428–30. doi: 10.1111/j.1740-8261.2002.tb01029.x

 25. Spriet M, McKnight A. Characterization of the magic angle effect in the equine deep digital flexor tendon using a low-field magnetic resonance system. Vet Radiol Ultrasound. (2009) 50:32–6. doi: 10.1111/j.1740-8261.2008.01486.x

 26. Van Hamel SE, Bergman HJ, Puchalski SM, De Groot MW, Van Weeren PR. Contrast-enhanced computed tomographic evaluation of the deep digital flexor tendon in the equine foot compared to macroscopic and histological findings in 23 limbs. Equine Vet J. (2014) 46:300–5. doi: 10.1111/evj.12129

 27. Blunden A, Dyson S, Murray R, Schramme M. Histopathology in horses with chronic palmar foot pain and age-matched controls. Part 2: the deep digital flexor tendon. Equine Vet J. (2006) 38:23–7. doi: 10.2746/042516406775374342

Conflict of Interest: NW is employed by Equine Diagnostic Imaging, Inc.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Trolinger-Meadows, Biedrzycki, He and Werpy. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fvets-08-706046-g005.gif





OPS/images/fvets-08-706046-g006.gif





OPS/images/fvets-08-706046-g003.gif





OPS/images/fvets-08-706046-g004.gif





OPS/images/fvets-08-706046-g007.gif
st l
2005
1o754 =

1004 B

oz

osmt l
12087





OPS/images/fvets-08-706046-t001.jpg
Horse Limb
1 LF
2 LF
RF
3 LF
RF*
4 LF
RF
5 LF
RF
6 RF

Time

[
2w
3M

0
4M
10M

0
4M
10M

0
™

0
™
oM
10M
oM
10M
oM
5M
oM
5M
oM
2M

Median thickness (mm)

359
355
315
209
169
437
418
192
424
524
436
482
434
378
358
391
367
374
221
232
255
430
378

Volume (mm)

10,529.87
10,988.45
9424.53
5836.98
5992.24
6308.82
16,125.06
5616.88
16,107.65
13,500.79
10,486.49
16,549.50
16,164.58
12,286.69
12,608.85
13,122.64
12,655.33
10,784.55
6953.20
6101.07
8487 .66
11,582.57
10,696.44

Magnetic field strength (T)

156
15
15
0.27
0.27
15
0.27
0.27
15
15
16
15
16
15
16
15
16
0.27
0.27
0.27
0.27
15
16

MRI score

-1
-1

1

Clinical score

1

Time points denote time since the original scan. MRl score and Clinical scores denote changes between time points;  recorded increase in severity of ciinical signs or MRl pathology
(~1), no change in clinical signs o similar MR pathology (0) or an improvement in MRI pathology or clinical sign (+1)
“Denotes a normal DDFT that did not change between scans.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Three-Dimensional Segmentation and in silico Comparison of Equine Deep Digital Flexor Tendon Pathology in Horses Undergoing Repeated MRI Examination



		Introduction



		Materials and Methods



		MRI Study Acquisition and Evaluation



		Segmentation



		Tendon Analysis



		Data Analysis







		Results



		Discussion



		Limitations



		Conclusion







		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
’ frontiers
in Veterinary Science

Three-Dimensional Segmentation
and in silico Comparison of Equine
Deep Digital Flexor Tendon
Pathology in Horses Undergoing
Repeated MRI Examination





OPS/images/fvets-08-706046-g001.gif





OPS/images/fvets-08-706046-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Veterinary Science





