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School of Veterinary Medicine
Comparative Biomedical Sciences
Vidhya Iyer, Ph.D.
Review Editor
JoVE 

22 January 2021
Dear Dr. Iyer,

[bookmark: _Hlk505966918]Thank you very much for allowing us to submit a revised version of our manuscript now titled “Construction of a Realistic, Whole-Body Three-Dimensional Equine Skeletal Model Using CT Data” to JoVE. 

[bookmark: _Hlk43145644][bookmark: _Hlk43144894]We are again grateful to the reviewers for their insightful and useful suggestions, which have helped us to improve the manuscript. In this revision we have made substantive changes in response to the reviewers’ comments. All aspects of the review have been modified to address both the requested editorial changes and the concerns of the reviewers. The specific responses are on the following pages with reviewers comments in regular font and answers indented. in bold and italicized.

The purpose of this protocol is to guide users in (1) developing such a model for any organism of interest and (2) using this specific equine model for their own research questions.

Aspects of this research have been published as abstracts from meetings of the American Association for Anatomy and at the annual Science of Motion Symposia.


With many thanks for your consideration and best regards,
Michelle L. Osborn (mosborn@lsu.edu), 225-578-9470, fax: 225-578-9895 (corresponding author)
Alexander K.K. Lee (alee76@lsu.edu) 
Elizabeth W. Uhl (euhl@uga.edu)


Please note that the reviewers raised some significant concerns regarding your method and your manuscript. Please revise the manuscript to thoroughly address these concerns. Additionally, please describe the changes that have been made or provide explanations if the comment is not addressed in a rebuttal letter. We may send the revised manuscript and the rebuttal letter back to peer review.


Editorial comments:
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues. 
The manuscript has been proofread.
2. JoVE cannot publish manuscripts containing commercial language. Please remove all commercial language from your manuscript and use generic terms instead. All commercial products should be sufficiently referenced in the Table of Materials: e.g., Avizo, Autodesk Maya etc. We must maintain our scientific integrity and prevent the subsequent video from becoming a commercial advertisement.  
The specific commercial product names have been removed throughout the manuscript and are listed only in the Table of Materials.

3. Please define all abbreviations before use (IK). 
We have done so. For IK, please see Lines 140.

4. Please note that your protocol will be used to generate the script for the video and must contain everything that you would like shown in the video. Please add more details to your protocol steps. Please ensure you answer the “how” question, i.e., how is the step performed? Alternatively, add references to published material specifying how to perform the protocol action.
The requested specific details have been added throughout the protocol.

5. Line 95: Please specify how are the IK handles created.
We have done so. Please see Lines 140-158.

6. Line 109: Please define the term “NURBS” 
We have done so. Please see Lines 162.

7. Please add more specific details (e.g., button clicks for software actions, numerical values for settings, etc.) to your protocol steps. There should be enough detail in each step to supplement the actions seen in the video so that viewers can easily replicate the protocol. If button clicks/menu selections are identified (e.g., quotes or cursive text has been used), change them to bold text. Use either | or > between the clicks/selections. Example: File > Options > Advanced or File | Options | Advanced 
The requested specific details have been added throughout the protocol.

8. Please highlight up to 3 pages of the Protocol (including headings and spacing) that identifies the essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the most cohesive story of the Protocol. Remember that non-highlighted Protocol steps will remain in the manuscript, and therefore will still be available to the reader. 
The protocol steps are highlighted. We cut some of what we would like to record to accommodate the increased word count.
9. Please ensure that the references appear as the following: [Lastname, F.I., LastName, F.I., LastName, F.I. Article Title. Source. Volume (Issue), FirstPage – LastPage (YEAR).] For more than 6 authors, list only the first author then et al.
The references have been modified to follow the specific example given here.
10. Please remove trademark (™) and registered (®) symbols from the Table of Equipment and Materials. 
The Table has been updated with these changes.

Reviewers' comments:
Reviewer #1:
Manuscript Summary:
This is a visually compelling and clear presentation of how to build a 3D model of a horse.

Major Concerns:
Scientifically it is not made clear how the joint locations are determined. They seem to be fit by eye rather than determined functionally (e.g. cadaver/in vivo analyses) or via more objective geometric measures (e.g. see Panagiotopoulou et al, 2016, PeerJ; which also used a Maya "digital puppet").
2 new references, including the suggested Panagiotopoulou paper, were added to describe similar methods on how joint positions were determined. Please see Lines 119-125. Details have also been added to the protocol with specifics about changing joint locations. Please note that the Panagiotopoulou paper reports data from the XROMM system in combination with Maya. The XROMM technology has been incredible at helping us understand movements in animals. However, the field of view of the resultant models is relatively small. As is the challenge with doing whole-body studies, to our knowledge there are currently no horse-size scanners that can incorporate full-body data holistically. It will all have to be done section by section. As these technologies do become available, our model will be ready and waiting to be a part of it.

Without access to the 3D geometry files and Maya files, the utility of this paper is very limited. It would be far more useful to readers if the science was 100% open and files shared to enable replication of the workflow. As the claim is made that this enables "accurate anatomical positioning and movement simulations" the issues of accuracy and replicability should be better addressed.
All the files on the model will be made available. We have already discussed this with our universities and plans have been made to release the model. The purpose of this paper is to let people know how the model was created, show what can be done with it, and how to use it. It is meant to be a tool for clinicians and researchers and thus is a template that can be continually modified (please see Lines 85-90 in the revised manuscript). As such it can be updated to increase its accuracy to model a specific position or movement. For example, if they have anatomic or video data to make a joint position more accurate they can change the model to reflect it. 
We do disagree, however, that the utility is limited if you don’t have the specific files. The rigging described can be lightly modified to be used within any whole-body CT data. For example, using a similar protocol with just a few tweaks, we rigged a full human CT skeleton to be used as the rider.

The model is said to be dynamic, which means kinematic and kinetic (e.g. forces). But no forces are integrated into the model; including not masses, centers of mass or inertial tensors of body segments needed for such analyses. This needs to be addressed, or the paper restricted purely to discussing kinematics.
Thank you for this feedback. When we selected the term “dynamic”, we were using the more general definition of dynamic (constant change, activity, or progress) as opposed to the physics field of dynamics focused on forces and movements. However, we realize that this term imbued certain characteristics on the model that we did not intend. So, we have removed the term from the title and throughout the paper and have specified the real purpose of the model: a whole-body realistic equine skeleton that can be moved and positioned and used for further analyses by researchers.
Many of the mentioned parameters vary depending upon the question being asked and the position being analyzed. However they can be added and the model modified to answer specific research questions. For example, we have used static force analysis in the model to determine if a hyperextended position of the foreleg often observed in horses with navicular disease (a common form of osteoarthritis) increased the forces on the navicular apparatus compared to the normal, more vertical position. Use of the model allowed force data from a variety of studies to be incorporated into the analysis. As proof of concept, we have demonstrated how it can be used with data collected from movement studies. We used a straight-forward method here (matching to still frames) but we are working on a project that incorporates 3D motion analysis data from surface markers with the model for a movement study. As we are finding this useful in our own research into understanding the complicated relationship of posture and movement in horses, we believe others will also benefit from having it. Indeed, when we have presented this at various meetings, people have asked when they would be able to get the model.    

How was the scapular origin decided? Scapular rotation is important but tricky. Does it only rotate or translate too (as the real scapula does)? Are all joints 6 degrees of freedom?
We completely agree. All joints are given the range of motion that they are capable of producing, with constraints applied only to keep biologically un-realistic movements from happening (e.g., the scapula rotating medially to cross the ribs and enter the thorax, or the elbow to be bent backwards). The location of the joint in the scapula and how it has 6 degrees of freedom in this method is described in the protocol (Lines 123-125). 

Sesamoids seem to be immobile and this should be noted as the patella and digital sesamoids not only move but may be major locations of pathology.
We agree with the importance of the sesamoids with regards to movement and pathologies. In the submitted video, the patellae were left stable because we were focusing on other movements that could be effectively matched with the 2D images. However, all of the sesamoids are moveable when the information of their movement is added in (e.g., from data collected from a surface marker). We added two sections in the protocol for sesamoid bone (general) and patella (specific) rigging to address your comment.

Statements like the model has the "ability to accurately demonstrate spine positions" are big claims- this implies that quantitative measurements of in vivo/ex vivo motion match those of the model, ideally with statistical tests. But here there is no evidence of this; it seems "accurate" is being used to mean "looks good". This should be clarified or amended-- as per the journal's criterion "efficacy of the protocol must be demonstrated".
The model does have the ability to accurately demonstrate spine positions when correct data is added into it. Often spinal movement is left out of models or it is considered to act as stiff rod when the animal moves. We have rigged this model to be able to (1) create a natural movement, in line with what studies suggest it actually does, using the ribbon spine method reported in the protocol, while also (2) maintaining freedom at each joint for specific manipulations that may become known as research continues. 
It is currently not possible to add all the specific details on joint movements that would cover every possible position for all the joints in the body, as the data to do this does not currently exist. This paper is meant to present this model as a tool to facilitate the practical application of new data on joint movements as it is acquired. A great strength of the model is that it can be specifically modified depending upon the questions being asked. If very fine movements are being targeted the specific parameters of interest can be added as needed based upon data collected from the individuals being modeled. Depending upon exactly what is being analyzed this data can come from measurements taken from the live animals and/or from 2D or 3D imaging.  
There is a lot of individual variation in joint mobility. Joint mobility also varies with body position. This variability is difficult to capture using quantitative measurements, since not all possible combinations of body positions can be measured and even those that can be determined can practically only be measured on a limited number of animals. There are also additional problems in measuring joint function using cadavers because of both the disruption induced by the dissection needed and tissue changes after death. However, since this model can be modified it can reflect the variability of an individual by using images and anatomic markers to position the bones and joints. This is especially important in assessment of clinical patients that have pathology-induced limitations in their joint movements.   
In addition, the ability to model the whole body of specific individuals can identify potential root causes of their mechanical dysfunction and tissue damage (i.e.: poor overall body balance).   

Clear outline of the steps used to make the Video would be a benefit. It is unclear how 3D motions can be made from 2D lateral view images without substantial guesswork involved? The video looks great but this may mislead readers that it is more than a best guess at detailed motions.
Similar to how motion in animals is depicted by flipping a sequential series of still photographs, sequential 2D images were used to align the model and put it in motion. Because the positions of the various body parts have to remain stable in the lateral views their positions are thus also set in other views, which produces a 3D moving image. The only guesswork is on components that cannot be seen in the lateral 2D images. If these components are of interest, other views can be used.   
The limits set up in the rigging of the model were based upon the range of motion for the postures depicted in the sequential photographs as well as anatomic measurements. This resulted in a more realistic motion than that produced by joint parameters measured out of context of the whole-body posture. We plan to further refine the accuracy of motion through both anatomic measurements and the depiction of joint function in the context of specific body postures. 
The animation is described in section 5 of the Protocol and the Note (Lines 438-442) gives more information about the animation. 

Minor Concerns:
The first paragraph too quickly switches to a focus on human OA; surely there is plenty of OA research on horses that is already doing very similar things such as unloading joints through targeted exercise etc.? (And we likely know a lot about the fundamental mechanisms from model organism studies, e.g. mice-- some citations here could help readers?)
There is actually very little literature on individualized whole-body physical therapy for chronic arthritis in horses, which was a big factor in our developing this model; we did, however, add one source. Corrective shoeing is the main mechanically based therapy used in equine medicine, which has either led to or has been led by an intense focus on the foot. However, at best corrective shoeing can only deflect pathomechanical forces impacting the foot (i.e.: those impacting it from above due to movement in poor body balance) and usually provides only temporary relief. 
The sad fact is that, in our experience, horses that potentially could have been rehabilitated through individually targeted physical therapy are being condemned as unsound and euthanized. 
Because of this, our goal is to promote the development of individualized, physical therapy for horses. This therapy must be based upon assessment of whole-body function, which is an approach that has been overwhelmingly successful in the treatment human athletes, but has yet to be applied to horses. The power of our model is in how it can be used to assess whole-body function, as it can be manipulated to model an individual’s posture in motion. 
In terms of citations, we have focused on those documenting the successes of therapies based on correcting pathomechanical loading of the joints in humans. These therapies are based upon a whole-body functional perspective and correlate best with how the model can be used. We feel it is beyond the scope of this article to get into mechanistic studies of laboratory animals, important as they are for understanding the pathogenesis of mechanical tissue damage, when so much of the big picture of where the forces originate is being missed because assessment of whole-body function is not being done for horses.

line 67- "anatomical and force analysis" recommend changing to "anatomical, kinematic and kinetic analyses".
Thank you for this suggestion; we have made the change (Line 74). 

There have been quite a few 3D horse (fore)limb modelling studies already. At least a short literature review of what exists is warranted-- e.g. Brown, Harrison/Stover, Panagiotopoulou, O'Hare, others have done such models (although some just focused on distal limb). Line 363 claims "unique from other equine models that are artistic graphic recreations" but this does not seem true vs. these published studies, in terms of limbs or regions of limbs.
All of these 3D models are of the distal limb because of the intense therapeutic focus on shoeing. Our model is unique because it is of the whole-body, and it is not designed by a graphic artist but is directly based upon actual CT data. We have emphasized the “whole-body” throughout the revision of the manuscript to make this clearer. However, we have cited the suggested literature and one suggested by another reviewer to show that there are CT models of specific areas available; we did not intend to argue otherwise. But none of these models or any others we have seen are equivalent to our whole-body model. It is also a unique feature and big strength of the model that it can be continually updated as needed by the users.  

11 references for a broad area of research seems too limited.
This paper describes how a model was constructed and how it can be used in research and for assessment of clinical cases, but is not meant to be a review paper. The references we cited were to justify the approach and the methodology used.   

For CT scans resolution and scan settings should be provided. What is the subject? Male/female, age, mass, breed, etc.? Single or multiple individuals? This is important information.
We’ve added the following paragraph (Lines 93-104):
“Due to practical limitations related to specimen availability (e.g., the ribs cut) and the scanner , the whole-body equine model is the result of merging data from three equine specimens. The model thus, is not a perfect representation of a single individual, but has been standardized to more broadly represent individual variability. In short, it is a template to be used and modified to suit the needs of researchers. CT scans of the trunk, head and neck, and limbs were acquired from two equine specimens of approximately the same size with a 64-Slice CT scanner using a bone algorithm, pitch of 0.9, 1 mm slice. CT scans of a set of ribs were acquired with a 64-Slice CT scanner using a bone algorithm, pitch of 0.9, .64 mm slices. Anatomic integrity of the bony joints (e.g., within the limb) was maintained. The soft tissues available in the CT scans were also used to confirm the placement of the bones. Since some whole ribs and the proximal portions of all the ribs were available and scanned on the thorax specimen, the separately scanned ribs could be accurately sized and placed within the whole-body skeletal model. The resulting CT DICOM data were imported into the 3D visualization software and individual bones were segmented into individual data sets (i.e., bone meshes). The individual 3D bone meshes were then imported into the 3D animation and modeling software where they were sized, if necessary, and assembled into a complete equine skeleton in preparation for rigging, a graphic method of connecting the bone meshes so that their movements are linked (Figure 1).”
Because this model is flexible and can be modified, parameters related to age, sex and breed as well as individual conformation, for example a club foot, can be added as needed by the users.
[bookmark: _Hlk61885300]
Reviewer #2:
Manuscript Summary:
A method for using Autodesk Maya to assemble a rigid body simulation of equine bone positions is presented. I think the model has some useful attributes in terms of understanding macro-scale bone movement during equine locomotion. The method for creating the model in Maya is sufficiently described. My only concern with this paper is that the authors claim that this can be used to understand loading of the bones (and implicitly cartilage) and that this model is unique in its ability to do so.

Major Concerns:
The loading of bone/musculoskeletal tissues is a function of not just the kinematic pose but also the specific muscle and soft tissue (e.g. ligaments) forces that the joint is subjected to. It's possible to have different loading scenarios with the same kinematic pose. As the authors state in the last paragraph of the discussion, the actual loading of the joint requires inclusion of 3D force analyses. This is not a trivial calculation and requires knowledge of inertial/mechanical parameters per bone segment as well as estimates of maximum force capacity by muscles. The inclusion of motion capture data with external force data and the development of a full 3d musculoskeletal model of the equine forelimb has been published by Harrison.
Harrison, S.M., Whitton, R.C., Kawcak, C.E., Stover, S.M. and Pandy, M.G., 2010. Relationship between muscle forces, joint loading and utilization of elastic strain energy in equine locomotion. Journal of Experimental Biology, 213(23), pp.3998-4009. I think it warrants inclusion in the discussion that these models exist - but admittedly can be difficult to use without experience. Checking the simtk website, an equine model does exist that is openly available (https://simtk.org/projects/horse ).
The limitation of the cited example and other models is that they are of the limbs and do not consider the effects of whole-body posture. They are also mostly confined to analysis of the normal rather than the pathological gait. Our model allows a comparative analysis of the effects of posture in both normal (i.e.: not lame) versus lame animals. It can also be used to model a horse before and after successful physical rehabilitation to help specifically identify pathological postural positions. We agree that the 3D force analysis is difficult and time consuming but is necessary to truly understand the effects of posture and movement on the skeletomuscular system. This can be done statically and dynamically, depending on the research question and parameters used.
However, while force analysis is important, it is not the only factor in joint damage. Repetitive abnormal motion without dramatic increases in force also induces pathology. Our model can be used to assess both factors because it can be used for comparative (sound versus lame, before and after physical therapy) studies. Its use is dependent on the specific inputted data, a fact that we have done more to highlight in the revision.  

Perhaps the intention here is to highlight the spinal kinematics (as included in the discussion) and this does seem more novel. But again, I would suggest that this is a kinematic pose estimation only that may be suggestive of changes in joint loading. However, the case study presented with the horse in different positions and the inclusion of an interpretation of forces is overstated as these are not known/estimated using kinematic data alone. Further, the model has not been validated for accuracy (line 383) as this would require some sort of validation via fluoroscopy or in comparison to motion capture data.
It is not the purpose of this paper to provide definitive data on any specific position, but rather to describe how this model was made, how to use it, and its potential applications for research and in the clinics. 
While absolute force data is important, evidence of compressive tissue damage in places that are predicted through the use of our model is arguably definitive. The horse used in the example had evidence that pathological compressive forces had impacted the foot shown as being overloaded by the transversal vertebral rotation. Furthermore, when the transversal rotation was corrected through physical therapy, the hoof pathology was resolved. 
Unfortunately the technology does not exist in a format that can be used on the whole body of horses for validation purposes. We hope that our model, which provides a unique whole-body functional perspective, will facilitate validation studies by identifying targets for these types of studies.

It's also not clear to me what degree of accuracy is required to assess clinically significant aberrations in movement. How many degrees of malrotation would one expect and can this be measured/detected by aligning the Maya model to 2d pictures?
The model as shown has the flexibility to be very closely aligned and its accuracy depends on the images, either 2D or 3D that are used to align it. Motion analysis data (i.e., points in three-dimensional space) could also be used.
It should be noted that joint dysfunction and damage is often due to abnormal loading forces that were generated at another site in the body. The unique power of this model is not in the ability to measure the specifics of the joint dysfunction (although it has the capacity to do this), but in its ability to identify whole-body postural abnormalities that are the root cause of the joint overloading and resulting dysfunction. 
In summary, I find the kinematic pose estimation useful - and I agree that it can provide some insights into different pathologies provided the kinematic differences are large enough to be measured on the 2d images that are used to pose the model (if I have misunderstood how the poses are estimated, this should be clarified). However, I think the leap forward that this then can be used to for joint loading analyses (and is unique (line 363)) is overstated and should be reconsidered.
Although 2D images were used in the examples shown, 3D data can also be used to align the model, so it has the potential to be very closely aligned to the whole-body postures of individual horses. We are not arguing that other CT models exist (we agree that there are many of the distal limbs as all of the reviewers’ examples show), but rather that our whole-body model based on CT data is unique.
In terms of assessing joint loading forces, this model is unique in that it allows comparative analysis of the effects of whole-body posture on the forces impacting a specific limb or joint. Such comparative analysis of the forces is critical to answer the question of whether a particular posture within a movement increases the mechanical forces on the specific joint that has been damaged. 
Comparative analysis can be done through static force analysis, which is powerful because it allows force data from a variety of studies to be incorporated into the analysis of a specific posture. It is the ability to incorporate the effects of variations in body posture into the force analysis of joints that makes this model unique. However, each posture of interest must be separately analyzed using all the available information, including from other studies. The model will only be as correct as the data that is input by skilled researchers. 
The ability to input data from other studies is a unique strength of this model as this capacity allows it to be continually updated by the users.
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