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Author Questionnaire 
1. Microscopy: Does your protocol require the use of a dissecting or stereomicroscope for performing a complex dissection, microinjection technique, or something similar?  No  
If Yes, can you record movies/images using your own microscope camera?
Enter Yes or No.  
If your protocol involves microscopy but you are not able to record movies/images with your microscope camera, JoVE will need to use our scope kit. 
If your microscope does not have a camera port, the scope kit will be attached to one of the eyepieces and you will have to perform the procedure using one eye.

Enter make and model of microscope.

2. Software: Does the part of your protocol being filmed include step-by-step descriptions of software usage?  Yes
If Yes, we will need you to record using screen recording software to capture the steps. If you use a Mac, QuickTime X also has the ability to record the steps. Please upload all screen captured video files to your project page as soon as possible.

3. Filming location: Will the filming need to take place in multiple locations?   No
If Yes, how far apart are the locations? Click to enter distance between locations.

To ensure that your script can be filmed in one day, the Protocol section is restricted to 55 shots (shots are the 3-digit numbers like 2.1.1, 2.1.2…etc)

Current Protocol Length

Number of Steps:  25
Number of Shots:  58 

Introduction

1. Introductory Interview Statements

Your answers to these questions will become author interview statements, which authors will memorize and then deliver on camera.
· Enter the full name of the author who will deliver the statement.
· Fill out both required statements.
· Answer in full sentences, in a style suitable for being spoken aloud. 
· Limit the length of each statement to 30 words or fewer.
· Answers will be edited for length, clarity, and consistency with journal style guidelines.

REQUIRED: Why is your protocol significant? OR What key questions can this method help answer? 	Comment by atkinspr: I think we just need one statement for each answer. I drafted something, but feel free to change the text or ‘author’.	Comment by atkinspr: I’m not sure if we can use Nic since he is remote, but if so, we can likely switch this up.
1.1. Andrew Anderson: This protocol combines accurate tracking of in-vivo hip joint motion with whole body motion capture to quantify arthrokinematics and lower-limb motion to understand the role of motion in hip degeneration.

REQUIRED: What is the main advantage of this technique?
1.1. Penny Atkins: In comparison with traditional methods of tracking hip motion, dual fluoroscopy has improved accuracy which allows for investigation of the subtle relationship between hip shape and motion patterns.

Introduction of Demonstrator on Camera

Complete this statement ONLY if any of the individuals who will be demonstrating the procedure on camera will not be delivering an Introductory Interview Statement.

1.2. Enter name of author who will introduce demonstrator: Demonstrating the procedure will be Click here to enter name of demonstrator(s)., a Click here to enter demonstrator job title. from my laboratory. Include additional demonstrators as needed.  
1.2.1. INTERVIEW: Author saying the above. 
1.2.2. The named demonstrator(s) looks up from workbench or desk or microscope and acknowledges the camera.

Ethics Title Card
1.3. Procedures involving human subjects have been approved by the Institutional Review Board (IRB) at the University of Utah.

Protocol
Please review this section to make sure that it accurately describes your protocol. Use Track Changes when making edits or revisions.
· The one-digit numbers represent sections of the video. The text will appear onscreen.
· The two-digit numbers (e.g. 2.1., 2.2.) represent steps of your protocol. The text will be recorded by a professional voiceover talent. 
· The three-digit numbers (e.g. 2.1.1., 2.2.2.) represent the shots that our videographer will capture at your lab. 
· To ensure that your protocol can be filmed in one day, the protocol is restricted to 25 steps and/or 55 shots. 

Please use this draft script to help you prepare for filming day.
· Filming should take no more than 10 minutes per step. If a step will take more than 10 minutes, prepare the product from that step in advance.


Authors: Acquire screen capture videos for all shots labeled SCREEN and upload them to your project page: https://www.jove.com/account/file-uploader?src=19151608

2. Dual Fluoroscopy Imaging of Dynamic Trials
2.1. For all walking trials [1], inform the participant before starting the treadmill belt [2]. Ramp the treadmill's speed up to the appropriate walking speed [3] and let the participant's gait normalize before collecting images [4].
2.1.1. WIDE: Establishing shot of participant standing on the treadmill.
2.1.2. Talent informing the participant, then starting the treadmill.
2.1.3. Talent ramping up the speed of the treadmill.
2.1.4. Participant's gait normalizing.

2.2. For the inclined walking activity, have the participant step off the treadmill [1]. Unlock the treadmill [2], set the incline to 5 degrees [3], and relock the treadmill [4] before having the participant step back onto the treadmill to perform the activity [5].
2.2.1. Participant stepping off the treadmill.
2.2.2. Talent unlocking the treadmill.
2.2.3. Talent setting the incline to 5°.
2.2.4. Talent relocking the treadmill.
2.2.5. Participant stepping back on the treadmill.

2.3. For the pivot activities [1], based on the pelvis position at the end range of motion [2], have the participant rotate or translate their feet [3] such that the pelvis is facing forward on the treadmill [4] and the hip of interest is in the middle of the combined field of view of the fluoroscopes at the end of the pivot [5].
2.3.1. Participant performing a pivot.
2.3.2. Shot of the pelvis position at the pelvis at the end range of motion. Authors: Can this shot be easily filmed?	Comment by atkinspr: Yes, this can be filmed from the side of the treadmill, but I would recommend deleting this, as it is nearly identical to what would be visualized in 2.3.4.
2.3.3. Participant rotating/translating feet.
2.3.4. Shot of participant's pelvis facing forward on the treadmill.
2.3.5. Shot of the combined field of view of the fluoroscopes showing the hip of interest in the middle at the end of the pivot. Authors: Can the field of view of the fluoroscopes be easily captured on the camera?	Comment by atkinspr: This would be difficult. If two cameras were used and placed above/behind each emitter, then it could be shown that the hip is in the field of view for each fluoroscope.

2.4. Once the position is optimized [1], have the participant perform the pivot during dual fluoroscopy imaging [2] and save all frames [3] where the femur and pelvis are visible in both fluoroscopy camera views centered about the end range of motion, capturing as much of the pivot as possible [4-TXT].
2.4.1. Participant in the optimized position.	Comment by atkinspr: This can be deleted, as it was what was completed in 2.3.
2.4.2. Participant performing the pivot during capture of dual fluoroscopy.
2.4.3. Talent at the fluorescence microscopy station, monitor visible in frame.
2.4.4. SCREEN: Saving images where the femur and pelvis are visible in both fluoroscopy camera views centered about the end range of motion. TEXT: Approximately 200–400 frames	Comment by atkinspr: The acquisition and saving process likely only needs to be shown once (Currently included in 2.4.4, 2.6.1, and 2.9.1). May want to include an acquisition shot with the film crew to one of the above steps, but can likely be combined with participant doing the activity.	Comment by atkinspr: I would suggest using the pivot as the activity with the full process including screen captures and then showing the other activities only with the participant. 	Comment by atkinspr: This text can be removed.

2.5. For all walking trials [1], inform the participant before starting the treadmill belt [2]. Ramp the treadmill's speed up to the appropriate walking speed [3] and let the participant's gait normalize before collecting images [4].
2.5.1. WIDE: Establishing shot of participant standing on the treadmill.
2.5.2. Talent informing the participant, then starting the treadmill.
2.5.3. Talent ramping up the speed of the treadmill.
2.5.4. Participant's gait normalizing.

2.6. For the inclined walking activity, have the participant step off the treadmill [1]. Unlock the treadmill [2], set the incline to 5 degrees [3], and relock the treadmill [4] before having the participant step back onto the treadmill to perform the activity [5].
2.6.1. Participant stepping off the treadmill.
2.6.2. Talent unlocking the treadmill.
2.6.3. Talent setting the incline to 5°.
2.6.4. Talent relocking the treadmill.
2.6.5. Participant stepping back on the treadmill.

2.7. For the abduction-adduction activity, have the participant stand in the field of view of the fluoroscopes [1] and raise the leg of interest approximately 45 degrees up and out to the side without moving the torso [2].
2.7.1. Participant standing in the field of view of the fluoroscopes. Authors: Is it possible to also show a shot of the field of view of the fluoroscopes here?	Comment by atkinspr: Again this is difficult without two carefully placed cameras, but is possible. 
2.7.2. Participant raising leg at a 45° angle on the side.

2.8. Acquire and save all frames where the femur and pelvis are visible in both fluoroscopy camera views [1]. 
2.8.1. SCREEN: Acquiring and saving frames where the femur and pelvis are visible in both fluoroscopy camera views.

2.9. For the dynamic hip joint center or star-arc activity, have the participant stand in the field of view of the dual fluoroscopy system [1] and raise and then lower their leg anteriorly at 45-degree increments up to 180 degrees [2], ending with a posterior raise followed by lowering of the leg [3]. 
2.9.1. Participant standing in the field of view of the dual fluoroscopy system. Authors: Is it possible to also show a shot of the field of view of the fluoroscopes here?	Comment by atkinspr: See above.
2.9.2. Participant raising and then lowering leg at 45° increments of 180°.
2.9.3. Participant with leg in a posterior raise followed by lowering of leg.	Comment by atkinspr: This can be deleted, as the posterior raise and lower is 180 degrees from anterior, thus it is included above.

2.10. Before placing their leg back down onto the ground, have the participant circumduct their leg [1] and return to a standing position [2].
2.10.1. Participant circumducting the leg.
2.10.2. Participant returning to a standing position.

2.11. Once the participant is comfortable with the motion and can complete it in approximately 6 to 8 seconds, acquire and save images of the activity [1].
2.11.1. SCREEN: Acquiring and saving images of the star-arc activity.

3. Skin Marker Motion Capture
3.1. For marker placement, apply spray glue to the skin side of the fabric strap of each of the five marker plates [1-TXT] and wrap them tightly around the participant [2]. Check with the participant that the straps feel tight but are not uncomfortable [3]. 
3.1.1. WIDE: Talent applying spray glue to the fabric strap of the marker plate. TEXT: 2 on the shank, 2 on the thigh, 1 on the back	Comment by atkinspr: This text can be removed.
3.1.2. Talent wrapping the fabric strap of a marker plate around the participant.  
3.1.3. Talent asking the participant if the straps feel tight. 
3.1.4. Place the marker plates on the fabric straps. Videographer: Please get a clear shot of all five marker plates strapped onto the participant

3.2. After cleaning hands to remove any excess spray glue [1], apply the five markers used for calibration only to the clavicle [2], medial knees [3], and medial malleoli [4].
3.2.1. Talent cleaning hands to remove excess spray glue.
3.2.2. Talent applying a marker on the participant's clavicle.
3.2.3. Talent applying markers on the participant's medial knees.
3.2.4. Talent applying markers on the participant's medial malleoli.

3.3. Next, apply the 16 markers for tracking to the superior iliac spines [1], posterior superior iliac spines [2], greater trochanter of the femur being imaged [3], shoulders [4], sternum [5], lateral knees [6], lateral malleoli [7], and feet [8].
3.3.1. Talent applying markers on the participant's anterior superior iliac spines.	Comment by atkinspr: I would recommend only showing maybe the first three (ASIS, PSIS, and greater trochanter) and then doing a final shot of the participant fully markered.
3.3.2. Talent applying markers on the participant's posterior superior iliac spines.
3.3.3. Talent applying a marker on the participant's greater trochanter of the femur.
3.3.4. Talent applying markers on the participant's shoulders.
3.3.5. Talent applying markers on the participant's sternum.
3.3.6. Talent applying markers on the participant's lateral knees.
3.3.7. Talent applying markers on the participant's lateral malleoli.
3.3.8. Talent applying markers on the participant's feet.

4. Image Preprocessing
4.1. For landmark identification of the coordinate system [1], open the proximal femur as a model file. Then, open the Post toolbar and Data panel to add a standard field of 1-Princ Curvature (first principal curvature). Over-select the faces of the femoral head, select a smoothness of 10, and click apply [2]. Authors: How should our voiceover talent pronounce Princ? Is it prink?	Comment by atkinspr: The voiceover should use the phrase ‘first principal curvature’ for 1-Princ Curvature or ‘second principal curvature’ for 2-Princ Curvature. 
4.1.1. WIDE: Talent at the computer, opening software, monitor visible in frame. Videographer: Obtain a few shots of talent clicking the mouse and typing on the keyboard to use as b-roll throughout the video
4.1.2. SCREEN: Opening the proximal femur as a model file, opening the Post toolbar and Data panel, adding a standard field of 1-Princ Curvature (first principal curvature), over-selecting the faces of the femoral head, selecting a smoothness of 10, clicking apply.

4.2. Over-select the faces of the femoral head. From the edit panel, click select range to include only negative curvature. Export this femoral head surface as a surface mesh in *.k format forUse the a sphere fit tool from the Measure tool to determine the center of the femoral head [1]. Export this femoral head surface as a surface mesh in *.k (dot-k) format. Authors: How should our voiceover talent pronounce *.k?	Comment by atkinspr: The voice over should use the phrase ‘dot k’ for ‘*.k’.
4.2.1. SCREEN: Over-selecting the faces of the femoral head, gGoing to the edit panel, clicking select range, exporting femoral head surface as a surface mesh in *.k format for a sphere fit, determining the center of the femoral head, exporting femoral head surface as a surface mesh in *.k format for a sphere fit.

4.3. Similarly, apply 1-Princ Curvature (first principal curvature) to the distal femur with a smoothness of 5. Click Select range again to include only the faces with negative curvature. Export this femoral condyle surface for a cylinder fit to determine the medial-lateral axis [1].
4.3.1. SCREEN: Applying 1-Princ Curvature (first principal curvature) to the distal femur, setting smoothness to 5, clicking select range to include only the faces with negative curvature, exporting this femoral condyle surface for a cylinder fit, determining the medial-lateral axis.

4.4. Next, apply 2-Princ Curvature (second principal curvature) to the distal femur, using a smoothness of 3. Highlight the ridges of the epicondyles and click select range, applying an upper cut-off of negative 0.1. Export these faces to generate a plane and use it to isolate the faces of the posterior condyles for the cylinder fit [1].
4.4.1. SCREEN: Applying 2-Princ Curvature (second principal curvature) to the distal femur, setting smoothness of 3, highlighting the ridges of the epicondyles, clicking select range, setting upper cut-off of negative 0.1, exporting these faces, generating a plane, isolating the faces of the posterior condyles for the cylinder fit.

5. Bone Motion Tracking
5.1. For markerless tracking [1], select a frame within the desired range with good visualization of the bone and manually orient the CT-based digitally reconstructed radiograph of the bone of interest using the six degrees of freedom available in the software [2].
5.1.1. WIDE: Talent at the computer, opening markerless tracking software, monitor visible in frame.
5.1.2. SCREEN: selecting a frame within the desired range, manually orienting the CT-based DRR.

5.2. Once the digitally reconstructed radiograph of the bone appears well-aligned in both views, save the solution by clicking on the Manual button from the Solutions panel [1].
5.2.1. SCREEN: DRR well aligned in both views, moving to the Solutions panel, clicking the Manual button.

5.3. Next, from the Solutions panel, click the DHS (D-H-S) button to apply the Diagonal Hessian Search optimization step and review the result. If the optimized result is preferred, move onto the next frame; otherwise, make any necessary adjustments, and resave by clicking the Manual button within the Solutions panel [1-TXT]. 
5.3.1. SCREEN: Clicking Solutions panel, clicking DHS button, the result being displayed, moving to next frame, making adjustments, clicking Manual button to resave. TEXT: Repeat for every fifth frame, using the previous frame solution as a starting point

5.4. To complete the first pass of tracking, use the Range of LP + DHS (L-P-plus-D-H-S) button within the Solutions panel. In the window, enter the set of frames to be tracked and the two frames to be used for reference [1].
5.4.1. SCREEN: Moving to Solutions panel, clicking the Range of LP + DHS button, enter frames to be tracked and the reference frames.

5.5. Review and refine each frame of the trial, using both Manual and DHS-based solutions. Use the plot of parameters to ensure that the correlation coefficient is sufficiently high and that the orientation of the bone does not have sudden jumps in any parameter [1].
5.5.1. SCREEN: example of reviewing and refining one frame of the trail using Manual and DHS-based solutions, using plot of parameters, checking correlation coefficient, checking parameters of bone orientation.

5.6. To visualize the motion, open the femur and pelvis surfaces in the software for kinematic visualization. If necessary, using the convert to mesh function, convert the surfaces to meshes. Select both surfaces and export as a surface mesh in *.k (dot-k) format [1].
5.6.1. SCREEN: opening the femur and pelvis surfaces, using the convert to mesh function, selecting both surfaces, exporting as a surface mesh in *.k format.

5.7. Using the output from tracking, generate a text file with the coordinate transformations for each bone and frame [1]. Then, using the kinemat tool and surface mesh and text files generated earlier, animate the kinematics [2]. 
5.7.1. SCREEN: Generating text file with the coordinate transformations for each bone and frame.
5.7.2. SCREEN: Using kinemat tool to animate the kinematics.

5.8. Using either a semi-transparent surface or the surface distance tool, verify that the animated kinematics look reasonable and that the surfaces have an appropriate distance between them [1]. 
5.8.1. SCREEN: Using either a semi-transparent surface or the surface distance tool to verify the animated kinematics.

5.9. During data analysis, apply the surface distance data field to measure distances between the femur and pelvis surfaces during each dynamic activity [1].	Comment by atkinspr: This is not necessarily independent from 5.8.
5.9.1. SCREEN: Applying the surface distance data field to measure distances between the femur and pelvis surfaces during each dynamic activity (one example)






Protocol Script Questions
Authors: Please use the step and shot numbers from the script above (not step numbers from the manuscript) when answering the questions below. Do not include steps that will be screen-captured and do not list entire sections.

1) Which steps from the protocol are the most important for viewers to see? Please list 4 to 6 individual steps (steps are indicated with the 2-digit numbers, like 2.1, 2.2, etc.). 

Click here to list 4 to 6 individual steps, using the step numbers from the protocol section of the video script.2.1, 2.3, 5.1, 5.2, 5.7.

2) If a dissection or stereo microscope is required for your protocol, please list all shots that will be visualized using the microscope (shots are indicated with the 3-digit numbers, like 2.1.1, 2.1.2, etc.).

[bookmark: Text2]Click here to list microscope shots, using the shot numbers from the protocol section of the video script.N/A     



Results
Please review this section to make sure that it accurately reflects your findings.
· Use Track Changes when making edits or revisions.
· If you would like the video to include different results, please revise this section.
· When revising, please keep the length of the voiceover below 200 words. Current word count: 54. (Voiceover is the text that follows the two-digit numbers)
· Please note that the video cannot include voiceover without an accompanying visual. 

6. Results: Dual fluoroscopy Measured Kinematics 
6.1. Kinematics for 100 frames [1] surrounding the maximum rotation [2] of external [3] and internal rotation pivots [4] for a representative participant are shown here [5].
6.1.1. LAB MEDIA: Figure 7.
6.1.2. [bookmark: _Hlk68693034][bookmark: _Hlk68098449]LAB MEDIA: Figure 7. Video Editor: Emphasize the vertical dotted line at the center of both graphs
6.1.3. LAB MEDIA: Figure 7. Video Editor: Emphasize the graph on the left
6.1.4. LAB MEDIA: Figure 7. Video Editor: Emphasize the graph on the right
6.1.5. LAB MEDIA: Figure 7.

6.2. This figure [1] shows the measurement of surface distance between a left hemi-pelvis and femur [2] at maximum rotation of the external [3] and internal rotation pivot [4] with respective bone models using dual fluoroscopy [5].
6.2.1. LAB MEDIA: Figure 8.
6.2.2. LAB MEDIA: Figure 8. Video Editor: Emphasize the two  colored circular areas showing the surface distance
6.2.3. LAB MEDIA: Figure 8. Video Editor: Emphasize the figure of the bone with the colored area on the left (under external rotation pivot)
6.2.4. LAB MEDIA: Figure 8. Video Editor: Emphasize the figure of the bone with the colored area on the right (under internal rotation pivot)
6.2.5. LAB MEDIA: Figure 8. Video Editor: Emphasize the figures on the extreme right and left showing the hip joint



Conclusion
7. [bookmark: _Hlk27388131]Conclusion Interview Statements

Below are prompts for interview statements that can be used to further emphasize the significance of your protocol. 
· Answer any one of the prompts below.
· Limit the statements to 30 words.
· Answer the question in full sentences; you will need to memorize and deliver the interview statements during filming. 
· Indicate the full name of the author who will deliver the statement. 
What is the most important thing to remember when attempting this procedure? Please indicate the steps (e.g., 2.4., 2.5.) in the Protocol section of the script that this advice applies to.
7.1. Atkins: (5.5, 5.7) Accurate arthrokinematics are the product of attention to detail throughout this protocol, it is crucial to ensure that all steps of data processing are done with intent.	Comment by atkinspr: Feel free to change.
Following this procedure, what other methods can be performed? What questions would these additional methods answer?
7.2. TBD: The data from dual fluoroscopy provides the opportunity to recreate computational models of in-vivo bone motion, thus providing directly insight into natural motion patterns of the hip.	Comment by atkinspr: My guess is that these will be video recordings during the recording day, so it might just be Andy and I. 
After its development, did this technique pave the way for researchers to explore new questions within a specific scientific field? If so, how?
7.3. TBD: We have begun to explore the subtle relationship between morphology and motion patterns not only in the hip, but also in other joints and for various other applications. 	Comment by atkinspr: Determine.


Thank you for addressing our questions. We will incorporate your answers and suggestions, and send you the final script before your filming day. You will also receive detailed preparation instructions in the email accompanying the final script.
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