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[bookmark: Short_Abstract]SHORT ABSTRACT: 
This study describes how to obtain high quality musculoskeletal images using the extended field-of-view ultrasound (EFOV-US) method for the purpose of making muscle fascicle length measures. We apply this method to muscles with fascicles that extend past the field-of-view of common traditional ultrasound (T-US) probes. 

[bookmark: Long_Abstract]LONG ABSTRACT: 
Muscle fascicle length, which is commonly measured in vivo using traditional ultrasound, is an important parameter defining a muscle’s force generating capacity. However, over 90% of all upper limb muscles and 85% of all lower limb muscles have optimal fascicle lengths longer than the field-of-view of common traditional ultrasound (T-US) probes. A newer, less frequently adopted method called extended field-of-view ultrasound (EFOV-US) can enable direct measurement of fascicles longer than the field-of-view of a single T-US image. This method, which automatically fits together a sequence of T-US images from a dynamic scan, has been demonstrated to be valid and reliable for obtaining muscle fascicle lengths in vivo. Despite the numerous skeletal muscles with long fascicles and the validity of the EFOV-US method for making measurements of such fascicles, few published studies have utilized this method. In this study, we demonstrate both how to implement the EFOV-US method to obtain high quality musculoskeletal images and how to quantify fascicle lengths from those images. We expect that this demonstration will encourage the use of the EFOV-US method to increase the pool of muscles, both in healthy and impaired populations, for which we have in vivo muscle fascicle length data. 

[bookmark: Introduction]INTRODUCTION: 
Fascicle length is an important parameter of skeletal muscle architecture, which overall is indicative of a muscle’s ability to produce force1,2. Specifically, a muscle’s fascicle length provides insight into the absolute range of lengths over which a muscle can generate active force3,4. For example, given two muscles with identical values for all isometric force-generating parameters (i.e., average sarcomere length, pennation angle, physiological cross sectional area, contraction state, etc.) except for fascicle length, the muscle with the longer fascicles would produce its peak force at a longer length and would produce force over a wider range of lengths than the muscle with shorter fascicles3. Quantification of muscle fascicle length is important for understanding both healthy muscle function and changes in a muscle’s force-generating capacity, which can occur as a result of altered muscle use (e.g., immobilization5,6, exercise intervention7-9, high heel wearing10) or a change in the muscle’s environment (e.g., tendon transfer surgery11, limb distraction12). Measurements of muscle fascicle length were originally obtained through ex vivo cadaveric experiments that allow for direct measurement of dissected fascicles13-16. The valuable information provided by these ex vivo experiments led to an interest in implementing in vivo methods17-19 to address questions that could not be answered in cadavers; in vivo methods allow for quantification of muscle parameters in a native state as well as at different joint postures, different muscle contraction states, different loading or unloading states, and across populations with differing conditions (i.e. healthy/injured, young/old, etc.). Most frequently, ultrasound is the method employed to obtain in vivo muscle fascicle lengths18-20; it is quicker, less expensive, and easier to implement than other imaging techniques, such as diffusion tensor imaging (DTI)18,21. 

Extended field-of-view ultrasound (EFOV-US) has been demonstrated to be a valid and reliable method for measuring muscle fascicle length in vivo. While commonly implemented, traditional ultrasound (T-US) has a field-of-view which is limited by the ultrasound transducer’s array length (typically between 4 and 6 cm, although there are probes that extend to 10 cm 10)18,20. To overcome this limitation, Weng et al. developed an EFOV-US technology that automatically acquires a composite, two-dimensional “panoramic” image (up to 60 cm long) from a dynamic, extended distance scan22. The image is created by fitting together, in real-time, a sequence of traditional, B-mode ultrasound images as the transducer dynamically scans the object of interest. Because sequential T-US images have large overlapping regions, the small differences from one image to the next can be used to calculate the probe motion without the use of external motion sensors. Once the probe motion between two consecutive images is calculated, the “current” image is merged successively with the preceding images. The EFOV-US method allows direct measurement of long, curved muscle fascicles and has been demonstrated to be reliable across muscles, trials, and sonographers23-25 and valid for both flat and curved surfaces23,26. 

Implementing ultrasound to measure muscle fascicle length in vivo is not trivial. Unlike other imaging techniques that involve more automated protocols (i.e., MRI, CT), ultrasound is dependent on sonographer skill and anatomical knowledge27,28. There is concern that probe misalignment with the fascicle plane may cause substantial error in fascicle measures. One study demonstrates little difference (on average < 3 mm) in measures of fascicle length taken using ultrasound and DTI MRI but also shows that measurement precision is low (standard deviation of difference ~12 mm)29. Still, it has been shown that a novice sonographer, with practice and guidance from an experienced sonographer, can obtain valid meaures using EFOV-US23. Thus, efforts should be made to demonstrate appropriate protocols to reduce human error and improve accuracy of measurements obtained using EFOV-US. Ultimately, developing and sharing appropriate protocols may expand the number of experimenters and laboratories that can reproduce fascicle length data from the literature or obtain novel data in muscles which have not yet been studied in vivo. 

In this protocol, we demonstrate how to implement the EFOV-US method to obtain high quality musculoskeletal images that can be used to quantify muscle fascicle length. Specifically, we address (a) collecting EFOV-US images of a single upper limb and a single lower limb muscle (b) determining, in real-time, the “quality” of the EFOV-US image, and (c) quantifying muscle architecture parameters offline. We provide this detailed guide to encourage the adoption of the EFOV-US method for obtaining muscle fascicle length data in muscles that have gone unstudied in vivo due to their long fascicles. 

[bookmark: Protocol]PROTOCOL: 

[bookmark: Representative_Results]Northwestern University’s Institutional Review Board (IRB) approved the procedures of this study. All participants enrolled in this work gave informed consent prior to beginning the protocol detailed below. 

NOTE: The specific ultrasound system used in this study had EFOV-US capabilities and was adopted because we were able to review details about and validity assessments for the algorithm in the scientific literature22,26; multiple other systems with EFOV-US also exist18,20,30. A linear array transducer 14L5 (frequency bandwidth 5-14 MHz) was utilized. The muscles imaged in this protocol are just a small subset of muscles for which US images have been captured and fascicle lengths measured (e.g., triceps25, extensor carpi ulnaris23, medial gastrocnemius10, vastus lateralis24, biceps femoris8,31). This protocol is intended to provide pointers and describe the necessary standards so that that it may be applied to muscles beyond the two examples we provide. 

1. Collecting EFOV-US images of muscles

Preparation

1.1 Sonographer Preparation 

1.1.1 [bookmark: _Hlk52358957]Prior to operating the ultrasound system, read through the system’s manual to become familiar with system safety, care for maintaining the system, system setup and controls, etc. In addition, review the system’s instructions for obtaining EFOV-US images and be familiar with the method implemented to obtain the EFOV-US images. 

NOTE: Different ultrasound systems name the EFOV-US mode using different terminology. For example, in the system used here, the EFOV mode is referred to as “Panoramic Imaging”. While the technical details of the algorithm implemented in various commercial systems are usually intellectual property and therefore not freely available, from a cursory review, many commercial systems with panoramic ultrasound capabilities describe an approach similar to the one described by Weng et al.22. Evaluating the general validity of measurements acquired from any system, either by obtaining more detailed information directly from the company who manufactures the system, by using an imaging phantom26,32, or by other means (e.g., comparison to animal dissection24) is recommended as an important step before initiating research involving human participants.

1.1.2 Take time to become familiar with the anatomy of the muscle(s) of interest as well as the surrounding anatomy. It is suggested that the sonographer use an anatomy textbook or preferably an interactive online 3D anatomy model to become familiar with the anatomy of interest. 

1.2 Participant Preparation

1.2.1 Explain the protocol of the study to the participant and acquire IRB approved consent prior to beginning the imaging protocol.

1.2.2 Ask the participant to wear appropriate clothing to enable access to the muscle of interest. For example, if the sonographer plans to image a forearm muscle, the participant should be asked to wear a short-sleeved shirt. 

1.2.3 Seat the participant in an adjustable chair that can be locked in place. Take time to adjust the chair to make the participant as comfortable as possible while still providing access to the muscle of interest. 

NOTE: If an adjustable chair which can lay completely flat is not available, some study designs may require the use of a table to access the muscle of interest (i.e., hamstrings). 

1.2.4 Place the joint(s) that the muscle of interest spans in a posture that can be controlled and repeated. Use clinical guidance33 for locating anatomical landmarks and implementing goniometry and ISB standards for defining the joint coordinate system34,35. In general, to measure joint angle, mark anatomical landmarks with skin safe marker (Table of Materials) and then align the center of a handheld goniometer up with the axis of rotation of the joint and the arms of the goniometer up with the joint segments.

NOTE: If imaging passive muscle, placing the muscle of interest in a relatively lengthened position is recommended to avoid imaging slack muscle. 

1.2.4.1 For imaging the biceps brachii in this study, seat participants with feet supported, back straight, shoulder at 85° of abduction and 10° of horizontal flexion, elbow at 25° flexion, and forearm, wrist, and fingers at neutral. 

1.2.4.2 To image the tibialis anterior in this study, seat participants with knee at 60° of flexion and the ankle at 15° of plantar flexion. 

1.2.5 Secure the participants limb using cloth straps to minimize movement during the imaging protocol. 

Image Acquisition

1.3 Plug in and turn on the ultrasound system. Ensure that the exam is set to Musculoskeletal, the transducer is set to the transducer in use (here we used 14L5), and the transmit frequency is set between 5-17 MHz (here 11MHz was used), a typical frequency range for musculoskeletal imaging. Higher frequencies are generally used for more superficial imaging as they improve resolution but decrease wave penetration.

1.4 Go into the system settings to adjust the footswitch settings. For the purposes of this protocol, we recommend setting the footswitch to start/stop the imaging. If the footswitch in use has multiple pedals, set additional pedals to “Freeze” or “Pause”, and “Print” or “Store” the image. 

1.5 Apply a generous amount of ultrasound gel to the head of the transducer.

1.6 Place the transducer on the participant’s skin on the approximate region of interest. 

1.7 Move the transducer in the short axis plane of the muscle. Note that the transducer has a small protuberance on one side, called an indicator. The side of the transducer that has the indicator corresponds with the left side of the ultrasound image. When imaging in the short axis, have the sonographer keep the indicator pointed laterally and when the sonographer is in long axis, point the indicator distally. 

1.8 Identify the muscle of interest in the short axis plane (perpendicular to muscle fiber direction) and move the transducer distal and proximal to get a full visualization of the muscle path. 

1.8.1 Mark important anatomical landmarks (i.e., the lateral and medial edges of the muscle, the muscle tendon junction, and muscle insertion) using skin safe ink markers (Table of Materials). 

1.9 Once the location of the muscle has been identified and properly marked, have the sonographer move the ultrasound transducer in the long axis plane (parallel to the muscle fiber direction). 

1.10 Beginning at either the distal or proximal end of the muscle, rotate and tilt the transducer to identify the fascicle plane at that point. Make a mark on the skin when the correct transducer position has been established. 

1.11 Once the approximate fascicle plane has been established along the entire desired length to be scanned, have the sonographer practice following this path. 

1.12 To begin collecting images, put the ultrasound system in EFOV-US mode. 

1.13 Starting at one end of the muscle, click the footswitch to start image acquisition and slowly and continuously move the ultrasound transducer in the long axis. Once the end of the muscle has been reached, click the footswitch to end image acquisition. 

1.14 Practice and ensure the correct transducer path. This may take several practice images before consistently obtaining “quality” EFOV-US images (See section 2 for explanation of quality images).

1.15 To optimize image visibility and clarity, consider adjustments to the following parameters. 

1.15.1 Depth: If image acquisition ends before the desired length of the muscle can be captured, increase the depth of the image (in the system used here, increasing image depth increases the absolute length the scan can be). 

1.15.2 Focus: Place the focus arrow in the lower half of the ImageJust below the muscle of interest.

1.15.3 Gain: Ensure the gain is balanced through the depth of the image. 

1.15.4 Speed: Image at the optimum speed as guided by the indicator (in most systems a speed indicator displays on the monitor during panoramic imaging). 

1.16 Once qualitatively good images have been collected (step 2.1), hit the Print/Store footswitch pedal or a synonymous button on the control panel to save the image. 

1.17 Repeat steps 1.13-1.16 until 3 quality EFOV-US images of the muscle are obtained. 

1.18 Repeat steps 1.6-1.17 until all muscles of interest are obtained. 

1.19 Use a towel to gently wipe the gel from the participant’s skin. Then have the participant rinse off the area of the skin or use a damp towel to wipe the skin that was exposed to the gel. Dry. 

1.20 Wipe gel from the head of the transducer and disinfect. 

1.21 Export images as uncompressed DICOM images onto a CD-DVD, flash drive, or through the local network onto a computer. 

2. Determining “quality” of the EFOV-US image

2.1 Following step 1.13, have the sonographer identify and evaluate the quality of key anatomical features of the muscle of interest and its surrounding anatomy. This is a qualitative assessment based on the sonographer’s knowledge of anatomy and musculoskeletal tissue echogenicity (ability of a tissue to reflect ultrasonic waves). For an EFOV-US images to be considered qualitatively “good” the following should be met: 

2.1.1 In any long-axis image of a muscle, check that the sonographer can clearly identify the muscle as a hypoechoic (dark) shape with hyperechoic (bright) boundaries which represent the deep and superficial muscle fascia. 

2.1.2 Between the muscle boundaries, check that the sonographer can identify the connective tissue surrounding a muscles fascicle as hyperechoic (bright) lines. 

NOTE: When imaging multi-pennated muscles, the image should also contain central tendon(s) that show up in the muscle belly, between the deep and superficial muscle fascia, as a hyperechoic (bright) structure. 

2.1.3 Check that the image does not have excessive bending. This is usually indicated by shadows or gaps in the image or a jagged flexible ruler line over the image. 

2.2 If the image is missing one or more of the tissue structures described in 2.1, deem the image “qualitatively poor” and return to live 2D-mode. 

3. Quanitfying Muscle Fascicle Length

3.1 To quantify muscle fascicle length, use ImageJ, an open source image processing platform. ImageJ can be downloaded at https://imagej.net/Downloads. 

NOTE: Though ImageJ is frequently implemented24,25,31,36-38, quantification of muscle fascicle length may be measured using other image processing software8,39 or custom codes40,41. 

3.2 Once downloaded, open the ultrasound images as DICOM images in ImageJ by clicking File | Open and selecting the image to analyze.

3.3 To ensure that the DICOM image properties have been preserved, click on the Straight Line tool in the Tools menu and draw a straight line from 0 to 1 cm on the ruler on the side of the ultrasound image. Then go to Analyze | Measure to measure the line made. If the image properties have been preserved, the length of the straight line should be 1 cm. 

3.4 To measure fascicle lengths in the image, complete the following.

3.4.1 Right click on the Straight Line tool.

3.4.2 Select Segmented Line.

3.4.3 Move the cursor onto the image and click at one end of the fascicle that has been chosen to be measured. 

NOTE: Only make measurements on fascicles that the entire fascicle path (i.e., from one aponeurosis to the next aponeurosis or aponeurosis to inner tendon) can convincingly be seen. 

3.4.4 Click along the path to ensure curvature in the fascicle path is captured. 

3.4.5 Once the end of the fascicle path is reached, double click to end the line and go to Analyze | Measure to measure the length of the line. 

NOTE: A new window, “Results”, will pop up the first time a measurement is made. What values are displayed can be managed in the Results window by going to Results | Set Measurements.

3.5 Repeat steps 3.4.3-3.4.5 until multiple fascicle measures are made in a single image. 

3.6 Save fascicle measurements by clicking File | Save on the results tab or the values can be copy and pasted into another document/spreadsheet. 

REPRESENTATIVE RESULTS:
Extended field-of-view ultrasound (EFOV-US) was implemented to obtain images from the long head of the biceps brachii and the tibialis anterior in 4 healthy volunteers (Table 1). Figure 1 shows what EFOV-US images of both muscles imaged in this representative imaging session and highlights important aspects of each image such as muscle aponeurosis, central tendon, fascicle path, etc. After the imaging session was over, 3 qualitatively “good” images (Figure 2) were analyzed for each muscle in each individual. ImageJ was implemented to measure 4 fascicles per image. In each image, fascicles with paths that could be convincingly visualized from origin to insertion and that were located in different portions of the muscle selected were measured. The average fascicle lengths obtained in this study for the biceps brachii (14.6 ± 1.7 cm) and the tibialis anterior (7.3 ± 0.6 cm) are within the range of fascicle lengths reported previously25,42 (Table 1).

As most challenging and subjective parts of this protocol is determining factors which lead to correctly deeming an image as qualitatively “good” or qualitatively “bad”. We provide several examples of “good” and “bad” images (Figure 2) and how image landmarks and quality vary across people (Figure 3). In addition we have highlighted the portions of the images which are specifically “bad”. 

[bookmark: Figure_Legends]FIGURE & TABLE LEGENDS: 
Table 1: Participant Demographics and Data. Measurements of fascicle length are represented as average ± standard deviation. 

Figure 1: Schematic and EFOV images of two example muscles. (left) Illustration of the muscle being studied. (right) Example of “good” images on top and the same image with whole muscle (dark blue), central tendon (light blue), and muscle fascicles (white) outlined. Each image has a corresponding 1 cm scale bar (white) on the bottom right of the image. 

Figure 2: Demonstration of Image Quality. Demonstration of three qualitatively “good” and three qualitatively “bad” images obtained from the biceps brachii and the tibialis anterior of participants 1 and 2. (Top A & B) In all the qualitatively “good” images fascicles which extend from internal tendon to muscle aponeurosis can be visualized. We illustrate images which are qualitatively “bad” and should not be analyzed. Portions of the image which qualify it is as “bad” are emphasized (blue boxes and arrows) and include jagged or broken images, excessive or non-anatomically relevant bending, images which exclude the entire fascicle, and images with blurred central tendons. Each image has a scale bar (white vertical line) which represents 1 cm. This portion of the figure is highlighting the variability among images due mainly to the sonographer’s inconsistency across separate imaging sweeps. (Bottom A & B) One “good” biceps and one “good” tibialis anterior muscle are shown. The orange box on the original image is then blown up to illustrate more accurately the zoom that is seen when measuring fascicles in ImageJ. The bottom image shows representative outlined fascicles (white dashed lines). These images are deemed “good” because fascicles can be followed from origin to insertion and the zoomed portion of the image doesn't have substantial distortions or artifacts. 

Figure 3: Variability in image quality across individuals. Variability in image quality and visibility exists between participants, largely due to anatomical variation (i.e. muscle size, muscle length, subcutaneous fat content) and differences in muscle content (i.e. amounts of intramuscular fat, connective tissue, fibrosis). Specifically, variations in muscle content and layers of tissue above the muscle can affect the echo intensity of the imaged muscle43. Natural anatomical differences across individuals will result in muscle architectural features varying in location and/or relative size across US images of different individuals. This demonstration of muscles in different participants stresses the importance of a thorough understanding of anatomy and sufficient practice obtaining images on various individuals for gaining confidence in the quality and accuracy of the images being obtained. 

DISCUSSION: 
There are a few critical components to obtaining quality EFOV-US images that yield valid and reliable fascicle length measures. First, as indicated in method 1.1.2 it is essential that the sonographer take time to become familiar with the anatomy of the muscle being imaged as well as surrounding muscles, bones, and other soft tissue structures. This will improve the sonographer’s ability to image the correct muscle and determine if multiple images are capturing the same muscle plane. Second, the sonographer should practice the protocol on phantoms and multiple pilot participants before collecting data for publication. Ultrasound is known to result in measurement error if the sonographer does not properly identify the fascicle plane, a task which is challenging and can improve with practice. Last, it is strongly recommended to ensure that the validity of the measurements made by the EFOV-US algorithm in the ultrasound system being used has been established. If the method’s accuracy has not been demonstrated, validation can be done easily using an ultrasound phantom23,26 or through comparison to another imaging tool44 or cadaveric dissection45.

If image visibility is poor or the probe motion is uneven during dynamic scanning, adding ultrasound gel may enhance image quality by improving transducer-to-skin coupling. If image acquisition is cut-off by the algorithm before the entire object of interest is captured, the depth of the image should be increased. Increasing the depth of the image expands the available scanning distance, thus enabling longer objects to be capture within a single EFOV-US image. In general, it is best to refer to the ultrasound system’s manual when attempting to improve or troubleshoot image quality or image acquisition. 

Here, we demonstrate how to capture EFOV-US images of the entire muscle from the muscle tendon junction of the origin tendon to the insertion tendon. Capturing the entire muscle is necessary for some muscles, such as the biceps brachii, whose fascicles span nearly the entire length of the muscle. However, for other muscles, such as the tibialis anterior or other pennated muscles, shorter scans that do not include the full muscle belly may still capture entire muscle fascicles. For novice sonographers, acquiring images from shorter scans that still capture full fascicle lengths may decrease the chances of probe misalignment with the fascicle plane and improve image quality, decreasing the potential for fascicle measurement error. 

Notably, muscle activation can change muscle fascicle length. Due to the nature of the scanning method, the major limitation of EFOV-US is that it cannot be implemented to study muscle fascicle changes due to dynamic muscle contraction (e.g., during walking46,47). Additionally, due to the time required to capture an EFOV-US image, imaging a muscle at maximum contraction is likely infeasible due to muscle fatigue. Instead, the EFOV-US method is beneficial for sub-maximal or passive imaging. One way to ensure muscle activity is constant across participants, limbs, or sessions is to simultaneously measure EMG during imaging and analyze only images which are taken when the muscle is at some desired activity level. Though recommended, particularly if studying populations with altered neural drive, measures of EMG were not taken in the population studied here. 

Though traditional ultrasound has been shown to be valid and reliable for measuring in vivo muscle fascicle lengths, some fascicle measurement error will occur if the sonographer’s alignment of the ultrasound transducer deviates from the fascicle plane27,29,48. Due to the nature of the EFOV-US’s dynamic scan, there is concern that the EFOV-US method may have more error than T-US21,24. While a recent study demonstrated that fascicle measurement error from probe misalignment was not larger in EFOV-US than in the well-established, T-US method23 in a single wrist muscle, a general limitation of B-mode ultrasound is that you are only able to capture a relatively small, 2-dimensional view of the muscle. The true path of individual fascicles may be 3D; concerns remain that errors associated with measuring lengths of potentially 3D paths from 2D views may be bigger for longer fascicles. 

Static, B-mode ultrasound is a widely accepted method for measuring muscle fascicle lengths in vivo. However, the field-of-view of T-US probes limits the length of fascicles that can be directly measured. Instead, measurement of fascicles longer than the field-of-view of T-US requires trigonometric estimation methods, diffusion tensor imaging (DTI), or EFOV-US20. In general, ultrasound imaging is favored over magnetic resonance imaging (MRI) techniques such as DTI because MRI is more expensive and challenging to implement18. Fascicle lengths captured with EFOV-US have been shown to be more accurate than trigonometric estimation methods24,36, which is expected since muscle fascicles regularly follow a curved path, but trigonometric estimation methods assume linearity in their calculation of muscle fascicle length.

It should be noted that though most ultrasound probes are 4-6 cm in length, ultrasound probes up to 10 cm have been used9,10. The 10 cm probes enable a wider field-of-view, enabling the capture of longer, straight fascicles. Still, the longer probe length decreases frame rate, would require the imaging surface (the body) to also be straight to avoid uneven compression of the imaged tissue, and may not be able to capture longer curved fascicles (without the use of EFOV)20. 
	
The guide detailed here for obtaining quality EFOV-US images for measuring muscle fascicle length is intended to encourage the use of the EFOV-US method to expand the pool of muscles for which the field has in vivo muscle architecture data. The expectation is that this method be applied to both healthy and impaired populations (e.g., individuals post-stroke38,49 or post-orthopedic surgery) to better understand healthy muscle function and muscle adaptation. In addition, these in vivo data are important for development of models that more accurately predict human movement as well as the development of subject specific musculoskeletal models. 

Notably, the EFOV-US method is not limited to measurements of muscle fascicle length. The method has been used for measurement of tendon length50,51 and muscle anatomical cross-sectional area,52,53 as well as for documentation of various superficial lesions54,55. Thus, there is opportunity to develop guides, similar to the one presented here, for obtaining high quality images with the EFOV-US method for various applications. 
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