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Title
Semi-automated tracing of hamstring muscle architecture for B-mode ultrasound images.
Abstract:
Hamstring strains are the most prevalent injury sustained by field-sport athletes. Insufficiencies in the architectural characteristics of the hamstring muscles can heighten an athlete’s risk of incurring a hamstring strain. To evaluate the influence of hamstring muscle architectural characteristics (i.e., fascicle length, pennation angle, muscle thickness) on injury risk, it is necessary to precisely evaluate these characteristics. Considering this, our aim was to develop and evaluate the precision of a novel semi-automated tracing software to measure the architectural characteristics of the biceps femoris long head (the most commonly injured hamstring muscle) in B-mode ultrasound images.  We acquired static sonograms of the biceps femoris long head from ten healthy male field-sport athletes. The architectural characteristics (fascicle length, pennation angle and muscle thickness) of participants’ biceps femoris long head were evaluated 10 times using the tracing software, with the specific purpose of determining its measurement precision.
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Introduction
Hamstring muscle strains are commonly incurred by field-sport athletes (Ekstrand, 2016), with the biceps femoris long head (BFlh) being the most frequently injured hamstring muscle (Timmins et al., 2017). One prospective study observed that short BFlh fascicles (measured via B-mode ultrasound during pre-season) increase the risk of hamstring muscle strains in professional football players (Timmins et al., 2016).

Ultrasound is an imaging modality used to assess the architectural characteristics of in vivo skeletal muscle (Franchi et al., 2018). Commonly assessed architectural characteristics of skeletal muscle include: fascicle length, pennation angle and muscle thickness. Numerous methods have been used to evaluate the architectural characteristics of the hamstring muscles from resultant sonograms (Franchi et al., 2020). One limitation of previously published studies is the common use of a small field of view, which does not capture the entire length of the fascicle (Franchi et al., 2020). In these studies, fascicle length has been typically calculated using linear approximations. Using this approach, the resultant estimations of fascicle length do not account for fascicle curvature and, as such, are prone to inaccuracies (Franchi et al., 2020). A recently developed technique – extended field of view – has been proposed to overcome the limitations associated with a small field of view (Noorkoiv et al., 2010). In our experience, obtaining diagnostic quality sonograms using an extended field of view technique is time intensive, operator dependent and constrained by the fact that many ultrasound scanning systems do not have the applications required to support this technique. Additionally, automated fascicle tracking algorithms have been developed to evaluate the architectural characteristics of skeletal muscle (Rana et al., 2009, Drazan et al., 2019). While such an approach may be useful for muscles with homogenous architectural characteristics, this approach is not suitable for the heterogenous hamstring muscles.  

We describe a novel accurate and precise semi-automated tracking software for measuring the architectural characteristics of the hamstring muscles.
















Aims
To describe the accuracy and precision of a technique which uses wide FOV US imaging and a novel semi-automated tracing software which can account for fascicle curvature.



Hypothesis
We expect to yield precise measurements of the architectural characteristics of the Bicep Femoris Long head muscle.

Design
Ten athletes will have their Left Bicep Femoris long head muscle assessed with ultrasound. Once the sonogram clearly illustrates all aponeuroses in parallel orientation and a fascicle inserting into the intermediate aponeurosis in the longitudinal plane, the transducer would be maintained in a fixed position by the operator and the static sonogram was archived for analysis. Ten sonograms across ten athletes will be saved and each sonogram will be analysed by a semi-automated tracing software to quantify Bicep Femoris Long head architecture.

Image Quality
A Hitachi Noblus ultrasound scanner (Hitachi Medical Systems, UK) with a wide FOV linear array transducer (Hitachi EUP-L53L; Field of View: 92mm), was used to acquire single static sonograms of the BFlh muscle from ten male field-sport athletes. Trapezoidal imaging was implemented at the beginning of each scan to increase the footprint of the transducer to 100mm, which permitted the inclusion of more lateral hamstring muscle architecture, when scanning in the longitudinal plane.
All sonograms for analysis were acquired at a frequency of 9 MHz and a depth of eight centimetres. The focus (where the US beam is at its narrowest, for optimum lateral resolution) was set at a depth of 3cm. The gain (which controls the overall amplification of the returning reflections displayed on the ultrasound image) was set at 11 decibels, as this was deemed optimal for fascicle visualisation. Tissue Harmonic Imaging (THI) was enabled for all US scanning. The Dynamic Range (DR) was set at 50 which was deemed optimal to establish fascicle visibility.
US Technique
The architectural characteristics (fascicle length, pennation angle and muscle thickness) of each athletes BFlh muscle were each measured ten times to evaluate the precision of the semi-automated tracing software. The specific region for measurement was chosen by scanning a segment of the BFlh muscle in transverse and longitudinal planes. Once the sonogram clearly illustrated all aponeuroses in parallel orientation and a fascicle inserting into the intermediate aponeurosis in the longitudinal plane, the transducer was maintained in a fixed position by the operator and the static sonogram was archived for analysis. All sonograms were acquired by one operator, a sonographer with five years of scanning experience, to minimise inter-operator variability. Across the cohort of athletes sonographically assessed, some sonograms represented architecture in the proximal and distal segments of the BFlh muscle, respectively. To calculate the architectural characteristics of the acquired sonograms we used data informed tracking, whereby a reference image of a previously analysed sonogram (displayed on a separate monitor) served as a reference sonogram to trace the same individual fascicle overtime. The most suitable fascicle for analysis extended from the bottom left (from its origin on the intermediate aponeurosis) to the top right of the sonogram (superficial aponeurosis), which was acquired during the US scan. This technique permitted visualisation of the entire fascicle on the sonogram.

Room Lightening
To replicate the clinical setting, light will be powered off. The researcher scans with the light off clinically.
Semi-Automated Tracking Software
A semi-automated tracing software tool for analysing static ultrasound images was developed in Matlab® (MathWorks R2019b, Natick, MA, USA) to measure fascicle lengths, pennation angles and hamstring muscle thickness. The overarching workflow of this tool can be described in six steps:

	Step 
	Description

	Step #1
	Outline the fascicle of interest by identifying six points along its length – from its insertion into the intermediate aponeurosis to its insertion into the superficial aponeurosis (red line – Figure 1)

	Step #2
	Outline the superficial aponeurosis (yellow line – Figure 1)

	Step #3
	Outline the intermediate aponeurosis (green line – Figure 1)

	Step #4
	Outline the distal aponeurosis (purple line – Figure 1)

	Step #5
	Identify the location for muscle thickness evaluation (blue line – Figure 1)

	Step #6
	An automatic readout quantifies the architectural characteristics




Setting

All sonograms were acquired in the x-ray room laboratory skills room in University College Dublin.
Subjects

10 amateur athletes participating in this study.

Inclusion criteria
· Male amateur athletes
Exclusion criteria

· Age less than 18 years of age
· Female athletes 





Storage

The ultrasound application system used in scanning the volunteers (Hitatchi Noblus) is a portable ultrasound machine. It facilitates extraction of data from the machine via a USB port. All images will be saved on an USB key and uploaded and digitised for image analysis on the Matlab software. All material stored/assessed on either the USB key or Matlab will be password protected. The USB key will be stored in a locked filing cabinet in the primary researcher office in University College Dublin. This office is a locked shared office only accessible with a key.


Statistical Analysis

[bookmark: _Hlk34390879]The accuracy of the utilised arc length calculation was evaluated for a series of normalised sine wave functions of differing periods (/2, , 3/2 and 2) generated in Matlab®, as compared with a numerically calculated arc length. The frequency and phase of the sine waves were set to 1 and 0, respectively. The curvature of these functions were regarded as analogues of the curvature of in vivo fascicles of skeletal muscle. 

The precision of the semi-automated tracing software for measuring fascicle lengths, pennation angles and muscle thickness was determined by calculating the coefficient of variation (CV) for these architectural features. All statistical procedures were performed with IBM SPSS Statistics for Windows (Version 22.0, NY, USA, IBM Corp.).

Relevance

We have developed an accurate and precise semi-automated tracing software tool to measure the architectural characteristics of the hamstring muscle. The tool has been demonstrated for static acquired sonograms using a wide FOV transducer which captures the entire fascicle length within the ultrasound image. This approach could be of substantial interest to clinicians interested in HSI, who may want to accurately measure fascicle lengths following injury and in response to exercise-based interventions. To date, to our knowledge such an approach has not been previously described in the published literature. 


Risks

No risks related to the ultrasound assessment of the hamstring muscles are known.


Financing and Insurance

[bookmark: _Hlk32417488]The purchase of an ultrasound transducer (€6000) was supported by Professor Eamonn Delahunt. The purchase of an ex-demo ultrasound scanner was supported by Associate Professor Shane Foley (€9000), Professor Rainford (€3000) and Assistant Professor Kevin Cronin (€1000).  Additionally, the 1st author will have 75% of his PhD registration fees covered for this first three years of the overall project.


Ethics

Ethical exemption was granted by the university’s ethics committee, HREC Ref no: LS-E-19-83.

Authorship

Authorship for the project will be based on the Uniform Requirements for Manuscripts of the International Committee of Medical Journal Editors. According to these requirements, authorship credit should be based on 1) substantial contributions to conception and design, acquisition of data, or analysis and interpretation of data; 2) drafting the article or revising it critically for important intellectual content; and 3) final approval of the version to be published. Authors should meet conditions 1, 2, and 3. Changes in the tasks of the authors listed below may lead to loss of authorship for some contributors or addition of new authors during the course of the project.

Tasks of Authors

Study design:
 All authors

Draft of the study protocol: 
Mr Kevin Cronin, Professor Eamonn Delahunt, Associate Professor Shane Foley, Dr Sean Cournane.

Logistic organisations:
Mr Kevin Cronin, Professor Eamonn Delahunt, Associate Professor Shane Foley, Dr Sean Cournane.

Performance of the experiment:
Mr Kevin Cronin



Analysis of data:
Mr Kevin Cronin, Professor Eamonn Delahunt, Associate Professor Shane Foley, Dr Sean Cournane

Interpretation of findings:
All authors

Draft of article:
Mr Kevin Cronin, Professor Eamonn Delahunt, Associate Professor Shane Foley, Dr Sean Cournane


Final version of article: 
All authors

Senior responsibility of all processes:
Professor Eamonn Delahunt and Associate Professor Shane Foley, Dr Sean Cournane

The study will be part of the dissertation of Mr Kevin Cronin

Time plan:

Data Acquisition: September 2019

Data Analysis: October 2019
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