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a Nantes Université, Movement - Interactions - Performance, MIP, UR 4334, F-44000 Nantes, France 
b Menzies Health Institute Queensland, Griffith University, Brisbane and Gold Coast, Australia 
c School of Health Sciences and Social Work, Griffith University, Brisbane and Gold Coast, Australia 
d Neuromuscular Research Lab, Faculdade de Motricidade Humana, Universidade de Lisboa, Portugal 
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A B S T R A C T   

Ultrasound shear wave elastography has become a promising method in peripheral neuropathy evaluation. Shear 
wave velocity, a surrogate measure of stiffness, tends to increase in peripheral neuropathies regardless of eti
ology. However, little is known about the spatial variation in shear wave velocity of healthy peripheral nerves 
and how tensile loading is distributed along their course. Sixty healthy young adults were scanned using ul
trasound shear wave elastography. Five regions of the sciatic (Sciatic PROXIMAL, Sciatic DISTAL) and tibial nerve 
(Tibial PROXIMAL, Tibial INTERMEDIATE, and Tibial DISTAL) were assessed in two hip positions that alter nerve ten
sion: 1) neutral in supine position; and 2) flexed at 90◦. Knee and ankle remained in full-extension and neutral 
position. We observed spatial variations in shear wave velocity along the sciatic and tibial nerve (P < 0.0001). 
Shear wave velocities were significantly different between all nerve locations with the exception of Sciatic DISTAL 
vs. Tibial INTERMEDIATE (P = 0.999) and Tibial PROXIMAL vs. Tibial INTERMEDIATE (P = 0.708), and tended to increase 
in the proximal-distal direction at both upper and lower leg segments. Shear wave velocity increased with hip 
flexion (+54.3%; P < 0.0001), but the increase was not different among nerve locations (P = 0.233). This 
suggests that the increase in tensile loading with hip flexion is uniformally distributed along the nerve tract. 
These results highlight the importance of considering both limb position and transducer location for biome
chanical and clinical assessments of peripheral nerve stiffness. These findings provide evidence about how 
tension is distributed along the course of sciatic and tibial nerves.   

1. Introduction 

Various animal models of peripheral neuropathies, such as those 
associated with metabolic syndrome (Layton et al., 2004), trauma (Zhu 
et al., 2020) or anti-neoplastic drugs (Bober and Shah, 2015), have 
shown that peripheral nerve stiffness tends to be higher regardless of 
etiology. Using ultrasound shear wave elastography, preliminary human 
studies have demonstrated that shear wave velocity of nerves, a 

surrogate measure of nerve stiffness (Schrier et al., 2020), increases in 
both compression (Kantarci et al., 2014) and diabetic (Dikici et al., 
2016) neuropathies. However, these clinical investigations focused on a 
single nerve region and did not account for potential heterogeneity of 
mechanical changes along the course of peripheral nerves. Although 
spatial heterogeneity in shear wave velocity has recently been reported 
in healthy upper limb nerves (Greening and Dilley, 2017; Rugel et al., 
2020), a comprehensive elasticity mapping of sciatic and tibial nerves 
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remains to be investigated. 
Length-dependent neuropathies, such as diabetic polyneuropathy, 

are typically characterized by clinical manifestations primarily located 
distally, but with a proximal progression (Watson and Dyck, 2015). 
Furthermore, similar to remote neuro-immune inflammatory findings 
observed in focal mononeuropathies (Schmid et al., 2013), increased 
sciatic nerve shear wave velocity has also been reported far away from 
the lesion site in lumbar radiculopathies (Çelebi et al., 2019; Neto et al., 
2019; Wang et al., 2019). Collectively, these observations highlight a 
need for improved understanding of the spatial variations in ultrasound 
shear wave velocity along the course of peripheral nerves which could 
improve the ability to distinguish normal regional differences in nerve 
mechanical properties from those arising from damage and, potentially, 
regeneration. 

It has previously been suggested that healthy peripheral nerves 
exhibit regional variations in their ultrastructure, including number of 
fascicles (Sunderland, 1945; Sunderland and Ray, 1948), proportion of 
epineural tissue (Sunderland, 1990) and collagen fibre diameter (Mason 
and Phillips, 2011), which likely to ditacte the shear wave velocity. 
Peripheral nerves undergo considerable mechanical loads during limb 
movements and body postures (Boyd and Dilley, 2014; Ellis et al., 2017). 
Both animal (Phillips et al., 2004) and cadaver (Mahan et al., 2015) 
studies reported that healthy peripheral nerves exhibit heterogeneous 
mechanical responses to (physiological) tensile stresses, being this 
response influenced by a nerve’s proximity to joint regions. Shear wave 
velocity, as measured by using ultrasound shear wave elastography, is 
also a good indicator of tensile loading of soft tissues (Hug et al., 2015) 
such as peripheral nerves (Andrade et al., 2016). For example, recent 
studies have demonstrated that nerve-directed movements or limb po
sitions can modulate the shear wave velocity of healthy human nerves 
(Andrade et al., 2020; Andrade et al., 2016; Rugel et al., 2020). How
ever, it remains unclear how shear velocity varies along the length of 
resting healthy nerves in-vivo, and how it behaves under tensile loads (i. 
e., stretching). 

Despite utrasound shear wave elastography has become a promising 
non-invasive method for characterising changes in peripheral nerve 
mechanics that are associated with altered tissue structure and compo
sition (Wee and Simon, 2019), the spatial variations in mechanical 
properties of healthy nerves are not well understood in-vivo. This study 
aimed to: 1) investigate the spatial variations in shear wave velocity 
along the sciatic and tibial nerve in healthy individuals; and 2) examine 
the influence of tensile loading on the spatial variations in shear wave 
velocity. Based on structural (Mason and Phillips, 2011) and mechanical 
(Mahan et al., 2015; Phillips et al., 2004) findings from both animal and 
cadaver studies, we hypothesized that sciatic and tibial nerve would 
exhibit regional differences in shear wave velocity along their length 
and that tensile loading would not be uniformly distributed. 

2. Methods 

We analyzed data collected at baseline of a published randomized 
controlled study (Andrade et al., 2020). Considering the large number of 
outcome measures and main study purposes, the analysis of the spatial 
variations in shear wave velocity were not examined in the previous 
publication. 

2.1. Participants 

Sixty healthy young adults (29 females, 31 males; age: 20.5 ± 2.0 
years, height: 172.2 ± 9.1 cm, weight: 63.8 ± 9.0 kg) with no self- 
reported history of lower limb neuropathy, or musculoskeletal disor
ders, participated in this study. Prior to testing, written informed con
sent was obtained from all participants. The study was approved by the 
Institutional Ethics Review Board. 

2.2. Shear wave elastography acquisition 

Ultrasound shear wave elastography provides real-time and high 
spatial resolution elasticity mapping by measuring the propagation ve
locity of shear waves generated remotely using ultrasonic focused beams 
(Gennisson et al., 2013). Nerve shear wave velocities are typically used 
as a surrogate measure of musculoskeletal tissue stiffness (Hug et al., 
2015). Considering an elastic, homogeneous and isotropic medium, the 
relationship between the shear wave velocity (V2) and the shear 
modulus (μ) arise from the following equation: μ = ρV2, where ρ is the 
density (assuming ρ = 1000 kg m− 3) (Bercoff et al., 2004). The Young’s 
modulus (E) can then be derived from the following equation: E = 3μ. 
Preliminary shear wave elastography studies on peripheral nerves have 
reported outcomes in either shear modulus (Dikici et al., 2016; Paluch 
et al., 2018) or shear wave velocity (Andrade et al., 2020; Neto et al., 
2019) as commercial systems can display all these metrics. However, the 
Young’s modulus calculation from the shear wave velocity do not hold 
for anisotropic musculoskeletal tissues, such as the peripheral nerves 
(Gennisson et al., 2010). In addition, for a thin and stiff layer, the 
propagation of the shear waves can be guided (i.e., when they experi
ence successive reflections on the nerve boundaries) and this phenom
ena has the potential to affect the relationship between the shear 
modulus and the shear wave velocity (Brum et al., 2014). For this 
reason, this study reports the values in terms of shear wave velocity, and 
we further examined the influence of nerve thickness on nerve shear 
wave velocity. 

A 38-mm linear array transducer (L10-2 MHz; Super Linear, Aix-en- 
Provence, France) coupled to an Aixplorer ultrasound scanner (version 
6.1; Supersonic Imagine, Aix-en-Provence, France) was used for all 
measurements. Shear wave elastography scans were performed in MSK 
preset with penetration mode, 100% opacity, no temporal smoothing 
(persistence = OFF), and intermediate spatial smoothing − 5/9. All ul
trasound data were collected by the same experienced examiner (RJA) 
using minimal transducer pressure. The maps of the shear wave velocity 
were obtained at 1 sample/s with a spatial resolution of 1 × 1 mm. 

All ultrasound scans were performed in a single experimental session 
on the participant’s right lower limb. Each participant was imaged in 
two different positions in a random order: (1) hip neutral and (2) hip 
flexed at 90◦. For the assessments in hip neutral, participants lay prone 
on a dynamometer system with both hips positioned in neutral rotation 
(Biodex 3 Medical, NY, USA). For the assessments in hip flexion, par
ticipants sat in long sitting on the dynamometer chair. For both hip 
testing conditions, participant’s right foot was attached to a footplate 
with the knee fully extended. The lateral malleolus was aligned with the 
axis of the dynamometer system and considered as an estimate of the 
center of rotation of the ankle. The ankle joint was then positioned in 
neutral position, defined as the angle of 90◦ between the footplate and 
the shank. For both testing positions, the contralateral limb was sup
ported in approximately 45◦ knee flexion. Based on previous cadaver 
and shear wave elastography investigations (Coppieters et al., 2006; 
Greening and Dilley, 2017), the hip neutral position was expected to 
induce minimal axial tension on the sciatic and tibial nerve whereas hip 
flexion would increase substantially the nerve tension. 

Spatial variations in shear wave velocity were examined along the 
course of the sciatic and tibial nerve. Measurements were performed at 
both thigh and lower leg segments. Skin markings were used to divide 
the sciatic and tibial nerve into five different regions for ultrasound 
examination purposes (Fig. 1): Sciatic PROXIMAL, Sciatic DISTAL, Tibial

PROXIMAL, Tibial INTERMEDIATE, and Tibial DISTAL. Four anatomical land
marks were used to locate these regions: (i) the midpoint between the 
ischial tuberosity and the greater trochanter; (ii) the point where the 
sciatic nerve bifurcates into tibial and common fibular nerve; (iii) the 
lateral femoral condyle; and (iv) the medial malleolus (Fig. 1). B-mode 
ultrasound was used to locate the anatomical references. The sciatic 
nerve was then divided into two equidistant regions between points (i) 
and (ii): Sciatic PROXIMAL and Sciatic DISTAL. The midpoint of each region 
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was identified and used as a reference for transducer position. The 
Tibial PROXIMAL was imaged at the midpoint between (ii) and (iii). The 
distance from point (iv) and (iii) was measured. Tibial INTERMEDIATE and 
Tibial DISTAL were scanned at 50% and 10% of this distance, respectively. 

Prior to the ultrasound assessments, five passive ankle rotations 
(from 40◦ plantar flexion to 0◦) were performed at 5◦/s to pre-condition 
the neuromusculoskeletal structures acting on ankle joint, including the 
sciatic and tibial nerve. This conditioning procedure was completed for 
both testing positions. The ankle was then passively positioned in a 
resting angle (neutral position) and the examination of shear wave ve
locity was performed in a randomized order for all the five nerve re
gions. Briefly, the nerve was first identified in the transverse plane. The 
transducer was subsequently rotated 90◦ into the longitudinal plane and 
aligned with the direction of the nerve fibers. The center of the trans
ducer was aligned with the midpoint of each nerve region. The shear 
wave velocity map was placed over the nerve and its location remained 
unchanged during the duration of each clip. The size of the elastography 
map was defined as the largest size allowed by the scanner. A 10 s shear 
wave elastography clip was obtained for each region. After recording 
one clip, the transducer was then immediately moved to the next nerve 
region, and the procedure for data acquisition was repeated. Real-time 
shear wave elastography and B-mode windows (Fig. 1) were acquired 
simultaneously to assess both the nerve shear wave velocity 

(elastography window) and nerve geometry (B-mode window). The B- 
mode window was used to: 1) identify region of interest (ROI) for shear 
wave velocity calculations; and 2) measure the nerve thickness. Partic
ipants were instructed to remain completely relaxed during the ultra
sound scans, and hence with their lower limb muscles in the passive 
state. 

2.3. Data analysis 

All data were analyzed offline using customized Matlab (Version 18; 
The MathWorks Inc, Natick, MA, USA) scripts. Data remained coded so 
that the data analyses could be undertaken in a blinded manner for 
testing position and nerve region. Shear wave elastography clips were 
exported in “mp4” format exported from the system. Clips were then 
converted (1 Hz) into JPEG images. ROIs were then manually traced 
(image-by-image) on the adjacent B-mode window using a custom script 
(ElastoGUI, Laboratory MIP, University of Nantes, France). ROIs were 
defined as the largest nerve area within the nerve hyperechoic bound
aries (epineurium) of the sciatic and tibal nerves, a 2D approximation of 
the nerve structure based on its thickness. Next, each pixel of the color 
map (shear wave velocity) was converted into a shear wave velocity 
value based on the scanner’s scale (0–18.3 m/s). Shear wave velocity 
values within the ROI were averaged to obtain a representative shear 

Fig. 1. Typical example of shear wave elastography measurements per nerve location and hip posture. Shear wave elastography mode allows to simultaneously 
acquire B-mode and shear wave elastography windows. Numbers represent the location where ultrasound scans were performed. 1: Sciatic PROXIMAL; 2: Sciatic DISTAL; 
3: Tibial PROXIMAL; 4: Tibial INTERMEDIATE; 5: Tibial DISTAL; (i) midpoint between the ischial tuberosity and the greater trochanter; (ii) the point where sciatic nerve 
bifurcates into tibial and common peroneal nerves; (iii) the lateral femoral condyle; and the (iv) medial malleolus. 
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wave velocity value (m/s) per frame. Mean shear wave velocity 
extracted from each frame was then averaged over consecutive frames 
(total of 10 s), and this value was used for statistical analysis. The area of 
the ROIs was also calculated and averaged over consecutive images. The 
percentage of signal void (pixels within shear wave elastography map 
without shear wave velocity value) and saturation (pixels with 
maximum shear wave velocity value – 18.3 m/s) were quantified for 
each nerve ROI. If present, void areas were excluded from the analysis. 
Nerve thickness was calculated from the ROI coordinates and calibrated 
using a known distance on the image. Thickness was measured as the 
mean of six different straight lines between superficial and deep nerve 
boundaries (epineurium) along the longitudinal view of each nerve B- 
image. 

2.4. Statistical analysis 

All statistical analyses were conducted in GraphPad Prism (version 8; 
GraphPad Software, Inc., CA, US). Data are presented as mean ± stan
dard deviation. Differences in nerve shear wave velocity and thickness 
were assessed using two-way repeated-measures ANOVA with nerve 
region (Sciatic PROXIMAL, Sciatic DISTAL, Tibial PROXIMAL, Tibia
l INTERMEDIATE, and Tibial DISTAL) and hip position (hip neutral, hip 
flexed) as fixed factors. Post-hoc analyses were performed using Bon
ferroni tests for multiple comparisons. To investigate the potential in
fluence of nerve thickness on shear wave velocity, univariate linear 
regression analysis was used to find the best fit line of shear wave ve
locity to nerve thickness. Pearson correlation coefficients were used to 
evaluate the relationships between nerve shear wave velocity and body 
heigh, weight and BMI. This analysis was performed for both Hip neutral 
and Hip flexed positions and included all nerve locations. The level of 
significance was set at P < 0.05. 

3. Results 

3.1. Shear wave velocity 

We observed a low occurrence of saturated values (maximum satu
ration in hip neutral = 0%; maximum saturation in hip flexed = 23.1% 
and interquartile range = 0.4%) and very small void areas (maximum 
saturation in hip neutral = 0.8% and interquartile range = 0%; 
maximum saturation in hip neutral = 2.1% and interquartile range =
0%) on the shear wave velocity measurements (Table 1). The segmented 
shear wave elastography ROI area per nerve region was 1.2 ± 0.2 cm2 

for Sciatic PROXIMAL, 1.4 ± 0.3 cm2 for Sciatic DISTAL,1.4 ± 0.3 cm2 for 
Tibial PROXIMAL, 1 ± 0.3 cm2 for Tibial INTERMEDIATE, and 0.9 ± 0.2 cm2 

for Tibial DISTAL. There were no significant correlations between shear 
wave velocity and BMI or body weight. A significant weak positive 
correlation was found between shear wave velocity and height (data 
comprised all nerve regions and hip positions: r = 0.091, p = 0.027). 
When subgrouping by nerve region and hip position, this correlation 
was only positive for Sciatic DISTAL (grouped hip neutral and hip flexed: r 
= 0.23, P = 0.013; hip flexion only: r = 0.3, P = 0.018; hip neutral only: 
r = 0.33; P = 0.009). 

There was no significant interaction between hip position and nerve 
region (F(4,236) = 1.4; P = 0.233) on shear wave velocity. Significant 
main effects of nerve region (F(4,236) = 47.8; P < 0.0001) and hip 
position (F(1,59) = 310; P < 0.0001) were observed. Specifically, shear 
wave velocity varied systematically with spatial location regardless of 
the hip position. Post hoc analysis revelad that shear wave velocities 
were significantly different between all nerve locations, with the 
exception of Sciatic DISTAL vs. Tibial INTERMEDIATE (P = 0.999) and 
Tibial PROXIMAL, vs. Tibial INTERMEDIATE (P = 0.708). Overall, shear wave 
velocities tended to increase in the proximal–distal direction at both 
thigh and lower leg segments and were highest in nerve regions near the 
knee (Tibal PROXIMAL) and ankle (Tibial DISTAL) joints (Fig. 2A). 

In addition, the main effect of hip position showed a large increase in 

shear wave velocity (+54.3 ± 45.7%, on average) when the hip was 
flexed compared to the neutral position (Fig. 3). The absence of signif
icant interaction suggest that the spatial variations in shear wave ve
locity along the anatomic course of the nerve were not altered by the 
addition of tensile stress to the nerve (i.e., hip flexion). Notably, hip 
flexion induced a similar mean (SD) increase in shear wave velocity 
across all nerve regions: +2.4 ± 1.6 m/s for Sciatic PROXIMAL; +2.8 ± 1.9 
m/s for Sciatic DISTAL; +2.9 ± 2.1 m/s for Tibial PROXIMAL; +2.5 ± 1.9 m/ 
s for Tibial INTERMEDIATE, and + 2.9 ± 1.8 m/s Tibial DISTAL. 

3.2. Nerve thickness 

The analysis of variance revealed no main effect of hip position (F 
(1,59) = 1.9; P = 0.171) neither an interaction between region and hip 
position (F(4,236) = 1.1; P = 0.369). A significant main effect of region 
on nerve thickness (F (4, 236) = 87.3; P < 0.0001) was observed. 
Overall, it suggests that nerve was thicker along the thigh than at lower 
leg (Fig. 3B), and that these regional differences were not significantly 
affected by nerve tensioning. Shear wave velocity was not significantly 
correlated to the nerve thickness (Hip neutral: r = 0.028, p = 0.623; Hip 

Table 1 
Shear wave velocity (m/s), percentage of ROI saturation, and percentage of ROI 
void areas used for shear wave elastography assessments. Data is displayed as 
mean ± SD for each nerve region and hip posture.   

Nerve region Hip position   

Hip 
neutral 

Hip 
flexed 

Shear wave velocity (m/s) SciaticPROXIMAL 4.6 ± 1.2 7.1 ±
1.2 

SciaticDISTAL 5.7 ± 1.2 8.5 ±
1.6 

TibialPROXIMAL 6.5 ± 1.5 9.4 ±
2.0 

TibialINTERMEDIATE 5.8 ± 1.1 8.2 ±
1.7 

TibialDISTAL 6.2 ± 1.0 9.1 ±
1.5  

ROI Saturation (%) 
(Number of images with ROI 
Saturation/Total of images 
analyzed) 

SciaticPROXIMAL 0.0 ± 0.0 
(0/60) 

0.2 ±
0.4 
(19/60) 

SciaticDISTAL 0.0 ± 0.0 
(0/60) 

1.2 ±
1.9 
(33/60) 

TibialPROXIMAL 0.0 ± 0.0 
(0/60) 

1.3 ±
3.4 
(33/60) 

TibialINTERMEDIATE 0.0 ± 0.0 
(0/60) 

0.6 ±
1.2 
(22/60) 

TibialDISTAL 0.0 ± 0.0 
(0/60) 

0.4 ±
1.4 
(15/60)  

ROI Void (%) 
(Number of images with ROI 
Void/Total of images analyzed) 

SciaticPROXIMAL 0.0 ± 0.0 
(0/60) 

0.1 ±
0.3 
(16/60) 

SciaticDISTAL 0.0 ± 0.0 
(0/60) 

0.1 ±
0.1 
(26/60) 

TibialPROXIMAL 0.0 ± 0.0 
(0/60) 

0.0 ±
0.1 
(15/60) 

TibialINTERMEDIATE 0.0 ± 0.1 
(2/60) 

0.1 ±
0.3 
(14/60) 

TibialDISTAL 0.0 ± 0.0 
(0/60) 

0.0 ±
0.0 
(2/60) 

ROI: region of interest. 
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flexed: r = -0.074, p = 0.199). 

4. Discussion 

The results of this study show that shear wave velocity varies 
spatially along the course of the sciatic and tibial nerve. Shear wave 
velocities increased in a proximal to distal pattern at both upper and 
lower leg semgents. In contrast, the regional variations were not affected 
by the overall tensioning of the nerve. This suggests that axial tension is 
uniformly distributed along the course of healthy sciatic and tibial nerve 
when subjected to tensile loads (i.e., stretching). 

Averaged shear wave velocities ranged between 4.6 and 6.5 m/s for 
hip neutral and 7.1–9.4 m/s and hip flexed (Table 1). These values are 
comparable to those described in previous studies (Andrade et al., 2016; 
Greening and Dilley, 2017; Neto et al., 2019) for healthy sciatic and 
tibial nerve. As expected, shear wave velocity increased with the hip 
flexion across all nerve locations which suggests an increase in sciatic 
and tibial nerve tensioning (Boyd et al., 2013; Coppieters et al., 2006) 
and demonstrates the elastic nature of peripheral nerves (Topp and 
Boyd, 2006). Furthermore, it highlights the importance of considering 
the hip position on either clinical or biomechanical assessments of lower 
limb nerves regardless the location where the ultrasound scans are 
performed. 

Because of their stiff nature and finite thickness with respect to the 
shear wavelength, the propagation of the shear waves has been proven 
to be guided in tendons (Brum et al., 2014). This phenomenon cannot be 

excluded when assessing relatively thin peripheral nerves, and it could 
bias the nerve shear wave velocities. For example, a thicker nerve may 
be associated to a higher shear wave velocity for a given shear modulus 
and vice versa. We speculate that the phenomenon of guided waves may 
be minor in peripheral nerves for two reasons: 1) the fact that shear 
waves propagate much faster in tendons than in peripheral nerves; and 
2) the smaller difference in shear wave velocity between nerves and the 
surrounding tissues, as depicted shear wave elastography maps in Fig. 1. 
This can be partly confirmed by the absence of correlations between the 
shear wave velocity and nerve thickness. In addition, our data showed 
that thickness was not affected by the hip angle and the nerve region 
with the second highest shear wave velocity (i.e., tibial DISTAL) was also 
the thinnest, as opposed to the guided wave propagation behavior. We 
are therefore confident that the spatial variations in shear wave velocity 
were not biased by the guided wave behavior. However, the regional 
variations in nerve thickness adds a layer of complexity when inter
preting the shear wave velocity mapping. As shown in Table 2, four of 
ten comparisons between nerve locations may have been influenced by 
concomitant variations in nerve thickness and nerve shear wave veloc
ity. Future studies should investigate the influence of the guided wave 
behavior when using ultrasound shear wave elastography to assess the 
mechanical properties of peripheral nerves. Notably, six of the com
parisons between locations showed significant differences in shear wave 
velocity that were unlikely to have been affected by nerve thickness. 
Based on these observations, we believe that the sciatic and tibial nerve 
displays large regional changes in mechanical properties. 

Our results showed that shear wave velocity increased in a proximal 
to distal pattern at both upper and lower leg segments, being greatest in 
locations near knee and ankle joints (Fig. 2). This finding suggests that 
sciatic nerve tract exhibits heterogeneous mechanical properties along 
its course. These results could be due to regional variations in their ul
trastructure such as thinner and more numerous nerve fascicles wrapped 
by a thicker perineurium near joints (Hadzic, 2017; Sunderland, 1965), 
and an increased epineurial tissue content at joints regions (Sunderland, 
1965). Proximity to joint regions has also been associated to distinct 
nerve material properties (Phillips et al., 2004). For example, Tibial

PROXIMAL was assessed on a highly mobile (knee) joint region, subjected 
to higher localized strains that can lead to distinct shear wave velocities. 
Similarly, we found spatial variations in sciatic and tibial nerve thick
ness (Fig. 2B). This finding strongly suggests that sciatic and tibial 
nerves exhibit a heterogeneous geometry as they course distally. Our 
nerve thickness outcomes, which are equivalent to dorsal to ventral 
measurement in a cross-sectional view, are in line with cadaveric 
(Gustafson et al., 2012) and ultrasound (Bruhn et al., 2008) findings. In 
particular, demonstrating that sciatic nerve is elliptical proximally and 
becomes circular as it courses distally. 

Several studies have investigated the shear wave velocity of the 
sciatic nerve including the response to passive joint motion and various 
limb postures (Andrade et al., 2016; Greening and Dilley, 2017), 

Fig. 2. Panel A. Spatial variations in shear wave velocities (m/s) across the different regions of the sciatic nerve tract: Sciatic PROXIMAL, Sciatic DISTAL, Tibial PROXIMAL, 
Tibial INTERMEDIATE, and Tibial DISTAL. *P < 0.0001. Panel B. Spatial variations in thickness (mm) across the sciatic nerve tract. *P < 0.0001. For both panels, data 
corresponds to the ANOVA’s effect of region and combines both hip neutral and hip flexed positions. Violin plots show. 

Fig. 3. Effects of hip angle position on shear wave velocity across five different 
regions of the sciatic nerve tract: Sciatic PROXIMAL, Sciatic DISTAL, Tibial PROXIMAL, 
Tibial INTERMEDIATE, and Tibial DISTAL. Shear wave velocity was significantly 
greater in hip flexion compared to hip neutral position for all nerve regions. 
Horizontal lines correspond to the mean ± SD and individual data is shown. *P 
< 0.0001. 
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adaptations to acute and chronic tensile loads in either healthy (Andrade 
et al., 2018; Andrade et al., 2020) or impaired (Neto et al., 2020) nerves. 
These studies have typically examined the shear wave velocity at one 
single location along the course of sciatic and tibial nerves. This does not 
account for a potential heterogenous nature of shear waves along the 
length of lower limb nerves, as shown it has been shown in the upper 
limbs (Rugel et al., 2020). The present study constitutes the first 
comprehensive mapping of the human sciatic and tibial nerve shear 
wave velocity and demonstrates that transducer location should be 
standardized for accurate comparison between individuals or condi
tions. The latter is of major clinical importance when assessing impaired 
peripheral nerves, especially in length dependent neuropathies such as 
diabetic neuropathy or chemotherapy-induced peripheral neuropathy. 

Our observations also showed that hip flexion induced a similar 
magnitude increase in shear have velocity along the sciatic and tibial 
nerve. In contrast with our hypothesis, this finding suggests that forces 
are homogeneously distributed along healthy nerves and well beyond 
the location where the stress is applied. Future studies are required to 
determine whether such tensile properties are altered in damaged 
nerves or in the presence of interfacing injured muscles, as well as their 
clinical relevance for non-pharmacological rehabilitation strategies 
(Ellis et al., 2021). 

We would like to acknowledge the following methodological con
siderations. First, the epineurium was excluded from the ROI used to 
quantify the shear wave velocity. Nevertheless, a recent nerve model 
suggests a tightly coupled meso-epi-perineurium interacting with a 
loosely coupled peri-endoneurium (Sung et al., 2019). Therefore, the 
meso-epineurium connections have the potential to modulate the shear 
wave velocity of the perineurium, and consequently contribute to the 
spatial variations observed along the course of the nerve tract. Second, 
skin marks were used to identify the nerve regions where ultrasound 
scans were performed. This procedure was performed with the hip in 
neutral position. However, sciatic and tibial nerve may stretch and slide 

proximally due to the hip flexion (Boyd et al., 2013; Robinson and 
Probyn, 2019). It is therefore possible that the scanned nerve locations 
differed slightly between hip neutral and hip flexion due to nerve 
sliding. Third, the hip neutral position might not have been sufficient to 
fully unload the sciatic nerve tract due to the knee (extension) and ankle 
(neutral) angles. This limitation arises from the methodology adopted in 
the published randomized controlled study (Andrade et al., 2020), and 
could explain some of the variability in shear wave velocity observed in 
hip neutral. In addition, it is possible that the spatial variations could 
have been influenced by the hip postures adopted in this study. We 
acknowledge that we have not compared fully unloaded versus loaded 
nerve configurations. Furthermore, peripheral nerves exhibit longitu
dinal undulations in both the nerve core and its fascicles that unravel 
during stretching (Shah, 2017) such as that imposed upon the sciatic 
nerve tract by the hip flexion. This load-bearing mechanism is likely to 
modify the overall tissue anisotropy and, thus, to have affected the shear 
wave velocities. Further studies are required to: 1) compare fully 
unloaded and loaded sciatic and tibial nerves by manipulating ankle, 
knee, and hip joints and evaluate their respective usefulness to clinical 
diagnostic performance; and 2) investigate a larger range of ages. 

5. Conclusion 

The present study showed spatial-dependent differences in shear 
wave velocity in the sciatic and tibial nerve. Although shear wave ve
locity largely increases with the hip flexion along the course of the sciatc 
and tibial nerve, the spatial variations in nerve shear wave velocity were 
not altered by nerve tensioning. This further suggest that axial loads are 
distributed unfirmly along the course of healthy human nerves when 
subjected to stretching. Overall, our findings contribute to a better un
derstanding of peripheral nerve biomechanics in-vivo. In addition, they 
demonstrate the importance of considering both transducer location and 
limb positioning when using ultrasound shear wave elastography for 

Table 2 
Inter-regional comparisons for shear wave velocity and thickness and their contribution to the interpretation of the (Young’s) modulus in light to the guided wave 
propagation behavior. Shear wave velocity comparisons highlighted in yellow may have been influenced by nerve thickness and, thus, conclusions about changes in 
mechanical properties between locations can’t be established. Shear wave velocity comparisons highlighted in green indicate that thickness did not influence the shear 
wave velocity and, consequently, interpretations about spatial variations in mechanical properties can be drawn with confidence.  

SWV: shear wave velocity; Modulus: Young’s modulus; ⇧: increase; ⇩: decrease; ⇔: no change; ?: unknown. 
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biomechanical and clinical examinations of the sciatic and tibial nerve. 

6. Availability of data and materials 

The datasets used are available from the corresponding author on 
reasonable request. 
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