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ABSTRACT

Introduction/Aims: Previous ultrasound (US)-based assessments of median nerve (MN) displacement within the carpal tun-
nel have shown inconsistent results due to methodological variability. Quantitative data on how different upper-limb movements
affect MN displacement and shear strain at the wrist remain scarce. This study aimed to quantify MN longitudinal displacement
and shear strain during finger, wrist, and elbow movements in healthy individuals to establish normative patterns of nerve glid-
ing and deformation.

Methods: Twenty healthy subjects (13 females; mean age: 31.9years, range: 27-36years) were prospectively recruited. US vid-
eos captured MN motion during middle finger, wrist, and elbow movements. A custom robotic device ensured consistent wrist
motion and forearm stability. Speckle-tracking software was used to analyze MN absolute longitudinal displacement, relative
displacement to adjacent deep and superficial tissues, and normalized shear strain at both interfaces.

Results: Elbow motion resulted in significantly greater MN absolute displacement (3.8 +1.2mm) and displacement relative to
deep tissue (3.6+1.2mm), compared to finger or wrist motion. No significant differences were observed in MN displacement
relative to superficial tissue across motions. Normalized shear strain at the deep interface was lowest during elbow motion
(41.8 £16.6mm™). Significant differences were found for wrist-to-elbow and finger-to-elbow motions, but not for finger-to-wrist
motions.

Discussion: Presented findings highlight the importance of joint-specific contributions to MN motion and suggest that proximal
joint movements, such as at the elbow, may promote more effective nerve excursion while minimizing shear strain. This knowl-
edge may help refine nerve current mobilization approaches.

Abbreviations: BMI, body mass index; CTS, carpal tunnel syndrome; DIS,, , absolute longitudinal displacement of the median nerve; DIS_,, displacement of the
median nerve relative to deep tissue; DIS_, displacement of the median nerve relative to superficial tissue; FDP, flexor digitorum profundus; FDS, flexor digitorum
superficialis; MN, median nerve; SS normalized shear strain at the deep MN-tissue interface; SS normalized shear strain at the superficial MN-tissue
interface; US, ultrasound.
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1 | Introduction

The median nerve (MN) and nine flexor tendons traverse the
carpal tunnel, a confined fibro-osseous passage in the volar
wrist [1]. Repetitive hand movements cause these structures to
move continuously within the tunnel, exposing them to vary-
ing degrees of mechanical stress [2]. Longitudinal gliding of the
MN is essential for adapting to joint motion and preventing ten-
sion, ischemia, and excessive mechanical loading [3]. Previous
experimental work has demonstrated that MN displacement
increases proportionally with the amplitude of joint movement,
indicating a mechanical relationship between limb excursion
and nerve gliding [4].

MN mobilization at the wrist is commonly employed in the
management of carpal tunnel syndrome (CTS), aiming to
enhance nerve gliding [5], facilitate venous return, promote
edema resolution, and reduce pressure within both the peri-
neurium and the carpal tunnel [6-8]. In postoperative care,
early mobilization and nerve gliding exercises are often rec-
ommended to prevent adhesion formation between the MN
and adjacent flexor tendons [9-13]. Although numerous mobi-
lization techniques have been proposed [14], home-based ther-
apeutic exercise programs often follow the protocol developed
by Totten and Hunter in 1991 [15], which includes only finger
and wrist motions. While this protocol is simple and conve-
nient, it has been shown to induce only limited longitudinal
MN displacement and relatively high shear strain at the nerve-
tissue interface [3], potentially diminishing its effectiveness in
restoring optimal nerve mobility. Furthermore, there is a no-
table gap in understanding MN longitudinal displacement and
shear strain at the wrist specifically during motions involving
the fingers, wrist, and elbow [2, 16-19]. Establishing norma-
tive data for these parameters could deepen the understanding
of CTS pathophysiology and guide optimization of therapeutic
strategies.

At the interface between the MN and surrounding tissues, as
well as within the nerve itself, shear strain arises, reflecting
the nerve's capacity to deform and adapt to external forces by
dissipating localized pressure and reducing friction at con-
tact sites [20]. Prolonged compression and heightened shear
stress may increase carpal tunnel pressure, resulting in im-
paired MN microcirculation, connective-tissue compression,
and synovial hypertrophy—features characteristic of CTS
[21]. Electrodiagnostic testing and the Boston Carpal Tunnel
Questionnaire (BCTQ) are most commonly used to evalu-
ate CTS severity and monitor treatment response [22, 23].
Previous studies have shown that patients with CTS exhibit re-
duced MN excursion and increased shear strain, both of which
correlate with symptom severity and functional impairment
[2, 17, 24, 25]. These observations highlight the importance of
understanding MN displacement and shear strain as key me-
chanical parameters underlying nerve health and rehabilita-
tion outcomes.

This study aimed to quantify the longitudinal displacement
of the MN and the shear strain between the nerve and adja-
cent tissues at the wrist during middle finger, wrist, and elbow
motions.

2 | Methods
2.1 | Participants and Measurement Procedure

Between May and July 2024, 20 healthy participants were pro-
spectively recruited for this study by word of mouth among
hospital staff and acquaintances. Exclusion criteria included
clinical symptoms suggestive of CTS, a history of neurological
disorders affecting the peripheral nervous system, previous
wrist injury or surgical intervention, age under 18years, and
a body mass index (BMI) above 30kg/m?. The study received
approval from the National Medical Ethics Committee of the
Republic of Slovenia (approval No. 0120-1/2020/7), and written
informed consent was obtained from all participants prior to
their inclusion.

Participants were seated with their forearms pronated and
secured in a custom-built robotic device (ReGRIP; Figure S1)
designed to induce passive wrist motion with precisely con-
trolled range and velocity. This setup ensured consistent,
reproducible wrist motions and provided stability, thereby
minimizing variability during middle-finger and elbow move-
ments. Technical details of the robotic device are described in
Table S1.

Ultrasound (US) videos, for subsequent quantification of MN
longitudinal displacement and shear strain at the wrist, were ac-
quired using an US system (Arietta 850, Fujifilm Visual Sonics,
Toronto, Ontario, Canada) equipped with an L64 linear probe
(5-18 MHz). All measurements were performed bilaterally on
both the right and left upper limbs of each participant. US im-
aging was performed with a fixed depth of 20mm, single focal
zone positioned at the level of the MN, frame rate of 28 frames
per second, and dynamic range of 81dB. The same transducer
frequency range (5-18 MHz) and system settings were used for
all participants and motion types to ensure measurement con-
sistency. The probe was positioned perpendicularly to the skin
on the volar aspect of the distal forearm, just proximal to the
proximal wrist crease, where the MN runs in a straight course,
and oriented longitudinally to align with the MN's primary mo-
tion direction. During each motion type, the US probe was man-
ually held and stabilized throughout the recordings. No probe
repositioning occurred between repetitions, although minor
real-time adjustments were occasionally required to maintain
optimal image quality and longitudinal alignment with the
nerve (Figure SI).

For middle finger motion, participants’ pronated forearms were
secured with the wrist in a neutral position, while active mid-
dle finger extension was performed from full fingertip-to-palm
contact to 180° of extension. For wrist motion, the fingers were
additionally secured with straps, and passive wrist motion was
imposed by the robotic device from 45° of flexion to 20° of exten-
sion. For elbow motion, the forearm and hand were secured to
the robotic device, and passive elbow motion was imposed from
90° of flexion to full extension by tilting the trunk (Figure S2).
Following a demonstration and trial of each motion, at least
three extension-flexion cycles were recorded, each lasting ap-
proximately 10s. The raw US videos were then exported for sub-
sequent speckle-tracking analysis.
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2.2 | US Video Analysis

Among the three recorded cycles, the video with the best over-
all image quality, minimal probe drift, and absence of motion
artifacts was selected for analysis using Motion Scope Tracker
software (Motion-Scope, Lukovica, Slovenia). The speckle-
tracking algorithm employed by this software has been previ-
ously validated for automated, full-field analysis of consecutive
US frames, reportedly demonstrating good inter-rater reliabil-
ity [26].

A centrally located section of the MN within the US image was
selected for analysis, ensuring all tracking points remained
within the display throughout the entire motion cycle. Two or-
thogonal reference axes were defined within the longitudinal
image plane: the transverse axis, oriented across the imaged
nerve width and spanning the adjacent deep and superficial
tissues, and the longitudinal axis, aligned with the nerve's path
and perpendicular to the transverse axis.

For each motion, analysis from its start to end position yielded
the following parameters: longitudinal displacement of the MN;
longitudinal displacement of a deep reference tissue (either
flexor digitorum profundus or flexor carpi radialis); longitudinal
displacement of a superficial reference tissue (flexor digitorum
superficialis); and shear strain at the interfaces between the MN
and these deep and superficial tissues. These parameters were
quantified from six contiguous short segments along the visu-
alized length of the nerve, collectively covering approximately
1mm. Mean values for each parameter were then calculated
across these segments (Figure S3).

From the US video analysis, five key biomechanical parameters
were derived. The three displacement parameters were defined
as follows: The absolute longitudinal displacement of the MN
(DIS,, ) was defined as the total displacement of the centrally
tracked MN segment from initial position to endpoint. Relative
displacement of the MN with respect to deep reference tissue
(DIS,,;,) was calculated by subtracting the longitudinal dis-
placement of this deep tissue from DIS, .. Similarly, relative dis-
placement of the MN with respect to superficial reference tissue
(DI, s) was calculated by subtracting the longitudinal displace-
ment of the superficial tissue from DIS , ( (Figure S3).

Shear strain values at the MN interfaces with the deep and
superficial reference tissues were derived from the speckle-
tracking displacement data (Figure S3). Shear strain was com-
puted using the gradient optical-flow-based speckle-tracking
algorithm [26], which determines frame-to-frame tissue dis-
placements by minimizing local intensity gradients within
the US image sequence. From the resulting displacement vec-
tors (S sy) obtained along the longitudinal image plane, the
local shear strain (yy,) was derived as the sum of the spatial
derivatives of these components (yw:asx/dy+asy/ax). This
two-dimensional shear-strain field represents the relative de-
formation between the MN and adjacent tissues during motion.
These raw shear strain values were subsequently normalized
for analysis. The normalized shear strain at the deep MN-tis-
sue interface (SS,_ ) was computed as the ratio of measured
shear strain at the deep tissue interface to DIS_,. Similarly, the
normalized shear strain at the superficial MN-tissue interface

(8S,,,.s) was calculated as the ratio of the raw shear strain at this
superficial interface to the corresponding DIS .
To confirm the stability of the external reference frame for
absolute displacement measurements, probe position was
verified to remain stable throughout each recording. This
was achieved by ensuring no detectable motion occurred in
the skin and subcutaneous tissue directly beneath the probe
during the evaluated motions. This stationary skin surface
thus served as the zero-displacement reference for DIS,
calculations.

2.3 | Statistical Analysis

All statistical analyses and graphical representations were
conducted using GraphPad Prism 10software (GraphPad
Software, San Diego, CA, USA). The normality of data distri-
bution was assessed using the Shapiro-Wilk test. Differences
in MN parameters between female and male subjects (indepen-
dent samples) were analyzed using the Mann-Whitney U test,
while comparisons between the dominant and non-dominant
hand (paired samples) were performed using the Wilcoxon
signed-rank test.

For comparisons of the three motion types (middle finger, wrist,
and elbow), one-way ANOVA was used for displacement param-
eters (DIS,, ., DIS_, DIS o), followed by appropriate post hoc
tests. For analysis of shear strain parameters (SS ., and SS_ o)
across both motion type and tissue interface, a two-way ANOVA
was applied. Holm-Sid4k correction was used where applicable
to account for multiple comparisons. The homogeneity of vari-
ances was verified using Levene's test, and assumptions for
ANOVA were checked prior to analysis. When assumptions for
parametric testing were violated, equivalent non-parametric
tests (Kruskal-Wallis with Dunn-Sidédk post hoc correction)
were applied.

The association between body height and DIS_, as well as
DIS, s was evaluated using Pearson's correlation and simple lin-
ear regression. Results are expressed as mean + standard devia-
tion (SD), with statistical significance defined as p <0.05.

3 | Results

A total of 120 US videos from 20 healthy subjects (13 females;
mean age: 31.9years, range: 27-36years; 17 right-handed) were
analyzed. No significant differences in MN longitudinal dis-
placement or shear strain at the wrist were observed between
female and male subjects, or between dominant and non-
dominant hands (Tables S2 and S3).

No significant association was found between body height
and DIS_, or DIS ¢ during wrist, finger, or elbow motion (all
p>0.1; R><0.13). Body height was analyzed as an anthropomet-
ric factor potentially related to upper-limb length and thereby
to the extent of nerve excursion during motion. BMI was not
included, as all participants were within a normal range (BMI
<25kg/m?), and its potential influence on nerve mobility was
expected to be negligible in healthy individuals.
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Significant differences in DIS , DIS ,, and SS__, were ob-
served when comparing wrist-to-elbow and middle finger-to-
elbow motions (Figure 1; Table S3). Specifically, elbow motion
produced greater DIS,; and DIS  but resulted in lower SS
compared to wrist and middle finger motions. DIS ,; showed no
significant differences among the three tested motions.

Additionally, significant differences between SS . and SS_ ¢
were identified during wrist and middle finger motions, whereas
no differences were found during elbow motion (Figure 1;
Table S3).

4 | Discussion

In this study, US speckle-tracking analysis of the MN at the
wrist demonstrated that elbow motion induced greater longitu-
dinal MN displacement with a lower and more even distribution
of shear strain, compared to middle finger and wrist motions.

Previous US studies on healthy individuals have reported vari-
able MN displacement values, likely due to differences in motion
protocols and analysis methods. Our findings for finger motion
align closely with Echigo et al. [19], but are lower than those of
Dilley et al. [18], likely reflecting variations in range of motion,
setup, and initial limb positioning. With the elbow flexed at 90°,
the MN was placed in a relatively low-tension configuration;
early finger motion likely compensated for this reduced ten-
sion before producing substantial excursion. Our results expand
upon the work of Ugbolue et al. [4] who demonstrated a linear
increase in MN excursion with greater finger flexion. Despite
finger motion involving the largest angular range, elbow motion
produced the greatest MN excursion, likely because it affects a
longer neural segment and induces greater overall elongation.

In this study, wrist and elbow movements were passive, whereas
finger motion was active. This mixed movement paradigm is
important for interpretation: passive motion reflects viscoelastic
tissue response, while active motion introduces muscle contrac-
tion forces that alter tension and shear [27, 28]. These physiolog-
ical differences may partly explain the variability in shear strain

distribution observed between motions and should be consid-
ered when comparing our findings to studies or interventions
involving exclusively passive or active movement.

The use of a custom-built robotic device significantly strength-
ened this study by standardizing wrist movement range and ve-
locity and stabilizing forearm positioning. Displacement during
wrist motion showed lower variability compared to middle fin-
ger and elbow motions, reflecting enhanced consistency pro-
vided by the robotic device.

Observed differences in MN displacement and shear strain likely
reflect complex multi-joint mechanics [29, 30]. During elbow mo-
tion, passive elongation of multi-articular muscle-tendon units
probably distributed mechanical loads more evenly along the
nerve pathway. This pattern resulted in lower shear strain and a
more even strain distribution between the superficial and deep
MN interfaces compared to distal motions. The higher SS
during middle finger and wrist motions aligns with principles of
nerve biomechanics, which suggest that deformation within a seg-
ment is greatest when the joint closest to that segment is moved
first during neurodynamic testing [20, 31, 32]. While these princi-
ples primarily address longitudinal strain, they can offer valuable
insights into the shear strain patterns identified in our study.

Within the framework of neurodynamic techniques—catego-
rized as either “tensioning techniques” or “sliding techniques”
[33, 34]—our findings support specific interpretations. The
greater DIS,_, and lower SS_ . recorded during elbow motion
(compared to middle finger and wrist motions) are consistent
with the objectives of “sliding techniques,” which aim to max-
imize nerve excursion relative to adjacent tissues while mini-
mizing strain. Conversely, the pronounced difference found
between SS . and SS_ ¢ during active middle finger and pas-
sive wrist motions aligns more closely with “tensioning dynam-
ics,” typically associated with increased and uneven strain at
deeper interfaces [34].

Overall, elbow motion produced more uniform shear distribution

across superficial and deep interfaces, supporting the interpre-
tation that proximal motion enables more independent and less
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constrained MN excursion. An ideal MN mobilization technique
should achieve substantial longitudinal nerve displacement with-
out inducing excessive shear strain, an important consideration
in conservative or postoperative rehabilitation. Our findings
demonstrate that elbow motion generates significantly greater
longitudinal MN displacement at the wrist while inducing sig-
nificantly lower normalized shear strain compared to finger and
wrist motions. These findings suggest that incorporating passive
elbow movement into nerve mobilization exercises could enhance
MN excursion while minimizing potentially harmful mechanical
stress. Sliding techniques [3, 14], which alternate joint loading and
unloading, may therefore provide a more effective strategy for im-
proving MN mobility.

No significant effects of sex or handedness were observed, con-
sistent with previous findings [35]. Similarly, no association was
found between body height and relative MN displacement, sug-
gesting that nerve gliding during motion is not influenced by an-
thropometric factors within a healthy population.

The distinct biomechanical profiles identified for the three move-
ment conditions emphasize the need for standardized kinematic
protocols in studies of nerve dynamics. This study contributes
quantified data on MN displacement and shear strain variations
during these specific upper-limb motions, providing a reference
for future research on pathological nerve mechanics and for
the refinement of rehabilitation strategies. Our results may also
help optimize clinical nerve-gliding protocols by suggesting that
elbow motion enhances nerve excursion while minimizing shear
strain. Future studies directly comparing active and passive par-
adigms for each joint could further clarify these biomechanical
interactions.

This study has several limitations. The small, homogeneous sam-
ple (n=20, young healthy adults) limits generalizability to older or
clinical populations. Full robotic control was feasible only for wrist
motion, while finger and elbow movements required participant
assistance, introducing variability. Only finger motion was active;
this mixed movement paradigm may have influenced shear strain
outcomes due to the added effect of muscle contractions. The US
probe was manually stabilized, which may have introduced minor
variation despite careful handling. The restricted wrist motion
range preserved image quality but may have limited displacement
values. Finally, measurements were confined to the wrist, without
addressing more proximal entrapment sites such as beneath the
lacertus fibrosus.

In conclusion, this study demonstrated that elbow motion, when
compared to middle finger and wrist motions, induces the great-
est longitudinal displacement of the MN at the wrist, accompa-
nied by lower and more evenly distributed shear strain. These
biomechanical findings support the inclusion of proximal joint
motion in MN mobilization protocols aimed at enhancing nerve
gliding while minimizing mechanical stress.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Figure S1: Experimental setup for forearm and ul-
trasound probe positioning. (A) Participant seated with their forearm in
pronation, secured within the custom-made robotic device (ReGRIP).
(B) A linear-array ultrasound probe was held manually, oriented lon-
gitudinally, and placed perpendicular to the volar skin of the distal
forearm immediately proximal to the proximal wrist crease. Figure S2:
Start and end positions for each movement protocol. (A) Middle finger
motion: Depicting active movement from full fingertip-to-palm contact
(start position; marked with white arrow) to 180° of complete extension
(end position). (B) Wrist motion: Illustrating passive movement imposed
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by the ReGRIP robotic device, from 45° of wrist flexion (start position)
to 20° of wrist extension (end position). (C) Elbow motion: Showing pas-
sive movement from 90° of elbow flexion (start position) to full elbow
extension (end position), facilitated by trunk tilt. Figure S3: Speckle-
tracking analysis of ultrasound videos. (A) Longitudinal view of the me-
dian nerve (MN) at its point of maximum displacement during elbow
extension in a representative participant. Green dots represent the
traced points, and six parallel lines consecutive cross-sectional views of
the nerve, covering approximately 1 mm of nerve length. Displacement
is measured along the longitudinal axis (parallel to the MN) and is or-
thogonal to the transverse axis. White arrowheads represent the deep
interface between the MN and adjacent deep muscle (FDP). White ar-
rows represent superficial interface between the MN and adjacent su-
perficial muscle (FDS). SCT—subcutaneous tissue; PROX—proximal;
DIST—distal. (B) Displacement traces at the elbow-extension endpoint.
MN displacement relative to the deep tissue is indicated by open dou-
ble arrow, while MN displacement relative to the superficial tissue is
indicated by closed double arrow. (C) Shear-strain profile (mm™) at
the moment of maximum MN displacement. Asterisks indicate shear
strain at the deep interface, and dots denote shear strain at the super-
ficial interface. Table S1: ReGRIP-v.1 device specifications. Table S2:
Comparison of longitudinal displacement and normalized shear strain
of the median nerve at the wrist between female and male subjects
during middle finger, wrist, and elbow motion. Table S3: Comparison
of median nerve longitudinal displacement and normalized shear strain
during middle finger, wrist, and elbow motion, including values for the
dominant hand, non-dominant hand, and pooled data.
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