
Advancing ex-vivo meniscus tissue characterization: sensitivity and 
accuracy of shear modulus measurements via supersonic shear imaging vs. 
biomechanical testing

Sayed Shahabodin Hashemi a,b,*, Jose Luis Martin-Rodriguez a,d,e, Angel Ruiz Molina f,  
Antonio Manuel Callejas Zafra a,b,c,d, Guillermo Rus a,b,c,d

a Ultrasonics Lab (TEP-959), Department of Structural Mechanics, University of Granada, Granada 18071, Spain
b Department of Structural Mechanics & Hydraulic Engineering, University of Granada, Polytechnic of Fuentenueva, 18071, Granada, Spain
c Excellence Research Unit “Modeling Nature” (MNat), UGR, Granada, Spain
d Biosanitary Research Institute of Granada (ibs. GRANADA) Biomechanics Group TEC-12, Granada, Spain
e Hospital Universitario Clínico San Cecilio, Granada, Spain
f Hospital Universitario de Poniente, Almeria, Spain

A R T I C L E  I N F O

Keywords:
Meniscus
Ultrasound elastography
Quasi-static method
Dynamic method
Shear wave elastography
Clinical Diagnosis
Receiver Operating Characteristic Curves

A B S T R A C T

Non-invasive measurement of meniscal mechanical properties is critical for advancing both meniscal patho
physiology research and represents a critical advancement in musculoskeletal diagnostics. This study aimed to 
evaluate the accuracy and sensitivity of ultrasound-based stiffness measurements using Supersonic Shear Im
aging (SSI) compared to low-strain and high-strain tensile testing and to assess the ability of SSI to detect 
meniscal degeneration. Sixty bovine menisci were analyzed across seven regions, covering including the tibial 
and femoral layers, as well as the circumferential region, using shear wave elastography (SWE) and tensile 
testing. To evaluate tissue degeneration, samples underwent mechanical testing both before and after being 
subjected to five freeze–thaw cycles. Shear stiffness values obtained from SSI were compared against tensile- 
derived parameters, including shear modulus at low strain, linear stiffness, and Young’s modulus measured 
from stress–strain curves up to failure, assuming small-amplitude shear wave propagation. Depth-dependent 
effects in Region of Interest (ROI) selection were evaluated, and Different SSI transducers were assessed using 
various receiver tests. Our results demonstrate significant agreement between SSI measurements and mechanical 
properties: 88 % sensitivity for stiffness and Young’s modulus in circumferential samples, and 91 % for shear 
modulus at 3 % strain in femoral and tibial regions. While intact samples showed strong positive correlations 
between stiffness measures, degenerated tissue exhibited inverse relationships. Our comprehensive transducer 
comparison and receiver tests yielded optimized protocols for ROI selection. Crucially, we identify for depth- 
dependent measurement artifacts, proposing the ROI selection guidelines specific to meniscal elastography. 
This depth-aware acquisition strategy, together with the observed sensitivity of SSI to degeneration (p < 0.001), 
supports its clinical utility in contexts where conventional ultrasound elastography is limited. Overall, these 
findings validate SSI as a sensitive technique for biomechanical assessment of the meniscus, with direct trans
lational potential for diagnosing degeneration and monitoring post/pre surgical tissue remodeling.

1. Introduction

The meniscus is an anisotropic and time-dependent material that 
functions as a shock absorber, resisting tensile, compressive, and shear 
forces that are generated during routine activities [1,2]. This enables it 

to fulfil its vital role in the knee joint. Meniscus injury has become a 
common problem in knee joint problems. Therefore, accurate evaluation 
of meniscus structure and function is essential for the diagnosis and 
treatment of knee joint diseases [3]. Due to the meniscus’ limited 
healing capacity, early and accurate identification of meniscal injuries is 
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important to prevent and treat degenerative knee osteoarthritis effec
tively [4,5]. The menisci are firmly attached to the tibial plateau, con
verting axial compressive loads into circumferential tensile strains 
(hoop stress) while limiting radial extrusion [6–8].

Ultrasound elastography is an imaging technique used to assess tis
sue elasticity without the need for invasive procedures or radiation. SSI 
is one implementation of Shear Wave Elastography (SWE), developed to 
utilize ultrafast imaging and focused acoustic radiation force to map 
tissue mechanical properties. In particular, its ability to assess tissue 
heterogeneity during scanning makes it a useful tool for detecting early 
biomechanical changes in pathological tissues. Traditional imaging 
methods, such as MRI, provide structural information but do not eval
uate the mechanical characteristics of the meniscus. [9]. Traditional 
imaging methods, such as MRI, provide structural information but do 
not evaluate the mechanical characteristics of the meniscus. SWE ad
dresses this limitation by enabling measurement of the shear modulus 
and quantifying biomechanical properties. Shear wave elastography has 
been applied in various organs, including the liver, breast [10], tendons 
[11,12], cartilage [13], ligaments [14], intervertebral discs [15], and 
Achilles tendons [16] and carotid artery [17], to measure tissue stiffness 
in the context of injury detection. Previous studies have validated in vivo 
measurements of meniscal tissue using SWE against histopathology [3], 
and MRI [18], showing significant reliability and consistency.

Also, the meniscus is composed of distinct layers, with randomly 
oriented collagen fibers in the superficial layer and large circumferential 
bundles interconnected by radial fibers in the deep layer, reflecting its 
anisotropic fiber network. multiple functions of meniscus are promoted 
by the inhomogeneous structure and composition of the tissue itself. 
This complex structure makes it challenging to accurately measure 
different regions and layers due to variations in fiber orientation and the 
small size of the tissue, [6]. Considering the collagen fiber network, 
differences have been observed between the deep and superficial layers 
of the tissue, [19]. It is therefore vital to emphasize the significance of 
non-destructive measurement of the stiffness of the circumferential re
gion of meniscal tissue. Moreover, factors such as measurement accu
racy, appropriate selection of the region of interest (ROI) and choice of 
probe, as well as potential operator influence in SSI testing, remain 
unclear for meniscal tissue. On the other hand it is acknowledged that 
repeated freeze–thaw cycles can have deleterious effects on tendons and 
soft tissues, which is related to their structural and chemical composi
tion [20]. Freezing, particularly through repeated freeze–thaw cycles, 
damages meniscal tissue by inducing osteocyte apoptosis and disrupting 
the collagen network [21]. This process leads to collagen fibril disor
ganization and reduced fibril diameter, contributing to a reported 
20–30 % decrease in the tensile modulus of porcine menisci after three 
freeze–thaw cycles [21]. In our previous research, the nature of shear 
wave behavior in thin meniscal tissue was evaluated based on the 
extraction of shear phase dispersion curves using two elastography 
methods, as compared to dynamic compression and tensile tests. It was 
determined that the viscoelastic properties of menisci can be extracted 
based on the guided wave in meniscal tissue [22], However, to the best 
of the authors’ knowledge, no study has yet compared SSI measurements 
validity and reliability with biomechanical testing of the meniscus. This 
study evaluated the accuracy and sensitivity of SSI in measuring stiff
ness, comparing it to low-strain and high-strain tensile testing, and 
examined its effectiveness in detecting meniscal degeneration. It was 
hypothesized that the freeze–thaw cycle would have an adverse effect on 
allograft integrity, leading to tissue degradation and a decrease in shear 
stiffness. Shear wave velocity was assumed frequency-independent 
across the bandwidth of the mechanical excitation, indicating minimal 
viscous effects, and that the small shear wave amplitude would allow 
nonlinear effects to be neglected.

While the meniscus is anisotropic, shear wave propagation in the 
thickness direction is assumed to probe an “effective” isotropic shear 
modulus, while wave energy leakage or reflections from side boundaries 
are minimal due to the meniscus’s high aspect ratio. It was assumed 

Low-strain tensile tests and dynamic shear effect in SWE measurements 
probe the same intrinsic stiffness, (shear modulus), despite differing 
loading modes [22].

Also, it was hypothesized that the SWE value of distinct regions of the 
meniscus would demonstrate correlation and equivalence with biome
chanical stiffness and tissue degeneration, and that SWE could be used to 
predict meniscus tissue degeneration. SSI testing was performed on a 
significant number of bovine meniscus specimens for six regions of the 
femoral and tibial layers and the circumferential region. In contrast, to 
assess the accuracy and sensitivity of the values obtained from the SSI 
test, the results for the six regions were compared against the very low 
strain tensile test and, for the circumferential region, against the 
Young’s modulus and stiffness obtained from the tensile test of the 
specimens to failure. A comprehensive statistical analysis was then 
performed to evaluate the results. Moreover, measurement evaluation 
was conducted using various transducers, and the selection of appro
priate ROI was performed through the testing of different receivers, 
ensuring the establishment of a repeatable test method.

2. Materials and methods

2.1. Study subjects

Sixty fresh bovine menisci were procured from a regulated slaugh
terhouse and processed under standardized conditions. The specimens 
were systematically divided into two experimental groups. Group (1)
consisted of forty lateral menisci, with twenty serving as fresh controls 
that underwent immediate mechanical testing within 24 h of acquisi
tion, while twenty matched samples were subjected to five complete 
freeze–thaw cycles (− 20 ◦C freezing with 37 ◦C thawing) over a one- 
month degeneration period. each sample of this Group (1), after SWE 
test were carefully sectioned parallel to the superficial layers using a 
cryotome to maintain anatomical orientation, producing two standard
ized slices from each meniscus − one from the proximal (femoral) sur
face and one from the distal (tibial) surface. All sections were 
maintained in phosphate-buffered saline during preparation to prevent 
tissue dehydration. Group 2 comprised twenty matched medial–lateral 
meniscal pairs processed for ultimate tensile strength characterization 
up to failure. Full-thickness specimens were extracted from the 
circumferential zone (2.0 ± 0.3 mm thickness), from which dumbbell- 
shaped samples were cut along the predominant collagen fiber orien
tation using a biopsy punch. Specimen geometry was verified with 
digital calipers to ensure compliance with ASTM D638 dimensions (±10 
% tolerance). The tibial and femoral layers were each divided into three 
sections (Fig. 1). The dumbbell-shaped samples and probe placement 
were aligned along the axial direction of the tissue fibers.

All specimens failing to meet standardized test parameters, particu
larly dimensional requirements for the dumbbell-shaped configuration, 
were excluded. Then samples were subsequently acquired from 
slaughterhouse sources again to achieve the target of 240 test specimens 
for both tibial and femoral regions. All specimens underwent stan
dardized SWE assessment immediately preceding tensile testing. To 
evaluate measurement consistency, we implemented two complemen
tary scanning methodologies. First, two experienced musculoskeletal 
sonographers, each having performed over 100 clinical meniscus SWE 
examinations, independently acquired measurements using conven
tional handheld probe technique. For comparative analysis, we simul
taneously employed a mechanical stabilization protocol using an 
Articulating Arm System with rigid transducer mounting. This setup 
maintained identical 90◦ contact angles while eliminating operator- 
dependent variability.

The 5-cycle protocol has been demonstrated to align with ISO/ASTM 
standards for tissue biomechanics. This method has been employed to 
achieve stable degenerated samples. A total of 20 dumbbell-shaped 
samples were collected from the circumferential area and 240 samples 
from various regions of the lateral distal and lateral proximal bilayers in 
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the fresh and degeneration sample groups. The study was conducted in 
accordance with the ethical guidelines for laboratory samples and the 
ARRIVE checklist for reporting animal research results.

2.2. Supersonic shear imaging

The SSI device (e.g., Aixplorer, Supersonic Imagine) employs 
acoustic radiation force to generate shear waves that propagate 
perpendicularly to the direction of the applied force. By quantifying the 
shear wave velocity, the system calculates the tissue’s shear modulus, 
enabling quantitative assessment of tissue stiffness. SSI is a specific 
implementation of Shear Wave Elastography Imaging (SWEI) that uti
lizes focused beam sequencing to enhance wavefront coherence and 
improve the signal-to-noise ratio in stiffness estimation, [23]. This 
method, calculates the initial shear modulus using wave velocity and 
tissue density based on linear elasticity theory [9]. In fact, shear source 
moves along the depth at a velocity that is much greater than the ve
locity of the resulting shear waves.

In the SSI technique, acoustic radiation force focus moves along the 
depth at a velocity that is much greater than the velocity of the resulting 
shear waves. This results in interfering shear waves forming a Mach 
cone, which in turn produces two quasi-plane waves that travel in 

different directions. The amplitude of these waves is greater than that of 
the waves generated in standard SWEI methods, and they travel deeper 
into the tissue before dissipating, thereby providing a uniform distri
bution across the studied region. SWEI generates localized shear waves 
within soft tissue by applying focused acoustic radiation force and 
measures their propagation speed6 to estimate tissue stiffness.

In the chosen medium, three distinct mechanical waves are gener
ated, namely a fast-propagating compressional wave (cT = 1500 (m/s)), 
a low-frequency shear wave, and a weaker coupling term between the 
two. It is considered that compressional viscosity is negligible in com
parison to shear viscosity. The Voigt viscoelastic framework is utilized to 
model the low-frequency shear wave, treating it as a propagative 
diffusion Green’s function. This elastic hypothesis is applicable provided 
that the attenuation length significantly exceeds the wavelength, 
thereby ensuring that viscosity exerts a negligible influence on shear 
wave speed and solely affects wave amplitude. It is noteworthy that this 
assumption is valid for most biological tissues at the frequencies 
generated by radiation pressure, [9]. However, the Mach angle, which is 
defined as the ratio between the shear wave speed and the travelling 
speed of the shear source, is observed to be rather small. In the context of 
practical medical detection employing the SSI technique, a region of 
interest is selected, and the mean shear wave speed value is determined. 

Fig. 1. Schematic of collagen fibers orientation, regions within the meniscus. The schematic in the first picture is a hypothetical figure that has been devised for the 
purpose of illustrating the fiber orientation that has been selected for this study.
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The strain field resulting from the interaction between the probe and the 
soft tissue is typically characterized by a lack of homogeneity. However, 
in instances where the strain gradient within the region of interest is 
minimal, it is reasonable to hypothesize that the principal stretch ratios 
in the region are homogeneous, both in the direction of indentation and 
in the perpendicular directions, [24]. The cross-sectional area of the 
meniscus was determined by measuring the area of the image of the 
meniscus that was obtained using the B-mode of the SSI system in 
conjunction with a linear-array transducer at a frequency of between 4 
and 15 MHz and a high frame rate (up to 20,000 frames/s). Following 
the acquisition of a clear image of the meniscus, the shear wave elas
tography mode was activated. To circumvent the impact of anisotropy 
on the measurement process, the probe was meticulously aligned with 
the direction of the fibers. The image was frozen when the entire ROI 
was covered by the color and stored for off-line analysis. For the anterior 
and posterior regions, the shear wave was generated when the image of 
the crown curvature was clearly visible. The same protocol was repeated 
for the circumferential region and the associated three regions of the two 

proximal and distal layers. Each experiment was replicated thrice within 
each region, and the mean value of these three measurements was 
calculated for its ROI, which was limited to blue and yellow. The 
experiment was carried out by two operators (Fig. 2b) and a mechanical 
arm (Fig. 2a), utilizing two probes and three device modes, with each 
mode representing a distinct wave generation intensity (see Fig. 2-c and 
d). Samples were immersed in degassed, deionized water (22 ± 1◦C) 
during SSI measurements to maintain hydration and ensure acoustic 
coupling.

2.3. Tensile biomechanical test

The quasi-static tensile test was carried out at a constant ambient 
temperature of 22 ◦C with a relative humidity ranging from 85 % to 90 
%. The experiment was conducted using a TA mechanical testing device 
(Model Number 3200) outfitted with a 450-Newton load cell and the 
strain was measured from grip to grip. Dumbbell-shaped samples were 
firmly held between the machine’s jaws, which were specifically 

Fig. 2. A: 3D schematic of temperature-controlled water chamber (22 ◦C) with sample mounting orientation, b: Set-up for Measurements Using SSI by Operators, c-1: 
LH-20-6 Probe, c-2: Fresh Sample Measurement by LH-20-6 Probe, d-1: L18-5 Probe, d-2: Degenerated Sample Measurement by L18-5 Probe, e: Central Region 
Measurements, f: Anterior Region Measurement.
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engineered for soft tissue testing (see Fig. 4-a). To ensure proper hy
dration of the tissue samples, they were sprayed with a phosphate- 
buffered saline (PBS) solution. Two types of tensile tests were per
formed on the specimens. In the first group, low-strain tests were 
applied to longitudinally cut specimens (axial in circumferential fi
bers orientation) from the anterior, middle (central), and posterior 
regions, covering both the proximal and distal layers. In the second 
group, high-strain tests to failure were conducted on longitudinally 
cut specimens from the circumferential region, (see Fig. 1).

Group 2 specimens (circumferentially cut samples) underwent ten
sile testing to failure under standardized conditions: 0.5 mm/s strain 
rate with a 5 N preload. The strain rate was selected based on three 
criteria: (1) approximation of physiological loading conditions (~10 % 
strain), (2) minimization of interstitial fluid flow artifacts, and (3) 
consistent measurement of failure properties in tension, [25]. The me
chanical test data were collected to calculate the stiffness, ultimate load 
and Young’s modulus for each specimen in group two. The stiffness (k) 
was calculated from the linear slope of the force-displacement curve 
following the toe region(see Fig. 3). This experimentally derived stiff
ness was compared to the theoretical structural stiffness calculated from 
Eq 1. This validation method served three primary purposes: (i) to 
directly measure structural stiffness from tensile testing; (ii) to control 
for the influence of sample dimensions (cross-sectional area A, gauge 
length L0) and their potential changes during testing on the resulting 

mechanical properties; and (iii) to validate the Young’s modulus (E) 
values predicted by SSI by using them to calculate k. As illustrated in 
Fig. 3, the schematic of the main mechanical deformations and the 
representative curves for this study are presented. 
⎧
⎪⎪⎨

⎪⎪⎩

E ≡
σ(ε)

ε =
FL0

AΔL

Stiffness : k =
EA
L0

(1) 

Young’s modulus (E) is determined through uniaxial stress testing 
(either compression or tension), where we measure the material’s elastic 
deformation within the linear portion of the stress–strain curve. The 
modulus is calculated as the ratio of uniaxial stress (σ) to strain (ε), with 
stress defined as the applied force (F) divided by the cross-sectional area 
(A) perpendicular to the loading direction (σ = F/A). Strain represents 
the relative length change (ε = ΔL/L0), where ΔL is the deformation 
magnitude (positive for tension, negative for compression) and L0 is the 
original length. These fundamental measurements also enable calcula
tion of axial stiffness (k) for longitudinal structures.

In the Group (1) specimens, specimens were stretched to a strain of 
10 % at a rate of 0.00167 1/s and then unloaded. Samples exhibiting 
slippage were excluded. The stress–strain diagram was analyzed for 
approved samples within a 3 % strain range (Fig. 4-b). A preload of 1 N 
was applied to the test specimen to maintain the firmness of the tissue. 

Fig. 2. (continued).
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The calculation of the shear modulus was undertaken based on Hooke’s 
Law, with a Poisson’s ratio of 0.45 assumed, aligning with the menis
cus’s typical range of 0.2–0.6 and supporting the principle of incom
pressibility [26,27]. Poisson ratio is defined as the ratio of lateral to axial 
deformation and can be determined through experimental or numerical 
methods under uniaxial stress, [28]. While it’s true that classical 

elasticity theory sets ν < 0.5 for isotropic materials (with ν = 0.5 rep
resenting perfect incompressibility), biological tissues are often nearly 
incompressible (ν ≈ 0.3–0.49) due to their high-water content. For both 
two group, the thickness, length, and width of the dumbbell-shaped 
specimens were approximately 1.15 ± 0.12 mm, 24 ± 2.2 mm, and 
7.9 ± 0.8 mm, respectively. Based on our customized biopsy punch 

Fig. 3. Schematic of Force-displacement (stress–strain) of bovine meniscus relevant stiffness measured for analysis circumferential region, main mechanical quasi 
static deformations and representative curves. To describe the material properties, stress (σ) is plotted against strain (ε), after normalization according to tissue 
dimensions. The stress at E represents the yield point, or the onset of failure in continuity. The maximum stress at F represents the ultimate strength. Failure point 
represents the point at which the tissue loses its continuity and load bearing capacity. The regions A–B and B–E correspond to the toe region and the elastic region of 
the loading curve, respectively. The area beneath the curve delineated by points A–F is indicative of the tissue’s energy to failure and can therefore be interpreted as a 
measure of the tissue’s toughness.

Fig. 4. a: Sample preparation fixed for tensile test, b: comparison of meniscus stress–strain curve in low strain measurements: fresh and degenerated sample.
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cutting method, dimensional variability between samples was kept 
below 10 %. To evaluate the stress–strain curve up to failure, a bimodal 
power-law model was applied to accurately identify the transition be
tween the linear and nonlinear regions, as described in detail in refer
ence, [29]. Except for the samples in Group (1), due to the large number 
of specimens and the need to evaluate the ultimate tensile strength of the 
axial samples from the femoral and tibial layers in comparison to the 
circumferential region in Group 2, three dumbbell-shaped samples from 
each of the six regions(n = 18 as subgroup 1b, the results of this group 
were not included in the analysis with the SWE test) ,were subjected to 
quasi-static tensile testing until failure.

2.4. Statistical analysis

Data analysis was performed using R-Studio (Posit Software, PBC, 
Boston, MA, USA). Sample size was determined via regression-based 
power analysis (α = 0.05, power = 80 %, medium effect size ES =
0.30). Normality was verified using the Shapiro-Wilk test, and outliers 
were identified and removed via Grubbs’ test. Nonparametric group 
comparisons were conducted using two-sided Wilcoxon rank-sum tests 
(significance threshold: *p* < 0.05). Correlations between shear wave 
elastography (SWE) and tensile mechanical parameters were evaluated 

using Pearson’s *r*, with paired *t*-tests assessing systematic biases. 
Method agreement was quantified through Bland-Altman analysis. For 
diagnostic performance, receiver operating characteristic (ROC) curves 
were generated to compute sensitivity, specificity, and area under the 
curve (AUC), with optimal thresholds selected by maximizing Youden’s 
index. Additional classification metrics—including accuracy, precision, 
and F1-score—were derived relative to biomechanical testing as the 
reference standard. Finally, Tukey’s honestly significant difference 
(HSD) test was applied for multiple pairwise comparisons across 
meniscal regions.

2.5. Literature review methodology: Tensile mechanical test

To validate the biomechanical measurements obtained in this study, 
a review of tensile testing methodologies for meniscus tissue was con
ducted, encompassing peer-reviewed publications from the past three 
decades. This review served two primary purposes: (1) to establish 
historical benchmarks for meniscal mechanical properties under both 
low-strain and failure conditions, and (2) to critically evaluate the 
methodological heterogeneity in prior studies that may contribute to 
disparities in reported values. Seven major databases were inter
rogated—Compendex, EMBASE, MEDLINE, PubMed, ScienceDirect, 

Fig. 5. a: 3D Distribution of SSI measurements for fresh and degenerated menisci, b, c: The Probability density and QQ plots of SSI and tensile tests.
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Springer, and Scopus—using targeted Boolean search strings.
Inclusion criteria prioritized studies reporting experimental (non- 

simulated) tensile data with explicit documentation of testing parame
ters, including gauge length, strain rate, level of strain and stress, 
loading direction relative to meniscal fiber orientation, and environ
mental controls. Particular attention was paid to studies stratifying re
sults by anatomical region (anterior, central, posterior) to account for 
the tissue’s inherent heterogeneity.

3. Results

3.1. Normality evaluation

Initially, the data were assessed for normality using the Shapir
o–Wilk test. The results indicated that the null hypothesis of normality 
could not be rejected (p > 0.05) for the SSI and tensile test mean values, 
suggesting no significant deviation from a normal distribution. To sup
port this, the data distributions were also visualized using 3D plots, 
probability density functions (PDFs), and Q–Q plots (see Fig. 5). In the 
PDF plots, the axis values represent the relative frequency of data oc
currences, consistent with standard practices in probability density 
visualization. Normality of the data was confirmed using Shapiro-Wilk 
tests as for SSI, W = 0.96 and p = 0.897, and for tensile test, W =
0.93 and p = 0.51, indicating that the data from all two tests were 
normally distributed. The findings of this study demonstrate that there is 
no statistically significant deviation from normality observed in either 
data set. ANOVA results indicated that the between-group variation was 
minimal compared to the within-group variation, with an F-value =
0.218 and a p-value = 0.398, suggesting that most variability arose 
within groups rather than between them. Statistical analysis of data 
from two shear modulus tests (SSI, Tensile test) revealed no statistically 
significant differences between the groups tested.

3.2. Meniscal tensile test

The tensile test results of this study, in conjunction with a concise 
synopsis of meniscus tensile experiments documented in the extant 
literature, are presented in Table 1, arranged in chronological order 
from 1993 to the present study. Initially, 2472 publications were iden
tified; of these, 20 publications met all eligibility criteria following ab
stract and full-text screening. The synthesis of these data revealed three 
critical trends: First, sample sizes in prior work were frequently inade
quate (median n < 48, tensile test specimens) to address regional vari
ability, underscoring the statistical advantage of our larger cohort (n =
240). Second, methodological reporting gaps, especially in strain rate 
and preconditioning protocols,complicated direct comparisons. Third, 
despite these variances, aggregated low-strain moduli and ultimate 
strain values fell within defined physiological ranges, supporting the 
plausibility of our measurements.

These historical data are comprehensively tabulated in Table 1, 
which juxtaposes key mechanical properties against their original 
sources while annotating testing conditions. This comparative frame
work not only contextualizes our results but also highlights the engi
neering and clinical relevance of standardized reporting—specifically, 
the need for explicit documentation of gauge lengths and strain rates to 
enable cross-study meta-analyses. By aligning our protocols with the 
most reproducible methods identified in this review, we ensure that our 
tensile and supersonic shear imaging (SSI) data provide reliable, trans
latable benchmarks for future research.

3.3. Validation of SSI for meniscus tissue biomechanics

In the statistical analysis, following the determination of the 
normality of the data, the correlation and equivalence of the two tests 
were evaluated using Pearson and Altman standard tests, respectively. 
As demonstrated in Fig. 6, an acceptable correlation of nearly 80 % is 
observed between the results for fresh samples. However, the values for 
each region separately show better results. As illustrated in Table 2, in 
the lowest case, 81 % and in the best case, 93 % correlation was 
observed for the anterior and posterior regions, respectively. To assess 
the reliability of two tests, the bias among different methods for all re
gions were compared by Bland-Altman test. Fig. 7 illustrates the shear 
stiffness values from SSI (with LH20 probe) for the six regions of the 
meniscus. Correlation and equivalence studies have shown an agree
ment between stiffness values obtained from SSI technique, confirming 
their reliability in evaluating tissue mechanical properties.

In Group 2 specimens, we identified a significant correlation be
tween shear modulus values derived from elastography and both linear 
stiffness, and Young’s modulus measured from stress–strain curves up to 
failure, obtained from tensile testing. This relationship, illustrated in 
Fig. 8, demonstrates that supersonic shear imaging accurately captures 
the full spectrum of meniscal mechanical behavior − from initial linear 
elasticity to ultimate failure properties.

3.4. SWE diagnostic classification accuracy

The heatmap provides a visual representation of the counts in each 
category, with darker colors indicating higher counts, thus visually 
emphasizing the performance of the model in different classifications. 
To evaluate the overall accuracy and sensitivity of SSI measurements 
compared to biomechanical testing, the model demonstrated successful 
detection in seventy-eight (etc. 45 + 33) positive cases and thirty (etc. 8 
+ 22) negative cases out of 131 successful measurements, missing only 
fourteen (etc. 8 + 6) positive and eight (etc. 5 + 3) negative cases (see 
Figs. 9 and 10). It is noteworthy that, for each region, the results 
consistently exhibited diagnostic balance, even in the least favorable 
scenario. Among the 240 measurements conducted, Figs. 9 and 10
present data from 131 representative experiments demonstrating 
optimal sensitivity and accuracy, as evidenced by their ROC curves. The 
remaining measurements (n = 109) exhibited consistent trends with 
these results. Table 2 shows the results of evaluating the size of the two 
SSI tests against the biomechanical tensile test for different areas as 
complete quantitative findings (n = 240).

The confusion matrix heatmap visualizes classification outcomes of 
the diagnostic model, with misclassifications primarily occurring at 
tissue boundaries and in degenerated zones. As detailed in Table 2, the 
proportion of errors appeared in regions where clinical decisions typi
cally rely on combined imaging and history. Despite these edge cases, 
the model achieved an AUC of 0.89. Region-specific thresholds and 
revised error maps (Figs. 9 and 10) were incorporated to mitigate false 
predictions, which remained within acceptable clinical error margins 
(12.9 % total misclassification rate). On the other hand, although the F1 
score and accuracy of SSI classification relative to tensile testing were 
slightly lower (70–78 %) compared to the mean sensitivity and speci
ficity (>85 %), this disparity may be attributable to the inherent dis
tinctions between the two modalities. Misclassifications typically 
occurred in borderline or early-degenerative samples, suggesting that 
SSI may detect viscoelastic changes before structural compromise. The 
use of Youden’s Index ensured optimal thresholding, and ROC analysis 
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Table 1 
Summary of meniscus tensile experiments reported in the literature arranged in chronological order from 1993 to present study. C, R, and A stand for circumferential, radial and axial directions. Ant, Cir, Mid, Pos are 
anterior, circumferential, middle and posterior zones, (for Example: CA is the designation for the circumferential zone, and axial fiber direction. VDA is an acronym that stands for videotape dimension analyzer system. 
Last update on 2025/07/25.

N Reference Year Species Region lateral | 
medial

Number of 
specimens

Stress at UTS 
(MPa)

Strain rate Stated 
specimen 
exclusion

Strain Level 
Used 
% or mm

Mean of Tensile 
Moduli 
(MPa)

Strain 
measurement

1 Current Study 2025 Bovine Cir 
Ant 
Mid 
Pos

50 + 3| 
10

− CA: 40 
− A1b:18 
− A: 240

− CA: 39.90 ± 7.84 
− A1b: 31.26 ± 4.25 
− A: Stress controlled (Load/ 
unload)

CA: 
0.00167 
s− 1 

A: 1 mm/ 
min

√ − CA: Strain to 
Failure 
− A: 3 %

− CA: 228 ± 53, 
− A1b:191 ± 39, 
− 1.23 ± 0.37

Grip 
Displacement

2 1- S.S. Hashemi et al [22]. 2025 Porcine Ant 
Mid 
Pos

22 | 0 AC: 129 Stress controlled (Load/unload) 0.001 s− 1 √ 1.5 % 0.6 ± 0.18 Grip 
Displacement

Human Ant 
Mid 
Pos

8 | 8 AC: 48 Stress controlled (Load/unload) 0.001 s− 1 √ 1.5 % 0.5 ± 0.22 Grip 
Displacement

3 Long et al[30]. 2024 Porcine Ant 
Mid 
Pos

8 | 8 A: 27 R: 28 A: 39.30 ± 13.50 
R: 10.30 ± 4.25

0.0085 
mm/s

√ Strain to Failure − Grip 
Displacement

4 Morejon et al [31]. 2023 Porcine Mid 
Cir

10 | 10 A: 16R: 16 A: 20.30–––27.50R: 1.30––2.20 0.01 mm/s √ Strain to Failure A: 132.8 ± 38.1 
R: 13.9 ± 9.1

Grip 
Displacement

5 Gonzalez-Leon et al [19]. 2022 Porcine Ant 
Mid 
Pos

8 | 8 A: 24R: 24 A: 17.70–––25.43R: 2.39––4.08 1 % s− 1 √ Strain to Failure A: 110 ± 60 
R: 10 ± 4.8

Grip 
Displacement

6 Yin et al [32]. 2021 Human Ant 
Mid 
Pos

0 | 7 R&C- N/A: 21 − 1 mm/min ¡ Strain to Failure 0.171 ± 77.3 
0.109 ± 39.9 
0.229 ± 87.5

Grip 
Displacement

7 Nesbitt et al [33]. 2021 Human Ant 
Pos

6 | 15 R&C- N/A: 40 A: 5.3 ± 2.7 
R: 0.21 ± 0.17

1 % strain/ 
s

√ Strain to Failure A: 109.9 ± 40.8 
R: 1.67 ± 0.67

Grip 
Displacement

8 D. Warnecke et 
al [34].

2020 Human Ant 
Mid 
Pos

24| 0 A: 66 − 5 %l0/min √ Strain to 
Failure

A: 29 ± 10 
(at 5 % of the 
ascent linear 
portion)

Grip 
Displacement

9 Ahmad et al (34). 2017 Human N/A 12 | 12 A: 24 − − √ − 99 ± 58 Grip 
Displacement

10 Barton [35]. 2017 Porcine Mid 5 | 8 A-N/A: 63 A: 12.12 
R: 7.32

5 mm/min ¡ Strain to 
Failure

A: 100–300 
R: 10–30

Grip 
Displacement

11 Peloquin et al. [36]. 2016 Bovine Mid N/A | 10 A-N/A: 95 A: 26.00 ± 12.00–––36.00 ±
8.00R: 3.60 ± 1.60–––4.90 ±
2.70

0.5 mm/s ¡ Strain to 
Failure

A: 215 ± 86 
R: 19 ± 10

Grip 
Displacement

12 Mitchel et al. [37]. 2016 Human Mid 0 | N/A R: 48 − 0.5 mm/s √ Strain to 
Failure

N/A 
Just Force 
Calculating

Grip 
Displacement

13 Yan et al.[38]. 2015 Human Mid N/A 20A 3–12.38 0.0167 
mm/s

¡ dynamic tensile 
preload and then 
Strain to Failure

3–12 Grip 
Displacement

14 Lakes et al[39]. 2015 Porcine Mid 0 | 12 (slices 
thickness:0.45 
mm) 
− 6A, 
− 6R

PBS(R): 3.3841 
PBS(A): 21.9750 
Bsf(R): 3.7500 
Bsf(A): 22.8750

1 % strain/ 
s

√ From 1.3 % 
strain to rapture

A:118 ± 48 
R:19 ± 11

Grip 
Displacement

15 K.M. Fischenich [40] 2015 Human Ant 
Pos

12 | 12 A: 72 − 0.1 mm/s ​ Strain to 
Failure

168.8 ± 62.5 Acquired 
Images

16 Abdelgaied et al [41]. 2015 Porcine Mid 0 | 15 A: N/A 35.81 ± 9.70 0.00167 
s− 1

√ Strain to 
Failure

140 ± 32 Grip 
Displacement

(continued on next page)
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further validated SSI’s diagnostic potential despite biomechanical vari
ability. Furthermore, Quantitative analysis revealed no statistically 
significant difference (p = 0.058) between shear wave elastography 
measurements obtained by experienced musculoskeletal sonographers 
and those acquired using the standardized articulated arm fixation 
system.

4. Discussion

To the best of our knowledge, this is the first study to evaluate ul
trasound measurements using supersonic shear imaging (SSI) for 
assessing meniscus tissue stiffness in comparison to biomechanical 
testing. Furthermore, our findings demonstrate the capability of real- 
time elastography to detect damaged meniscal tissue with over 90 % 
accuracy across six primary femoral and tibial regions, as well as the 
Circumferential zone. Our findings align with existing literature utiliz
ing biomechanical testing, MRI and histological analysis 
[3,18,36,34,46–48]. Throughout this research, we clarified the selection 
process for the region of interest (ROI) and the impact of different 
transducer choices made by various users.

While previous studies have validated SSI stiffness measurements 
against histology and MRI, our work provides the first direct accuracy 
assessment against biomechanical testing. This represents a crucial 
advancement, as biomechanical validation is essential for establishing 
SWE as a reliable non-invasive method to identify meniscal patho
physiology. The study assumes a linear elastic behavior for osteo
articular tissue in elastography analyses, a widely accepted approach in 
both transient elastography and magnetic resonance elastography 
(MRE) [9,16,20,49,50,51], Due to the low amplitude of shear waves, 
nonlinear effects are negligible, and viscosity is considered insignificant, 
as previous research has shown that shear wave velocity remains nearly 
independent of mechanical shock frequency in SSI. This supports the 
validity of the measured shear elastic modulus [9].

Correlation studies between SSI-derived shear stiffness and tensile 
testing confirm considerable consistency across six meniscal regions 
(femoral and tibial layers). These results reinforce the reliability of 
elastography in assessing tissue mechanics, supporting its potential for 
biomechanical research and musculoskeletal diagnostics.

The observations indicate that ultrasound shear wave elastography 
(SWE) measurements are correlated with tissue stiffness, both for small 
strains in the tibial and femoral regions and for large strains in the pe
ripheral region. This finding is a notable innovation of this study, as 
previously significant correlations with tendon and Achilles tendon 
stiffness had only been observed for small strain elongations in the 
literature, [47]. The validity of these findings is further supported by the 
validation of SSI measurements against histopathology by Park et al. [3], 
and the impressive accuracy of MRI measurements for the meniscus by 
Ens et al, [18].

It is vital to acknowledge that in pure shear testing, the mechanical 
behavior is predominantly determined by the solid phase, which consists 
of proteoglycans and collagen. From a mechanical perspective, collagen 
fibers in the circumferential region of the tissue are predominantly 
oriented perpendicular to the shear plane and are stretched during shear 
loading, contributing to the overall shear stiffness of the tissue. In light 
of this, it can be argued that this was the strongest rationale for using 
Young’s modulus and stiffness values obtained at the failure point to 
biomechanically evaluate the circumferential region in comparison to 
SSI measurements. The results of the correlation and the receiver 
operating characteristic (ROC) analysis demonstrate a reliable balance 
between the parameters obtained for the circumferential region and 
tensile testing to failure.

4.1. Evaluation of meniscal degeneration

It is noteworthy that our innovation holds significant value, partic
ularly in verifying the capability of SSI-derived measurements to Ta
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Fig. 7. Fresh samples: Difference between stiffness meniscus by SWE and tensile test: for the three regions of both distal and proximal layer. While the figure shows 
significant differences in values due to the meniscus’s inherent regional heterogeneity, the measurements for each region (red, green, and blue) fall within the 
expected range, confirming equivalence.

Fig. 6. Fresh samples: Correlation between the estimation of average shear modulus values: experiment SWE test against tensile test, While the figure shows 
significant differences in values due to the meniscus’s inherent regional heterogeneity, the measurements for each region (red, green, and blue) fall within the 
expected range, confirming equivalence: Probe Placement with ROI Depth 9–15 mm.

Table 2 
SSI Measurements Versus Tensile Test Analysis.

SSI Test Against 
Tensile Test

Femoral Surface (Proximal) 
Probe Placement, 
ROI Depth 9–15 mm(Outer region)

Tibial Surface (Distal) 
Probe Placement, 
ROI Depth 9–15 mm(Outer region)

Circumferential

Anterior Central Posterior Anterior Central Posterior Total

CTH for SSI (kPa) 575.4 435.6 515.9 555.2 437. 5 529.3 440.25 590.6
Sensitivity% 92.2 85.2 94.7 91.5 79.8 96.3 0.8975 93.4
Specificity% 78.5 84.8 79.2 87.2 97.1 83.4 0.8483 84.4
Accuracy% 81 90 83 78 81 86 0.8633 86.3
Precision% 77 89 81 79 97 77 83 71
F1 Score 78.5 80.6 73.3 78.5 81.6 73.3 79.8 72.2
R2% 91 89 81 90 93 84 0.80 0.79
Limitations Moderate 

specificity
Moderate 
sensitivity

Moderate 
specificity

Moderate 
Accuracy

Moderate 
Sensitivity

Moderate 
Specificity

¡ Moderate 
specificity

Key Strengths Specificity/ 
Precision

Accuracy/ 
Precision

Specificity/ 
Precision

Specificity/ 
Precision

Sensitivity/ 
Specificity

Sensitivity/ 
Accuracy

Strong 
Balance

Strong Balance
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effectively detect controlled degenerative meniscus injuries, which 
could serve as a foundation for further pathological investigations. 
Furthermore, it is important to emphasize that meniscal degeneration is 
closely associated with the onset and progression of osteoarthritis. 
During the degenerative process, collagen and glycosaminoglycan 
(GAG) content decreases, while the fluid fraction of the tissue increases 
[39]. This shift impacts the tissue’s ability to dissipate energy, alters its 
load-bearing capacity, and affects its structural alignment.

On the other hand, Previous biomechanical and biochemical studies 

have demonstrated that multiple freeze–thaw cycles result in soft tissue 
allograft damage, despite an increase in water content, [52,53]. As 
demonstrated in Fig. 11, our findings reveal a substantial discrepancy 
between the fresh and frozen (degenerated) groups, thereby substanti
ating our hypothesis.

Stiffness values obtained from real-time elastography testing were 
lower across all regions in degenerated samples compared to fresh 
samples. Similarly, shear modulus values obtained from tensile testing 
also decreased in all regions of degenerated samples (Fig. 4-b). This 

Fig. 8. (a) and (c): SSI vs. tensile stiffness and young’s modulus, respectively, for lateral menisci. (b) and (d) SSI vs. tensile stiffness and young’s modulus, 
respectively, for Medial menisci. (e): example of the lowest value of SSI measurements by LH20-6/MSK/knee probe for circumferential region.
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validation of SSI testing results suggests that it can be a reliable method 
for assessing the effectiveness of clinical and laboratory tools for eval
uating tissue degeneration following freeze treatment. These findings 
are important because tissue degradation often increases water content, 
which may weaken shear properties, [6]. This connection is clinically 
relevant since meniscal degeneration frequently contributes to knee 
osteoarthritis development and progression, [54]. In frozen menisci, we 
observed tissue degeneration initiating from the core region, consistent 
with the histological findings reported by Park et al.[3]. Notably, 
approximately 50 % of the central area displayed darker discoloration. 
This observation guided our ROI selection for SSI testing, where we 
prioritized the deepest accessible tissue depth. Correspondingly, when 
preparing dumbbell-shaped specimens, we carefully sectioned samples 
from each region’s center toward the tissue curvature extremities.

Our results suggest that, in the context of the meniscus, the linear 
elasticity theory underlying the SSI method is consistent with the linear 

elastic assumption inherent in the biomechanical tensile test.
The correlation between SSI-derived and tensile-test moduli is 

mechanistically justified through their shared foundation in linear 
elasticity theory. In SSI, the reconstruction of Young’s modulus relies on 
shear wave propagation physics: the Mach cone formation generates 
quasi-plane wavefronts whose time-of-flight measurements enable 
spatial mapping of stiffness[49]. This approach inherently assumes [1] 
infinitesimal strain (consistent with our tensile-test threshold), [2] 
isotropic linear elastic behavior at ultrasonic frequencies (despite tissue 
viscoelasticity, storage modulus dominates in the 50–500 Hz rangeand 
[3] continuum mechanics validity at the millimeter scale probed by 
shear wavelengths) [9]. In continuum mechanics, a material body is 
idealized as being infinitely divisible such that the deformation, stress, 
and strain are functions of the position of each infinitely small volume 
within the continuum body[49].

While soft tissues don’t support static shear stresses, dynamic shear 

Fig. 9. Tibial layer; a: Receiver operating characteristic curves for ex-vivo shear wave elastography vs. tensile test values, b: Confusion matrix heatmap visually 
represents the classification results of the diagnostic model.

Fig. 10. Femoral layer: a: Receiver operating characteristic curves for ex-vivo shear wave elastography vs. tensile test values, b: Confusion matrix heatmap visually 
represents the classification results of the diagnostic model.
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wave propagation at ultrasonic frequencies remains governed by the 
same Hookean relationship (μ = ρc2

s ) that links shear modulus (μ) to 
tensile modulus (E) via E ≈ 3μ for nearly incompressible materials (ν ≈
0.3–0.45) [22,55]. The strong agreement between methods (r2 =

0.81–0.94) confirms these assumptions hold for meniscus tissue in the 
linear regime, with discrepancies in degenerated samples likely arising 
from structural discontinuities that violate continuum assumptions at 
larger length scales.

Finaly, SSI uses low-amplitude ARFI excitations (~1–10 μm dis
placements) with broadband impulses (up to ~ 8 kHz) and repetition 
frequencies of 100–1000 Hz in short time(ms). At these small strains 
(<4%), the meniscus behaves as a quasi-elastic solid, dominated by 
collagen fibrils, with negligible fluid flow and minimal viscous effects. 
Studies have shown shear modulus variations of less than 5 % across 
relevant frequencies [22,56], supporting the assumption of frequency- 
independent shear wave speed. Nonlinear effects, such as collagen 
fiber recruitment or pyroclastic responses, require much higher de
formations (>5% strain or > 50 μm), far exceeding those induced in SSI. 
Therefore, within the tested range, wave propagation remains in the 
linear regime, validating the use of constant shear wave velocity for 
modulus estimation. While biological tissues exhibit viscoelasticity, the 
assumption of near elasticity [49] is reasonable for the small strains and 
short time scales (milliseconds) involved in SSI acquisition.

Nevertheless, a notable perspective for future studies is the explo
ration of nonlinear behaviors exhibited by meniscal tissue and osteo
articular tissue in general, utilizing the SSI methodology. Since Animal 
models offer significant potential for elucidating the intricate patho
physiology of pain symptoms, their molecular and temporal regulation, 
and a pivotal pathway for developing and testing symptom-modifying 
therapeutic interventions[57]. The primary motivation for using both 
fresh and frozen samples in this study, beyond evaluating the feasibility 
of SSI and tensile testing in determining reductions in shear modulus, 
was the limited access of the research community to both healthy and 
degenerated human samples simultaneously, [34]. This approach allows 
us to definitively assess the hypothesis that tissue degeneration leads to a 
reduction in shear and elastic modulus.

4.2. Probe-dependent factor

Significant differences in stiffness measurements between Probes 
L18-5 and LH20-6 in Supersonic Shear Imaging (SSI) arise from both 
probe characteristics and preset configurations. In our setup, Probe 
LH20-6, which has an L-shaped design and a higher central frequency, is 

optimized for superficial, high-resolution imaging. In contrast, Probe 
L18-5, with a conventional linear shape and lower frequency, provides 
greater depth penetration with reduced resolution. Despite the expec
tation that higher-frequency probes would generally yield higher stiff
ness readings in superficial tissues due to increased resolution and 
sensitivity, our results showed that Probe L18-5 in Meniscus mode 
consistently produced higher stiffness values than Probe LH20-6 in 
General mode, while remaining reasonably close to the values recorded 
with Probe LH20-6 in Knee mode. This apparent contradiction high
lights the dominant role of preset selection, beyond just hardware 
characteristics.

SSI presets (e.g., Meniscus, Knee, General) automatically adjust pa
rameters like push-pulse intensity and detection sensitivity. Meniscus 
and Knee presets accommodate higher stiffness tissues, enabling broader 
display ranges and more accurate readings in degenerated zones, unlike 
the General preset. Additionally, probe frequency impacts shear wave 
propagation: lower frequencies offer deeper penetration, while higher 
frequencies provide better resolution but attenuate more rapidly in stiff 
or deep tissue, [46].

Therefore, even when the same anatomical region is examined, the 
depth-dependent mechanical heterogeneity of the meniscus and differ
ences in shear wave frequency content result in probe-dependent vari
ability in stiffness readings. We observed that although the absolute 
values differed significantly between these two modes, they were 
strongly correlated, confirming that the relative stiffness trends were 
preserved across presets, (see Fig. 12).

4.3. Technical factors in stiffness measured by SSI

As demonstrated in Fig. 12, Comparison of mean measurements 
across probescan be attributed to several key technical and methodo
logical factors related to probe characteristics and shear wave elastog
raphy configuration. First, excitation frequency and depth penetration 
play a critical role: high-frequency probes (e.g., 6–9 MHz) offer 
enhanced resolution for superficial tissues but have limited penetration, 
while lower-frequency probes (e.g., 2–4 MHz) enable deeper imaging at 
the cost of resolution. This directly affects shear wave velocity mea
surements due to the meniscus’s depth-dependent mechanical hetero
geneity, [9,22,50]. Second, displacement field and focal zone 
characteristics vary between probes, with each generating unique 
acoustic radiation force profiles. A narrower focal zone may lead to 
underestimation of stiffness in deeper or heterogeneous regions, 
[22,58]. Third, shear wave detection sensitivity is influenced by 

Fig. 11. Comparison of fresh and degenerated menisci sample: SSI Measurements.
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differences in tracking beam alignment and Doppler sensitivity, which 
alter the signal-to-noise ratio, especially in anisotropic tissues such as 
the meniscus, [55]. Fourth, probe-specific postprocessing algorithms, 
including manufacturer-dependent time-to-peak or phase-tracking 
methods, can introduce systematic measurement biases[49]. Despite 
these absolute differences, the correlation across measurement modes 
remains strong: stiffer samples consistently appear stiffer across probes, 
indicating that the underlying biological variation is reliably captured 
through different acoustic windows. These factors collectively explain 
the observed discrepancies while reinforcing the internal consistency 
and reliability of relative stiffness trends across devices.

4.4. ROI-dependent factors on measurements and stiffness metrics

In addition, the selection and diameter of the ROI are found to be of 
critical importance. This assertion is supported by the findings of a re
view of previous literature and tensile test results, which indicate that 
the blue, green, and yellow regions displayed by the SSI system are 
reproducible, while red and orange regions were avoided. In line with 

the findings of studies conducted on organs such as the breast, tendons, 
liver, and thyroid, it has been demonstrated that ROI diameter can 
significantly affect elastic parameter values, thereby influencing result 
accuracy and repeatability, [51]. Our analysis confirmed that selecting a 
larger ROI size has a more pronounced impact on Emax values due to 
the greater likelihood of including collagen fibers and proteoglycans 
within the measurement area. Therefore, an optimal ROI size of 3 mm 
was determined, with the most reproducible SSI-reported parameters 
being “Emean” and “Emin” values, showing 91 % and 83 % accuracy, 
respectively. These selections yielded particularly reliable results for 
degenerated samples, as meniscal degeneration, as previously 
mentioned, originates from the central core of the tissue[59].

4.5. Methodological Basis for SWE in meniscal assessment

To assess the validity of supersonic shear wave elastography (SWE) 
for estimating bovine meniscus shear modulus, key biophysical and 
methodological factors were evaluated. The meniscus thickness (8–15 
mm) relative to shear wavelengths suggests guided wave propagation 

Fig. 12. a: Comparison of mean measurements across probes, b: correlation matrix for femoral and tibial surface, Probes 1, 2 and 3 represent LH20-General, L18- 
5-MSK/Meniscus and LH20-MSK/Knee, respectively, across Anterior, Central and Posterior Correlation.
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rather than bulk waves. While boundary reflections could theoretically 
occur, geometric attenuation and consistent modulus measurements 
across ROIs indicate minimal impact. Although 3D wave simulations 
would provide definitive confirmation, experimental conditions (local
ized excitation, probe positioning) reduce reflection artifacts. The 
observed wave behavior can be explained by the presence of guided 
Lamb wave modes, where low-frequency phase velocities approach the 
theoretical shear wave speed (√(μ/ρ)), although the guided nature of 
the waves causes dispersion because of the geometry (still examining the 
real part of the wave number) even for a Lamb wave. It seems that, as 
explained in Sections 4-6, the meniscus inhomogeneity generates non- 
classical dispersion, potentially involving mode coupling (A₀-S₀), shear 
horizontal (SH) waves, and frequency-cutoff effects, the rigorous 
investigation of which is deferred to future research.This is supported by 
prior dispersion curve analyses in porcine menisci showing 6–14 m/s 
velocities in comparable frequency ranges (250–600 Hz), [22]. Geo
metric attenuation and consistent modulus values across ROIs suggest 
minimal boundary reflection artifacts. While phase velocity measure
ments were not performed here, time-of-flight measurements in this 
frequency band provide a practical estimate of shear modulus, consis
tent with established SWE protocols for anisotropic tissues.

The significant correlation between SWE-derived moduli and those 
obtained from quasi-static tensile testing confirms the validity of this 
approach, despite the assumption of wave dispersion. Since SWE oper
ates in the small-strain regime and at frequencies where the storage 
modulus dominates over the loss modulus, viscoelastic effects are 
minimized, and shear modulus remains largely strain-rate independent. 
Therefore, complex dispersion analysis is unnecessary for the study’s 
objective and would add limited value relative to the primary goal of 
intrinsic property extraction.

The validity of SWE measurements is further supported by the 
anatomical alignment between tensile loading and the circumferential 
collagen fiber orientation in the meniscus, existing literature demon
strating SWE reliability in thin, anisotropic tissues with guided wave 
propagation, and consistent findings from prior cartilage and tendon 
studies that have validated stiffness assessment in similar anisotropic 
environments(21) [55].

Importantly, the ROIs in this study were located within the proximal 
meniscus (depths of 8–15 mm), corresponding to the central, mechani
cally homogeneous region characterized by peripheral fiber alignment. 
Within this range, shear modulus values were statistically consistent 
with tensile test results.

4.6. Integrated Depth-Dependent SSI results

A depth-dependent variation in shear modulus was observed across 
126 regional measurements (63 menisci × 2 posterior regions per 
meniscus) taken from the outer circumferential band of the tissue. 
Analysis focused on regions of maximum thickness, predominantly 
found in the posterior segment. Specifically, when the probe was placed 
on the proximal surface, shear stiffness initially decreased from 6 to ~ 9 
mm depth (p ¼ 0.018, r ¼ -0.68), followed by stabilization and a slight 
increase toward for 9–16 mm (p ¼ 0.043, r¼þ0.28). In contrast, a 
monotonic decrease in stiffness was observed across the same depth 
range, (6 to 15 mm), when the probe was positioned on the distal surface 
(p ¼ 0.023, r ¼ -0.59). Quantitatively, SSI measurements in the 6–9 
mm depth range showed a stronger correlation with tensile testing (r =
0.904) than in the 9–15 mm range (r = 0.809), indicating higher ac
curacy in shallower regions, also it has been demonstrated that the su
perficial meniscal layers exhibit functional homogeneity across the three 
distinct regions: the anterior, central, and posterior regions [8]. These 
trends are in agreement with prior phantom-based findings [60], which 
demonstrated a general decrease in measured shear modulus with 
increasing depth due to shear wave attenuation and signal-to-noise ratio 
(SNR) loss.

The non-linear trend seen with proximal-side probe placement may 

be attributed to the layered structure of the meniscus. The initial 
decrease corresponds to wave propagation through the proximal and 
middle layers—characterized by lower fiber alignment and greater 
heterogeneity—while the slight increase in the 12–15 mm range likely 
reflects the transition into the denser, circumferentially aligned distal 
layer. This transition is anatomically supported by meniscal micro
structure literature, [6,8,22] and further reinforced by the higher stiff
ness values observed at greater depths from the proximal surface 
compared to the same depths from the distal side. In the proximal 
alignment, corresponding to the central, deeper layer of the meniscus 
where collagen fibers are predominantly circumferential, variations in 
shear stiffness values with depth are consistent with the expected 
structural organization.

Although direct SNR metrics were not extracted in this study, intra- 
ROI signal variability was monitored and remained within acceptable 
limits [22]. Future studies will focus on depth-dependent shear stiffness 
mapping across different meniscal regions and layers, supported by SNR 
analysis and histological validation and advanced data analysis. 
Importantly, ROI depth and probe orientation must be carefully 
controlled in SSI studies of the meniscus, as these factors significantly 
influence elastographic accuracy. These findings provide foundational 
evidence for depth-aware elastography protocols and highlight the need 
for computational modeling to separate wave modes and correct for 
depth-induced measurement artifacts in complex, anisotropic tissues 
like the meniscus.

4.7. Translational Outlook and research perspectives

The clinical translation of these findings is supported by several key 
considerations. First, SSI shows strong potential for early diagnosis of 
meniscal degeneration, serving as a valuable complement to existing 
MRI and ultrasound techniques by detecting mechanical changes prior 
to visible structural damage, particularly in accessible regions such as 
the anterior horn and peripheral zones using conventional high- 
frequency transducers. Second, the method could be adapted for intra
operative applications, where real-time stiffness mapping may guide 
surgical decisions during arthroscopic meniscal repair or resection 
procedures. Third, our demonstration of SSI’s sensitivity to freeze–thaw- 
induced degeneration in 60 bovine specimens suggests its utility for 
postoperative monitoring of tissue remodeling following meniscal 
interventions.

While conducted in an ex vivo model, these results provide the 
fundamental validation needed for ongoing development of motion- 
compensated 3D SSI protocols for human applications. The significant 
correlation between SSI-derived measurements and mechanical testing 
standards (R2 > 0.9) underscores the technique’s potential to transform 
clinical approaches to meniscal assessment, offering orthopedic practice 
a reliable, quantitative tool for evaluating tissue integrity without 
invasive procedures. Future work will focus on adapting these methods 
for in vivo use through optimized transducer positioning and motion 
compensation algorithms.

Note that although the results demonstrate acceptable correlation 
and agreement, differences in measured values must be considered. 
These discrepancies may stem from assumptions of elasticity and ho
mogeneity, as the meniscus does not fully satisfy these conditions.

This study evaluates two key aspects: firstly, the non-destructive 
extraction of meniscus stiffness, and secondly, the diagnostic capa
bility of the SSI method. Given the high correlation between the elas
tography test and linear and nonlinear mechanics, the reliability of the 
SSI measurements is assured. The same subject, especially from the 
perspective of pathology and MRI approval for osteoarticular tissue, and 
secondly, the significant number of samples tested in this research can 
emphasize the strength of the reliability of SSI measurements.

Overall, the findings of this study indicate that SSI should be applied 
in studies focused on distinguishing variations between participants or 
monitoring changes over time. This includes in vivo pathology 
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detection, assessing the effects of rehabilitation interventions, and 
exploring meniscal biomechanics and their adaptability (or lack thereof) 
to external and internal factors. Secondly, due to the predictive valida
tion of stiffness values obtained by SSI for both small (<4% strain) and 
large strains, this method holds promise as a reliable tool for ex vivo 
testing and a potential diagnostic approach for in vivo injury detection. 
Thirdly, the considerable number of measured samples and the 
comprehensive examination of different regions reinforce the repro
ducibility and robustness of SSI measurements when compared to the 
gold standard tensile testing method.

Fourthly, this study confirms the absence of significant measurement 
differences between operators, the effectiveness of the fixed mechanical 
arm, and the consistency of results across different musculoskeletal 
transducers. Additionally, it highlights the importance of precise selec
tion of the region of interest (ROI) in the diagnostic process.

From a biomechanical perspective, a more extensive study is still 
needed, incorporating a substantial sample size with varying degrees of 
degeneration for in vitro human samples. Such a study should assess 
collagen content, water content, equilibrium modulus, permeability 
parameters, and extract dynamic solid and fluid phase parameters under 
compression to further evaluate SSI stiffness measurements against 
solid-phase parameters. This could enhance the biomechanical under
standing of SSI measurements for osteoarticular tissues, even though the 
diagnostic significance of tissue stiffness values derived from SWE 
elastography has been clearly demonstrated in this study. Furthermore, 
investigating the potential of SSI for nonlinear stiffness measurements 
could serve as a foundation for future research in this field.

5. Conclusion

The observations of this study indicate that ultrasound supersonic 
shear imaging (SSI) measurements are correlated with tissue stiffness, 
both for small strains in the tibial and femoral regions and for large 
strains in the peripheral region. The findings demonstrated that SSI 
possesses the capacity to predict the ultimate stiffness and the corre
sponding Young’s modulus for the circumferential region, as well as the 
shear modulus resulting from the small strain in the nonlinear stress–
strain region for the femoral/tibial region, with 88 % and 90 % accuracy, 
respectively. Stiffness values obtained from real-time elastography 
testing were lower across all regions in degenerated samples compared 
to fresh samples. Similarly, shear modulus values obtained from tensile 
testing also decreased in all regions of degenerated samples. When uti
lizing SWE technology to assess the meniscus, it is advisable to position 
an ROI with a diameter of 2 or 3 mm and use E-mean as the elasticity 
index, also the consistency of results across different musculoskeletal 
transducers were confirmed. These findings significantly enhance our 
understanding of elastography’s effectiveness in biomechanical research 
and its potential applications in diagnosing and managing musculo
skeletal disorders. In conclusion, SSI is a validated, accurate, and sen
sitive technique for assessing meniscal shear modulus, making it a 
valuable tool for studying meniscus biomechanics and improving or
thopedic patient care.
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