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Ultrasound Shear Wave Elastography Quantitatively
Assesses Tension Changes of Supraspinous/Interspinous
Ligament Complex Under Varied Loads

MICHAEL YANCEY, MS'; NADA RBIL, BS'; ABHI CHATTERJEE, MD'; HANNAH LIN, BA': HALLIE L WYLES,
MEng'; LYDIA M KO, BS'; OGONNA K NWAWKA, MD'; AND SARIAH KHORMAEE, MD, PuD'
IHospitalfbr Special Surgery, New York, NY, USA

ABSTRACT

Background: Although interspinous and supraspinous ligaments of the lumbar spine are thought to contribute to spinal stability,
little is known about their dynamic biomechanics. We demonstrate that shear wave elastography (SWE) offers a novel technique to
noninvasively and quantitatively evaluate posterior spinous ligament complex functional loading and stiffness in different physiologic
positions.

Methods: We performed SWE and measured the length of the interspinous/supraspinous ligament complex in cadaveric torsos
(N=Y5),isolated ligaments (N = 10), and healthy volunteers (N = 9) to obtain length and shear wave velocity measurements. For cadavers
and volunteers, SWE was utilized in 2 lumbar positions: lumbar spine flexion and extension. In addition, SWE was performed on isolated
ligaments undergoing uniaxial tension to correlate shear wave velocities with experienced load.

Results: Average shear wave velocity in cadaveric supraspinous/interspinous ligament complexes increased for lumbar levels
(23%—43%) and most thoracic levels (0%—50%). This corresponded to an average increase in interspinous distance from extension
to flexion for the lumbar spine (19%—63%) and thoracic spine (3%—8%). Volunteer spines also demonstrated an average increase in
shear wave velocity from extension to flexion for both the lumbar spine (195% at L.2-L3 to 200% at L4-L5) and thoracic spine (31% at
T10-T11). There was an average increase in interspinous distance from extension to flexion for the lumbar spine (93% at L.2-1.3 to 127%
at L4-L5) and thoracic spine (11% at T10-T11). In isolated ligaments, there was a positive correlation between applied tensile load and
average shear wave velocity.

Conclusion: This study creates a foundation to apply SWE as a noninvasive tool for assessing the mechanical stiffness of posterior
ligamentous structures and has potential applications in augmenting or evaluating these ligaments in patients with spine pathology.

Clinical Relevance: The interspinous and supraspinous ligaments are critical soft tissue supports of the posterior lumbar spine.
Disruption of these structures is thought to have a negative impact on spinal stability in trauma and spine deformities.

Level of Evidence: 4.

Biomechanics

Keywords: shear wave elastography, ultrasound, spine, ligament, biomechanics, interspinous, supraspinous, stiffness, scoliosis,
proximal junctional kyphosis

INTRODUCTION 16-18

As spine surgery evolves with the goal of optimizing
function, an improved understanding of the soft tissue
supports may offer new opportunities for novel surgi-
cal interventions. Chief among the soft tissue supports
at the posterior lumbar spine are the interspinous and

replicate in vivo function of tissues, and for this
structure, very little is known about its dynamic, physi-
ologic biomechanics.

To address this, we evaluated the ability of shear wave
elastography (SWE) to noninvasively assess changes in
the supraspinous/interspinous ligament complex under

supraspinous ligaments. Disruptions of these ligamen-
tous structures are thought to have consequences for
spinal stability in trauma,1 scoliosis,l_3 and degenera-
tive disease.*™®

To better understand its role in healthy, injured, and
pathologic states, the posterior thoracolumbar ligamen-
tous complex has been well studied in cadaveric spec-
imens to assess mechanical properties.”™> However, it
is well accepted that cadaveric tests often do not fully

tension in physiological positions.>*" In this tech-
nique, shear waves are generated in the ligamentous
complex by an ultrasound probe placed on the skin
above the spinous process interspaces. The ultrasound
calculates a velocity map of these waves, proportional
to the stiffness of the observed tissues.

For application to the spine, when ligaments of the
posterior structures are in flexion, they are under more
tension, stiffening the ligaments. Thus, we hypothesized
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that shear wave velocity (SWV) measurements would
be higher when the spine is in flexion and increased
tension than in extension and less tension. We tested
this in cadaveric specimens, isolated ligaments, and
healthy volunteers as a pilot study for future assessment
of the dynamics of posterior ligamentous spine struc-
tures in living patients.

METHODS

Institutional Review Board (HSS IRB #2016-
0071) approval was obtained for the cadaveric speci-
men portion of this study. Institutional Review Board
(HSS IRB #2021-0997) approval was obtained to
perform shear wave ultrasonography on healthy vol-
unteers.

Given that there was no prior literature on SWE
velocity changes in the supraspinous/interspinous
ligament complexes during spine positional changes,
we used prior data from SWE velocity changes in
similarly loaded soft tissue of the ankle to estimate
our sample size.”® To detect an effect size of 1.37
with an SD of 1.6 m/s at an alpha of 0.05 and power
of 0.8 using a paired ¢ test analysis, we would need
5 subjects.

Thus, for this study, 5 fresh frozen cadavers, 9
healthy volunteers, and 10 isolated thoracolumbar
ligament complexes (5 L4-L5 and 5 L2-L3 com-
plexes) were measured using the following SWE
methods. Nine ligament levels were measured in each
cadaver, resulting in 45 ligament samples. Four liga-
ment levels were measured in each volunteer, except
for 2 volunteers with 3 measured levels, resulting in
34 volunteer ligament samples.

Five fresh frozen cadaveric torsos amputated at the
distal femur were placed in 2 positions (Figure 1).
The specimens were placed prone, first in a hip exten-
sion/lumbar spine extension position (Figure 1A) and
second in a hip flexion/lumbar spine flexion position
(Figure 1B). Ultrasound and SWE measurements
were made using a LOGIQ E9 Ultrasound system

Pl D = D,
s &=

Figure 1. The cadaveric torso and volutneers assumed two positions:
(A) lumbar extension/hip extension and (B) lumbar flexion/hip flexion.

A.

with a 9-MHz linear transducer (GE Healthcare, Mil-
waukee, WI). The dorsal interspinous ligaments at
each spinous interspace were identified via ultrasound
guidance by counting spinous processes moving
proximally from the sacrum. For measurements, the
transducer was coated with ultrasound gel and placed
lightly on the skin surface in a longitudinal direction
along the ligaments. The SWE region of interest was
set in the supraspinous/interspinous ligament region
(Figure 2). A single operator obtained triplicate SWV
measurements, and images were taken at each poste-
rior ligament complex from T9 to S1 in each cadaver.
Images were saved and stored in an electronic reposi-
tory for further analysis, including distance measure-
ments between spinous processes at each level. SWV
and interspace distance measurements at each level
were obtained in lumbar spine extension and flexion
positions to compare different magnitudes of tensile
force through the thoracolumbar ligaments.

SWE was performed similarly on healthy volun-
teers, with the exception that measurements were only
taken at selected levels: T10-T11, T12-L1, L2-L3,
and L4-L5. For these experiments, the measurements
were performed by an musculoskeletal attending
radiologist who specializes in ultrasonography.

To confirm that SWV measurements were propor-
tional to tensile load across the interspinous/supraspi-
nous ligament complexes, complexes from levels L2-1.3
and L4-L5 were isolated. After removal, the facet joints,
remaining capsule and anterior posterior soft tissue of
each ligament complex were disrupted so that applied
loads were directed solely through the interspinous lig-
aments during mechanical testing.

To control the magnitude of force exerted through
a ligament complex and control for viscoelastic relax-
ation, we performed SWE velocity measurements in a
load-controlled regime using an Instron material testing
system (Instron, Norwood, MA) with a 25-1b load cell.
After generating constant tension across the specimen,
we then measured the SWV at known loads (Figure 3A
and B). Before applying load, the distance between
the spinous processes was measured using digital cal-
ipers to obtain a baseline length of the interspinous
ligaments. The ligament complex was then precondi-
tioned by loading the sample to 5% strain at a strain
rate of 0.05 /s. Following preconditioning, the sample
was loaded to 10 N at a rate of 0.5 N/s to minimize
viscous effects, which resulted in quasistatic strain
rates significantly lower than 0.5 /s for each sample.®
The ultrasound operator lightly placed the gel-coated
transducer to the interspinous/supraspinous ligament
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Figure 2. Representative images showing visualization of the interspinous and supraspinous ligaments with superimposed anatomic labeling (A) and example
shear wave velocity measurements using a region of interest within the interspinous ligament region in extension (B) and flexion (C).

complex and obtained 3 SWV measurements at 10 N.
The process was then repeated at 20 N increments up
to a maximum of 90 N. The sample was sprayed with
phosphate-buffered saline between each load increment
to prevent the sample from drying during testing.

Statistical Methods

SWVs for cadaveric specimens were compared
between physiologic extension and flexion using paired
2-sample ¢ tests for means to control for physiologic
differences between cadavers. Volunteer data were

similarly analyzed using paired ¢ tests to analyze the
difference between extension and flexion SWVs for
levels T10-T11, T12-L1, L2-L3, and L4-L5. Linear
slope regression was performed on data for isolated
L2-L3 and L4-L5 ligaments to obtain the relationship
between load and SWV.

Power analysis was performed using G*Power 3.1
(Heinrich Heine University, Diisseldorf, Germany) to
determine the number of ligament samples from cadav-
ers and volunteers to achieve statistical power of 0.8
with an alpha of 0.05.
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Figure 3. Shear wave velocity measurement of excised interspinous
ligaments. (A) Tensile testing setup. Shown are no. 8 drywall screws driven
through the spinous processes bordering the interspinous ligament and k-
wires were used to connect the screws with the tensile tester. (B) Example
shear wave image of a ligament pulled by the tensile device.

RESULTS

In intact cadaveric torsos, changing position from
lumbar extension to lumbar flexion (Figure 1) increased
the interspinous distances from T9 to the pelvis
(Table 1). The thoracic region had smaller, nonsignifi-
cant increases in interspinous distance, ranging from 3%
(P > 0.05) to 8% (P > 0.05). The lumbar interspinous
distances had greater change in interspinous distances
from extension to flexion, ranging from 19% (P < 0.01)
to 63% (P < 0.01). The smallest difference was found at

Table 1. Average distances, in cm, between spinous processes at interspaces
for 5 cadavers (n = 5) in physiologic extension and flexion positions, with
relative percent increases. The designated percent increase was calculated
by a paired methodology whereby the increase was calculated in a single
ligament moving from flexion to extention prior to being averaged.

Extension, Flexion, Increase %,
Level Mean + SD Mean + SD Mean + SD
T9-T10 1.48 +0.22 1.34 £ 0.30 2.72 +10.11
TI10-T11 1.37 £ 0.38 1.38 £0.22 8.16 +17.38
T11-T12 1.91 £ 0.30 1.89 +0.52 6.34 + 12.83
T12-L1 1.45+0.29 1.80 +0.28 26.86 + 18.12
L1-L2 1.44 +0.33 1.68 +0.21 19.07 £ 16.63
L2-L3 1.22 +0.26 1.89 +0.32 58.75 +£25.11
L3-L4 1.38 +0.59 2.06 +0.24 63.36 +41.88
L4-L5 1.30 £ 0.50 1.81 +0.54 4574 +£37.25
L5-S1 1.29 + 0.66 1.72 +0.76 40.61 +£28.13

the L.1-L2 level, and the largest difference was found at
the L3-L4 level. There was an intermediate increase in
interspinous distance from extension to flexion of 27%
at the thoracolumbar junction, level T12-L1 (P < 0.01).

Average SW Vs in flexion exceeded those in extension
when aggregated for all cadavers (Figure 4), but these
differences were not statistically significant because
of the large variability between cadavers. However,
when analyzed in paired methodology, whereby the
SWYV measures were compared for a single cadaver
and paired ¢ test performed, there was a difference in
SWVs found for all levels (P < 0.01) except the T11-
T12 level (P > 0.05). The greatest SWV change was
51%, increasing from an average of 1.43 to 2.16 m/s,
at the T10-T11 level (P < 0.01). Figure 5 shows SWVs
for selected cadaveric interspaces T10-T11, T12-L1,
L2-L3, and L4-L5.

In isolated ligament complexes from L2 to L3 and
L4 to L5, where tension was applied at specified loads,
there was a positive correlation between tensile load
and average SWV (Figure 6, Table 2). For the L2-L.3
level, increasing the load applied across the ligament
complex from 5 to 90 N increased the average SWV
from 2.26 + 0.73 to 4.43 = 0.98 m/s (P < 0.01). Sim-
ilarly, for the L4-L5 level, increasing the load from

m/s)
~ a
5 &
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1.50 EFlexion

Shear Wave Velocity

T9-T10 T10-T11 T11-T12 T12-11 L1-12 L2-13 L3-14 L4-L5 L5-S1

Ligament Level

Figure 4. Aggregate shear wave velocities of all tested cadavers (N =
5), separated by ligament level. Error bars indicate standard deviations of
measurements.
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Figure 5. Shear wave velocities obtained from cadavers (N = 4 or 5), separated into ligament levels T10-T11 (A), T12-L1 (B), L2-L3 (C), and L4-L5 (D). To perform
a paired t test, each extension velocity was paired with the flexion velocity from the same cadaver. *P < 0.05, **P < 0.01, **P < 0.001.

5 to 90 N across the ligament structure increased the
average SWV from 2.23 + 0.28 to 4.15 £ 0.48 m/s (P <
0.01). For each increment of increased load, there was
an increased average SWYV (Table 2). Linear regression
of the SWV and load plot (Figure 6) demonstrated a
positive correlation between load applied over the liga-
ment and SWV (Table 2).

>
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For healthy volunteers, changing position from phys-
iologic lumbar extension to lumbar flexion (Figure 1)
increased the interspinous distances in levels T12-L1,
L2-L3, and L4-L5 (Table 3, P < 0.01). The increase
in interspinous distance ranged from 127% at L4-L5
to 58% at T11-L1, decreasing with more proximal
interspinous levels. The interspinous distance at level

o

20 40 60 80 100
Ligament Tension (N)

Figure 6. Aggregate shear wave velocity (SWV) values of excised L2-L3 (A) and L4-L5 (B) interspinous ligaments from all cadavers, dependent on load exerted on
the ligament at the time the shear wave measurement was made. Error bars indicate standard deviations of measurements.
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Table 2. Regression P values and 95% confidence intervals for the
relationship between shear wave velocity and load for levels L2-L3 and L4-L5.

Samples, Slope, Slope P Slope 95% CI,
Level N m/N-s Value m/N-s R’
L2-L3 5 0.0259 3.96E-21 0.0212-0.0306  0.4249
L4-L5 5 0.0201 247E-28 0.0172-0.0231  0.4953

T10-T11 did not increase significantly from extension
to flexion (P > 0.05).

Also for healthy volunteers, there was a signifi-
cant increase in SWV from extension to flexion at all
measured levels (Figure 7, P < 0.01). On average, the
increase in SWV was most pronounced at the L4-L5
level, whereby the average increase in SWV was 200%
from 1.53 + 0.37 m/s in extension to 4.59 + 2.31 m/s in
flexion (P < 0.001). The T10-T11 level had the lowest
increase in SWV at 31% from 2.50 £ 0.97 m/s in exten-
sion to 3.28 = 1.20 m/s in flexion (P < 0.01).

DISCUSSION

These results show that SWE can quantitatively detect
changes in applied load in the supraspinous/interspi-
nous ligament complex of the thoracolumbar spine. In
this work, SWVs were higher in flexion and, similarly,
increased with higher tensile loads applied through the
ligament. The use of SWE has been broadly explored
for its utility in musculoskeletal health, although there
are few studies where it is explored in the spine. In Chen
et al, the authors examined the SWV of the thoracolum-
bar fascia and found that stiffness of the thoracolum-
bar fascia can be determined reliably using shear wave
ultrasonography.”® Our pilot cadaveric study performed
at multiple levels in the thoracolumbar spine shows that
ultrasound can distinguish spinous processes and visu-
alize the interspinous ligament/supraspinous ligament
complex to obtain SWV measurements. These results
add to current literature on the feasibility of SWE for
evaluating ligament stiffness for spine applications.

In this study, once the interspinous/supraspinous
ligament complex was isolated, increased tensile loads
applied across the structure correlated with higher
SWVs. Prior studies have reported a dose-dependent
change in SWV with tension across tendon and muscle

in other nonspine structures.>*>" For clinical appli-
cations, this study indicates that greater tension in
the spine from lumbar flexion will result in relatively
high measured SWVs compared with lumbar exten-
sion in healthy, functioning ligament complexes. The
reduced velocities measured in the thoracolumbar liga-
ments while in physiologic extension are likely due to
reduced tensile loads not compressive loads; in phys-
iologic lumbar extension, the interspinous and supra-
spinous ligaments are under relatively low tension, but
the ligament does not have redundancy and is not under
compression.'' Additional studies may explore how the
relationship between SWV and tension is affected in
pathologic or traumatized tissue.

We found a larger difference in SWVs between
flexion and extension positions in healthy volun-
teers compared with cadavers. One possible cause
of this effect is that freezing cycles reduced the stiff-
ness response of the thoracolumbar ligaments during
stretch. In addition, the amount of lumbar positional
change being transmitted by placing only the cadav-
eric hips in flexion vs extension is likely less than a
healthy volunteer with completely intact limbs activat-
ing their muscles to change position. In either case, it
is advantageous that SWVs in live volunteers show a
clear distinction between flexion and extension states
for clinical applications of this technique. This work
sets a foundation for understanding normative SWE
velocities and ligament stiffnesses for healthy spines.
It also will allow investigation of pathological states, as
many believe this ligament complex plays a critical role
in preserving stability in thoracolumbar trauma,*® pre-
vention of proximal junctional kyphosis,"**** and spon-
dylolisthesis.*'™ Understanding more about how these
ligaments tolerate loads may lead to improvements in
treatments and improved design of spinal implants that
preserve motion while reducing pathologic instability.

Limitations in the design of this study included
the small number of cadavers and volunteers used.
Because of this, we could not propose a normative
range of SWE thoracolumbar ligament stiffness,
and we expect there will be individual variation
across patients. However, the presented data show

Table 3. Collected SWV data from volunteer subjects, including interspinous distances in physiologic extension and flexion, percent increase between the

positions, and SWV in both positions.

Level Subjects, N Extension Distance, cm Flexion Distance,cm % Increase Extension SWV, m/s Flexion SWV, m/s % Increase
T10-T11 7 1.34 £ 0.12 1.48 +£0.28 11 2.50£0.97 3.28+1.20 31
T12-L1 9 1.02£0.32 1.61 £0.30 58 1.71 £0.59 4.08+1.13 139
L2-L3 9 0.96 +0.27 1.86 +0.34 93 1.70 £ 0.36 5.01£1.58 195
L4-L5 9 0.84 £0.31 1.91 £0.46 127 1.53+£0.37 4.59 £2.31 200

Abbreviation: SWV, shear wave velocity.
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Figure 7. Shear wave velocities obtained from volunteer subjects (N = 7 or 9), separated into ligament levels T10-T11 (A), T12-L1 (B), L2-L3 (C), and L4-L5
(D). To perform a paired t test, each extension velocity was paired with the flexion velocity from the same volunteer to account for physiologic differences between

volunteers. *P < 0.05, **P < 0.01, **P < 0.001.

that higher tensile forces in lumbar flexion, rela-
tive to extension, increase SWV within individual
patients. As a result, this tool shows promise in
its ability to compare changes in SWV as a bio-
mechanical marker of ligament health compared
with absolute SWV measures. Our SWE velocity
measurements were also limited in that they did not
directly take into account time-dependent or vis-
coelastic properties of the ligaments. Instead, our
initial results presented here were designed to hold
ligaments at a constant load in tension.®*™*® Future
studies could explore beyond these static load mea-
surements by characterizing the ability of SWE to
measure time-dependent relaxation and utilizing
SWE to detect the response of ligaments to com-
pressive or torsional strains. These types of loads
would more closely resemble physiologic func-
tion of these ligaments in vivo. Future work could
also investigate the ligaments’ spatially dependent
response to tension; superficial portions of the
thoracolumbar ligament complex would likely be
under increased tension from lumbar flexion com-
pared with deeper portions, resulting in gradients of
SWVs throughout a single ligament complex.

Although we had a single musculoskeletal
attending radiologist specialized in ultrasonogra-
phy perform all SWV and length measurements in
the healthy volunteer experiments, we did not have
access to multiple radiologists and, thus, cannot
estimate interoperator reliability for this study.
However, prior studies have shown that inter- and
intraoperator reliability are high when performing
shear wave ultrasonography on soft tissues.'®2%%
Another weakness is that our SWE measurement
technique included both interspinous and supra-
spinous ligaments and did not distinguish between
these 2 structures. We plan to expand upon these
initial studies to address these limitations in future
work.

CONCLUSION

SWE may be used as a noninvasive technique
to quantitatively measure the stiffness across the
interspinous/supraspinous  ligament  complex.
This opens up possibilities for real-time and
dynamic functional evaluation of loads across lig-
aments not afforded by conventional imaging tech-
niques. As spine surgery progresses and addresses
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motion-preserving techniques requiring dynamic
soft tissue supports, understanding the function of
these soft tissue supports in healthy and pathologic
spines will become increasingly important. These
data support the development of SWE as a valuable
tool in these investigations.

ACKNOWLEDGMENTS

We thank Dr. Suzanne Maher and Kate Meyers for their
assistance in our study design and mechanical testing.

REFERENCES

1. Kim JS, Cheung ZB, Arvind V, Caridi J, Cho SKW.
Role of posterior ligamentous reinforcement in proximal junc-
tional kyphosis: a cadaveric biomechanical study. Asian Spine J.
2019;13(1):68-76. doi:10.31616/asj.2018.0102

2. Mar DE, Burton DC, Mclff TE. Biomechanics of prophylac-
tic tethering for proximal junctional kyphosis: comparison of pos-
terior tether looping techniques. Spine Deform. 2019;7(2):197-202.
doi:10.1016/j.jspd.2018.07.001

3. Langlais T, Vergari C, Pietton R, Dubousset J, Skalli W, Vialle
R. Shear-wave elastography can evaluate annulus fibrosus altera-
tion in adolescent scoliosis. Eur Radiol. 2018;28(7):2830-2837.
doi:10.1007/s00330-018-5309-2

4. Pham MH, Tuchman A, Smith L, et al. Semitendinosus graft
for interspinous ligament reinforcement in adult spinal deform-
ity. Orthopedics. 2017;40(1):e206—-e210. doi:10.3928/01477447-
20161006-05

5. Iida T, Abumi K, Kotani Y, Kaneda K. Effects of aging and
spinal degeneration on mechanical properties of lumbar supraspinous
and interspinous ligaments. The Spine Journal. 2002;2(2):95-100.
doi:10.1016/S1529-9430(02)00142-0

6. LiY, Shen Z, Huang M, Wang X. Stepwise resection of the
posterior ligamentous complex for stability of a thoracolumbar
compression fracture. Medicine (Baltimore). 2017;96(35):¢7873.
doi:10.1097/MD.0000000000007873

7. Myklebust JB, Pintar F, Yoganandan N, et al. Tensile strength
of spinal ligaments. Spine (Phila Pa 1976). 1988;13(5):526-531.

8. Mattucci SFE, Moulton JA, Chandrashekar N, Cronin
DS. Strain rate dependent properties of younger human cervical
spine ligaments. J Mech Behav Biomed Mater. 2012;10:216-226.
doi:10.1016/j.jmbbm.2012.02.004

9. Sawa AGU, de Andrada Pereira B, Rodriguez-Martinez NG,
Reyes PM, Kelly BP, Crawford NR. In vitro biomechanics of human
cadaveric cervical spines with mature fusion. Int J Spine Surg.
2021;15(5):890-898. doi:10.14444/8114

10. Supraspinous and Interspinous Ligaments of the Human
Lumbar Spine - PubMed. https://pubmed.ncbi.nlm.nih.gov/632208/.
Accessed August 26, 2022.

11. Scapinelli R, Stecco C, Pozzuoli A, Porzionato A, Macchi
V, De Caro R. The lumbar Interspinous ligaments in humans: ana-
tomical study and review of the literature. Cells Tissues Organs.
2006;183(1):1-11. doi:10.1159/000094901

12. Dickey JP, Bednar DA, Dumas GA. New insight into
the mechanics of the lumbar Interspinous ligament. Spine (Phila
Pa 1976). 1996;21(23):2720-2727.  doi:10.1097/00007632-
199612010-00004

13. Zander T, Dreischarf M, Timm AK, Baumann WW, Schmidt
H. Impact of material and morphological parameters on the mechan-
ical response of the lumbar spine — a finite element sensitivity study.
J Biomech. 2017;53:185-190. doi:10.1016/j.jbiomech.2016.12.014

14. Sterba M, Aubin CE, Wagnac E, Fradet L, Arnoux PJ. Effect
of impact velocity and ligament mechanical properties on lumbar
spine injuries in posterior-anterior impact loading conditions: a
finite element study. Med Biol Eng Comput.2019;57(6):1381-1392.
doi:10.1007/s11517-019-01964-5

15. Iwanaga J, Simonds E, Yilmaz E, Schumacher M, Patel
M, Tubbs RS. Anatomical and biomechanical study of the lumbar
Interspinous ligament. Asian J Neurosurg. 2019;14(4):1203-1206.
doi:10.4103/ajns.AINS_87_19

16. Kotani Y, Cunningham BW, Cappuccino A, Kaneda K,
McAfee PC. The effects of spinal fixation and destabilization on the
biomechanical and histologic properties of spinal ligaments. Spine
(Phila Pa 1976). 1998;23(6):672-682. doi:10.1097/00007632-
199803150-00006

17. Mannen EM, Friis EA, Sis HL, Wong BM, Cadel ES,
Anderson DE. The rib cage stiffens the thoracic spine in a
cadaveric model with body weight load under dynamic moments.
J Mech Behav Biomed Mater. 2018;84:258-264. doi:10.1016/j.
jmbbm.2018.05.019

18. Rezaei A, Tilton M, Giambini H, et al. Three-dimensional
surface strain analyses of simulated defect and augmented spine
segments: a biomechanical cadaveric study. J Mech Behav Biomed
Mater. 2021;119:104559. doi:10.1016/j.jmbbm.2021.104559

19. Breda SJ, van der Vlist A, de Vos R-J, Krestin GP, Oei
EHG. The association between patellar tendon stiffness measured
with shear-wave elastography and patellar tendinopathy-a case-
control study. Eur Radiol. 2020;30(11):5942-5951. doi:10.1007/
s00330-020-06952-0

20. Chen B, Zhao H, Liao L, Zhang Z, Liu C. Reliability of
shear-wave elastography in assessing thoracolumbar fascia elas-
ticity in healthy male. Sci Rep. 2020;10(1):19952. doi:10.1038/
s41598-020-77123-w

21. Davis LC, Baumer TG, Bey MJ, Holsbeeck M van. Clinical
utilization of shear wave elastography in the musculoskeletal system.
Ultrasonography. 2019;38(1):2—12. doi:10.14366/usg.18039

22. Gupta N, Labis JS, Harris J, et al. Shear-wave elastography
of the ulnar collateral ligament of the elbow in healthy volunteers:
a pilot study. Skeletal Radiol. 2019;48(8):1241-1249. doi:10.1007/
$00256-019-3162-2

23. Hsiao MY, ChenYC, Lin CY, Chen WS, Wang TG. Reduced
Patellar tendon elasticity with aging: in vivo assessment by shear
wave elastography. Ultrasound Med Biol. 2015;41(11):2899-2905.
doi:10.1016/j.ultrasmedbio.2015.07.008

24. Nwawka OK, Gutierrez N, Lin B, Ko LM, Miller TT. Quan-
titative assessment of change in upper extremity muscle stiffness
following fluid injection using shear wave elastography. Skeletal
Radiol. 2021;50(7):1455-1460. doi:10.1007/300256-020-03648-w

25. Nwawka OK, Weinstock-Zlotnick G, Lin B, Ko LM. Asso-
ciation of clinical assessments of hand function and quantitative
ultrasound metrics in first carpometacarpal osteoarthritis. HSS Jral.
2020;16(S2):420-424. doi:10.1007/s11420-020-09795-z

26. Sahr M, Sturnick DR, Nwawka OK. Quantitative ultra-
sound assessment of the achilles tendon under varied loads. J Ultra-
sound Med. 2018;37(10):2413-2418. doi:10.1002/jum.14589

27. Taljanovic MS, Gimber LH, Becker GW, et al. Shear-wave
elastography: basic physics and musculoskeletal applications. Radi-
ographics. 2017;37(3):855-870. doi:10.1148/rg.2017160116

Downloaded from http% //vaww .ijssurgery.com/ by guest on July 14, 2024

8 International Journal of Spine Surgery, Vol


https://pubmed.ncbi.nlm.nih.gov/632208/
https://www.ijssurgery.com/

Yancey et al.

28. Vergari C, Dubois G, Vialle R, et al. Lumbar annulus fibro-
sus biomechanical characterization in healthy children by ultra-
sound shear wave elastography. Eur Radiol. 2016;26(4):1213-1217.
doi:10.1007/s00330-015-3911-0

29. Vergari C, Rouch P, Dubois G, et al. Non-invasive bio-
mechanical characterization of intervertebral discs by shear
wave ultrasound elastography: a feasibility study. Eur Radiol.
2014;24(12):3210-3216. doi:10.1007/s00330-014-3382-8

30. Chan S-T, Fung P-K, Ng N-Y, et al. Dynamic changes
of elasticity, cross-sectional area, and fat infiltration of multifidus
at different postures in men with chronic low back pain. Spine J.
2012;12(5):381-388. doi:10.1016/j.spinee.2011.12.004

31. Langlais T, Desprairies P, Pietton R, et al. Microstructural
characterization of annulus fibrosus by ultrasonography: a feasi-
bility study with an in vivo and in vitro approach. Biomech Model
Mechanobiol. 2019;18(6):1979-1986. doi:10.1007/s10237-019-
01189-3

32. Tokunaga A, Shimizu M. Age-related change in shear
elastic modulus of the thoracolumbar multifidus muscle in healthy
beagle dogs using ultrasound shear wave elastography. J Vet Sci.
2021;22(1):e3. doi:10.4142/jvs.2021.22.e3

33. Chen B, Liu C, Lin M, Deng W, Zhang Z. Effects of body
postures on the shear modulus of thoracolumbar fascia: a shear wave
elastography study. Med Biol Eng Comput. 2021;59(2):383-390.
doi:10.1007/s11517-021-02320-2

34. Selcuk Can T, Ozdemir S, Yilmaz BK. Shear-wave elastog-
raphy of patellar ligament and achilles tendon in semiprofessional
athletes: comparing with nonexercising individuals. J Ultrasound
Med. 2022;41(9):2237-2246. doi:10.1002/jum.15908

35. Gimber LH, Daniel Latt L, Caruso C, et al. Ultrasound
shear wave elastography of the anterior talofibular and calcaneofibu-
lar ligaments in healthy subjects. J Ultrason. 2021;21(85):e86—e94.
doi:10.15557/10U.2021.0017

36. Kanazawa K, Hagiwara Y, Sekiguchi T, et al. Correlations
between range of motion and elasticity of the coracohumeral lig-
ament evaluated with shear-wave elastography. J Sport Rehabil.
2020;30(1):9-15. doi:10.1123/jsr.2019-0279

37. Zhang J, Zhang L, Guo F, Zhang T. Shear wave elastogra-
phy of the coracohumeral ligament with frozen shoulder in different
stages. J Ultrasound Med. 2022;41(10):2527-2534. doi:10.1002/
jum.15942

38. Khurana B, Sheehan SE, Sodickson A, Bono CM, Harris
MB. Traumatic thoracolumbar spine injuries: what the spine
surgeon wants to know. Radiographics. 2013;33(7):2031-2046.
doi:10.1148/rg.337135018

39. Yagi M, Rahm M, Gaines R, et al. Characterization and sur-
gical outcomes of proximal junctional failure in surgically treated
patients with adult spinal deformity. Spine. 2014;39(10):E607-E614.
doi:10.1097/BRS.0000000000000266

40. Denis F, Sun EC, Winter RB. Incidence and risk factors
for proximal and distal junctional kyphosis following surgical treat-
ment for scheuermann kyphosis: minimum five-year follow-up.
Spine (Phila Pa 1976). 2009;34(20):E729-E734. doi:10.1097/
BRS.0b013e3181ae2ab2

41. Takagi Y, Yamada H, Ebara H, et al. Thoracic spondylolis-
thesis and spinal cord compression in diffuse idiopathic skeletal

hyperostosis: a case report. J Med Case Reports. 2017;11(1):1-4.
doi:10.1186/s13256-017-1252-0

42. Marchi L, Abdala N, Oliveira L, Amaral R, Coutinho E,
Pimenta L. Stand-alone lateral Interbody fusion for the treatment
of low-grade degenerative spondylolisthesis. The Scientific World
Journal. 2012;2012:1-7. doi:10.1100/2012/456346

43. Schleicher P, Scholz M, Pingel A, Kandziora F. Trau-
matic spondylolisthesis of the axis vertebra in adults. Global Spine
Journal. 2015;5(4):346-357. doi:10.1055/s-0035-1550343

44. Kanayama M, Hashimoto T, Shigenobu K, Oha F, Ishida
T, Yamane S. Non-fusion surgery for degenerative spondylolisthe-
sis using artificial ligament stabilization: surgical indication and
clinical results. Spine. 2005;30(5):588-592. doi:10.1097/01.brs.
0000154766.74637.5¢

45. Sharma M, Langrana NA, Rodriguez J. Role of liga-
ments and facets in lumbar spinal stability. Spine (Phila Pa 1976).
1995;20(8):887-900. doi:10.1097/00007632-199504150-00003

46. Haghpanahi M, Fazeli Veisari S. Nonlinear viscoelastic for-
mulation of spinal ligament. Mdrsjrns. 2019;19(9):2227-2234.

47. Shetye SS, Troyer KL, Streijger F, et al. Nonlinear viscoe-
lastic characterization of the porcine spinal cord. Acta Biomater.
2014;10(2):792-797. doi:10.1016/j.actbio.2013.10.038

48. Troyer KL, Puttlitz CM. Nonlinear viscoelasticity
plays an essential role in the functional behavior of spinal lig-
aments. J Biomech. 2012;45(4):684-691. doi:10.1016/j.jbio-
mech.2011.12.009

Declaration of Conflicting Interests: The
authors report no conflicts of interest in this work.

Disclosures: Sariah Khormaee reports unpaid
leadership roles for Enuval (Co-Director) and Surgi-
cal Implant Generation Network (Committee Member)
and stock ownership in Merck and Novo Nordisk. The
remaining authors have nothing to report.

Institutional Review Board: Institutional
Review Board (HSS IRB #2016-0071) approval was
obtained, and informed consent was exempted for
this pilot study due to the use of cadaveric specimens.
Institutional Review Board (HSS IRB #2021-
0997) approval was obtained to perform shear wave
ultrasonography on healthy volunteers.

Corresponding Author: Sariah Khormaee,
Hospital for Special Surgery, 535 E 71st St, New York,
NY 10021, USA; khormaees @hss.edu

This manuscript is generously published free of charge
by ISASS, the International Society for the Advance-
ment of Spine Surgery. Copyright © 2023 ISASS. To
see more or order reprints or permissions, see http://
ijssurgery.com.

Downloaded from https://www.ijssurgery.com/ by guest on July 14, 2024

Interndtional Journdl of Spine Surgery, Vol. 00, No. 0 9


https://www.ijssurgery.com/

	Ultrasound Shear Wave Elastography Quantitatively Assesses Tension Changes of Supraspinous/Interspinous Ligament Complex Under Varied Loads
	Abstract
	INTRODUCTION
	METHODS
	Statistical Methods

	RESULTS
	DISCUSSION
	CONCLUSION
	Acknowledgments

	References


