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ABSTRACT

Background: Previous studies have suggested that changes in the composition of the extracellular matrix (ECM) play a signif-
icant role in the development of ligamentum flavum hypertrophy (LFH) and the histological differences between the ventral
and dorsal layers of the hypertrophied ligamentum flavum. Although LFH is associated with increased fibrosis in the dorsal
layer, comprehensive research exploring the characteristics of the ECM and its mechanical properties in both regions is limited.
Furthermore, the distribution of fibrosis-associated myofibroblasts within LFH remains poorly understood. This study aimed to
bridge the existing knowledge gap concerning the intricate relationships between ECM characteristics, mechanical properties,
and myofibroblast expression in LFH.

Methods: Histological staining, scanning electron microscopy, and atomic force microscopy were used to analyze the compo-
nents, alignment, and mechanical properties of the ECM. Immunostaining and western blot analyses were performed to assess
the distribution of myofibroblasts in LF tissues.

Results: There were notable differences between the dorsal and ventral layers of the hypertrophic ligamentum flavum.
Specifically, the dorsal layer exhibited higher collagen content and disorganized fibrous alignment, resulting in reduced stiffness.

Abbreviations: AFM, atomic force microscopy; CD34, cluster of differentiation 34; ECL, enhanced chemiluminescence; ECM, extracellular matrix; EDTA, ethylenediaminetetraacetic acid;
EGFR, epidermal growth factor receptor; ELISA, enzyme-linked immunosorbent assay; EVG, elastin van gieson; H&E, hematoxylin and eosin; IHC, immunohistochemistry; LDH, lumbar disc
herniation; LF, ligamentum flavum; LFH, ligamentum flavum hypertrophy; LSS, lumbar spinal stenosis; SEM, scanning electron microscopy; TGF-, transforming growth factor beta; VEGF,
vascular endothelial growth factor; a-SMA, alpha-smooth muscle actin,
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Immunohistochemistry analysis revealed a significantly greater presence of a-smooth muscle actin (a@SMA)-stained cells, a

marker for myofibroblasts, in the dorsal layer.

Conclusions: This study offers comprehensive insights into LFH by elucidating the distinctive ECM characteristics, mechanical
properties, and cellular composition disparities between the ventral and dorsal layers. These findings significantly enhance our
understanding of the pathogenesis of LFH and may inform future research and therapeutic strategies.

1 | Background

Ligamentum flavum hypertrophy (LFH) is the major contrib-
utor of lumbar spinal stenosis (LSS), a degenerative condition
that significantly impacts mobility and quality of life [1]. As the
ligament thickens, it progressively narrows the spinal canal,
compressing neural structures and leading to pain and neuro-
logical deficits [2, 3]. This thickening involves not just an in-
crease in tissue mass but profound changes in the composition
and architecture of the ligament, including increased collagen
deposition and loss of elasticity [4-7]. These structural distor-
tions contribute to the biomechanical dysfunction of the liga-
ment, resulting in spinal canal narrowing [8]. Understanding
the biomechanical properties and the factors driving these
structural changes is essential for unraveling the pathogenesis
of LFH [9, 10].

Extracellular matrix (ECM) remodeling is pivotal in the pro-
gression of LFH [6]. In hypertrophied ligamentum flavum (LF)
compared to normal specimens from patients with lumbar disc
herniation (LDH), serving as the control group, there is a no-
table increase in collagen deposition and a reduction in elastin
fibers, resulting in diminished flexibility and disrupted tissue
architecture [5, 11]. These changes, however, are not uniform
across the ligament [12, 13]. Previous research has identified
more pronounced pathological changes in the dorsal hyper-
trophied LF, including a higher collagen-to-elastin ratio and
disoriented elastin fibers, potentially associated mechanical
stress distribution or growth factor activity [5, 6, 13, 14]. While
differences between the ventral and dorsal LF layers have been
sporadically reported, this region-specific ECM topography
highlights the need to investigate both layers in detail, as the
fiber alignment and structural changes in each region could
have distinct effects on the overall biomechanical functions in
the LF [15].

The biomechanical properties of the LF are intricately linked
to its mechanical stress, ECM composition, and cellular dy-
namics [16, 17]. Notably, the dorsal layer experiences higher
mechanical stress during spinal movements, particularly in
flexion [16]. This stress correlates with increased collagen
deposition and disorganized fiber alignment, in contrast to
the more preserved structure observed in the ventral layer
[18, 19]. Aligned ligament tissue has been shown to exhibit
greater stiffness compared to disorganized tissue under uni-
axial tension, as demonstrated in animal models [12, 20].
Moreover, myofibroblasts, which play a key role in fibrosis, are
more prevalent in the dorsal layer of hypertrophied LF [21, 22].
However, most studies have focused on the genetic expression
of alpha-smooth muscle actin («-SMA), without thoroughly in-
vestigating protein levels or comparing these dynamics across
healthy, ventral, and dorsal layers [21-24]. The inconsistencies

in research findings on the mechanical properties of hypertro-
phied LF, partly due to differences in measurement techniques
and small sample sizes [15], underscore the need for a compre-
hensive study that evaluates these biomechanical and cellular
differences across regions.

Currently, there is a critical gap in understanding the relation-
ship between ECM composition, fiber alignment, mechanical
stiffness, and cellular composition in the ventral and dorsal
layers of hypertrophied LF. We hypothesize that significant dis-
parities in the collagen-to-elastin ratio, ECM organization, bio-
mechanical properties, and cellular composition exist between
these two regions in patients with LSS, which may contribute
to the pathogenesis of LF hypertrophy and the progression of
spinal stenosis. To explore these differences, we characterized
the ECM architecture and mechanical properties of hypertro-
phied LF using electron microscopy and atomic force micros-
copy (AFM). Additionally, cellular density, composition, and the
distribution of myofibroblast-associated proteins were assessed
through immunohistochemistry (IHC) and western blot anal-
ysis. This comprehensive approach seeks to bridge the knowl-
edge gap regarding ECM remodeling, cellular dynamics, and
mechanical stiffness between the ventral and dorsal regions of
hypertrophied LF.

2 | Methods
2.1 | Participants

We recruited patients who had undergone lumbar spine sur-
gery at a tertiary hospital in Taiwan. Before surgery, all pa-
tients underwent magnetic resonance imaging (MRI) to assess
the thickness of the LF. The LF thickness was independently
measured three times by two experienced spine surgeons,
and the mean of these measurements was used as the final
LF thickness. During surgery, hypertrophied LF specimens
were collected from patients diagnosed with LSS, while non-
hypertrophied LF specimens were obtained from patients di-
agnosed with LDH. The LDH group served as a control for
nonhypertrophic LF, whereas the LSS group represented the
pathological group with LFH. LF specimens were collected en
bloc during spinal decompression surgery and detached from
their insertion sites following laminectomy. Based on cadav-
eric studies [1] and surgical observations [6], the LF can be
naturally separated into dorsal and ventral parts. This ana-
tomical distinction allowed us to classify the retrieved LF
specimens into dorsal and ventral portions. Histological sec-
tions were prepared parallel to the long axis of the LF fibers,
ensuring optimal visualization of fiber orientation and struc-
tural changes.
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2.2 | Experimental Design

Specimens were divided into four groups: the LDH group as the
control, the LSS group with the whole specimen, and the LSS-
ventral and LSS-dorsal groups based on anatomical layers. The
ECM pattern was analyzed by calculating the collagen/elas-
tin ratio using hematoxylin and eosin (H&E) and Elastin van
Gieson (EVG) staining, quantifying fiber alignment through
EVG staining and scanning electron microscopy (SEM), and
measuring stiffness using atomic force microscopy (AFM). LF
cell density and myofibroblast distribution were determined
by IHC staining. The expression of myofibroblast-associated
proteins a-SMA was quantified using western blot analysis.
Experimental details are provided in Figure 1.

2.3 | Histological Stains

LF specimens were sectioned, fixed, and dehydrated in 30%
sucrose-PBS at 4°C for 24 h. Subsequently, tissues were embed-
ded in paraffin, cut into 4-pum thick slices using a paraffin mi-
crotome, and after dewaxing, antigen retrieval, and blocking.
The sections were incubated overnight at 4°C with primary
antibodies, washed, and detected using a DAB kit, followed
by hematoxylin counterstaining. H&E staining was used for
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histology analysis. Some slides were stained using the Elastic
Stain Kit (Verhoeff Van Gieson/EVG Stain) (Abcam, USA) ac-
cording to the manufacturer's protocol. Elastin was identified
using a solution of ferric chloride, iodine, and Verhoeff's hema-
toxylin, while collagenous connective tissue was stained with
Van Gieson's solution.

2.4 | Scanning Electron Microscope (SEM)

Fresh LF tissue samples were sectioned, collected, and fixed
in 2.5% glutaraldehyde at 4°C overnight. Following fixation,
the samples underwent gradual dehydration using an alcohol
gradient with immersion in 50% and 75% alcohol for 20 min
each, followed by storage in 75% alcohol. Tissue drying
was achieved using a Critical Point Dryer (Samdri-PVT-3D,
Tousimis, USA) after two consecutive 20-min replacements
with 95% alcohol. The dried specimens were carefully placed
in microcentrifuge tubes, sealed with paraffin film, and stored
in moisture-proof boxes until further testing. For scanning
electron microscopy (SEM), samples were affixed to a stage
using carbon tape, platinum-plated, and photographed. The
SEM evaluation of ultrastructural fiber arrangement was
conducted in accordance with the method described by Zhao
et al. [11].
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FIGURE1 | The experimental design of the study. (A) T2-weighted MRI image of hypertrophied LF at the L4/5 level, delineated by the red dotted
line. Intraoperative photographs of hypertrophied ligamentum flavum specimens are categorized into ventral and dorsal segments based on their
anatomical location. The upper image shows the dorsal LF specimen, the middle image displays the junction between the dorsal and ventral LF (yel-

low dashed line), and the lower image presents the ventral LF specimen (scale bar: 1cm). (B) Experimental design of the study. Evaluation of ECM

patterns using EVG staining through SEM to assess ECM composition and alignment, and AFM to measure mechanical stiffness. IHC staining was

used to determine cell density and evaluate myofibroblasts, while protein expression of a-SMA was quantified using Western blot analysis. The LDH

group served as the control, and comparisons were made between the LDH and LSS group, and within the LSS group between ventral and dorsal

regions to assess histological differences.
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2.5 | Image and Data Analysis

For the evaluation of EVG-stained tissue, ImageJ software was
utilized to identify the colors corresponding to elastic and col-
lagen fibers. The areas occupied by these fibers were measured
to determine the collagen/elastin ratio. Fiber alignment anal-
ysis was conducted using the OrientationJ plugin in ImagelJ,
which allowed for the exploration of fiber orientation angles
and provided coherency measurements indicating the consis-
tency of fiber alignment [25]. A coherency value of 1 indicates
a dominant orientation in the local structure, while a value of
0 indicates isotropy in the local neighborhood. Cell density and
a-SMA positive cells were detected using QuPath software.

2.6 | Stiffness Measurement

Immediately after specimen retrieval, specimens were soaked
in 20% glycerol at 4°C overnight for dehydration. Glycerol was
then removed, and specimens were immersed in optimal cutting
temperature compound at 4°C overnight to ensure thorough
tissue impregnation. Finally, specimens were frozen at —20°C,
completing the freeze-embedding process. Frozen blocks
were cut into 25-um thick slices using a Cryostat Microtome
(CM1860, LEICA, Germany) and mounted on silane-coated
slides. Within 1 week, sections were analyzed using AFM. The
selection of AFM and its protocol follows the methodologies
outlined by Essmann et al. and Jezek et al., chosen for its proven
experimental stability, reliability, and high-resolution force
measurement capabilities in assessing the mechanical proper-
ties of complex biological tissues [15, 26]. A CSC12/tipless/noAl
cantilever (MikroMasch, Wetzlar, Germany) modified with a
25um polystyrene bead (in diameter), spring constant ranging
from 0.2 to 0.6 N/m and 1 nN indenting force was used. The
cantilever approached and retracted at rates of 1um/s. Data
were processed using JPK package software based on the Hertz
model. To compare LDH and LSS tissues, 30 test points were
randomly selected across the entire tissue area. Additionally,
EVG-stained serial sections aided in region selection, with 30
points measured on both ventral and dorsal sides of LSS tissue
to obtain regional results.

2.7 | Western Blot Analysis

LF tissues were lysed using a lysis buffer containing 1% Triton
X-100 (Sigma-Aldrich, Taiwan), 50mM Tris (pH7.5), 10mM
EDTA, 0.02% NaN,, and a protease inhibitor mixture (Roche
Boehringer Mannheim Diagnostics, Mannheim, Germany).
The tissues were homogenized using a PowerMasher II (Nippi,
Japan). Total protein concentration was determined using the
Bradford method with bovine serum albumin as the standard.
After electrophoresis, proteins were transferred onto PVDF
membranes (Millipore, Billerica, MA, USA). The membrane
was then blocked with 5% nonfat dried milk in PBST for 1 hour
at room temperature. Following blocking, the membrane was
incubated overnight at 4°C with primary antibodies (a-SMA)
(abcam, ab7817) [21]. Subsequently, the PVDF membrane was
washed with PBST and incubated with secondary antibody for
1 hour at room temperature. Proteins were visualized using
ECL detection kit.

2.8 | Statistical Analysis

Regarding patient characteristics, data are reported as
mean + SD (standard deviation). All histological and cellular
experiments were conducted at least three times. Student's ¢-
test was used for data analysis, with statistical significance
set at p<0.05. Data were analyzed using SPSS software
(Version 17).

3 | Results
3.1 | Patients and Sample Measurement

A total of 68 patients were included in the study. Hypertrophied
LF specimens were collected from 48 patients diagnosed with
LSS, and nonhypertrophied LF specimens were obtained
from 20 patients diagnosed with LDH. The mean age of the
LDH group was 33 £9years old, while the LSS group had a
mean age of 70 + 13 years. The mean LF thickness in the LDH
group was 2.72+0.9mm, compared to 4.56+0.7mm in the
LSS group.

3.2 | ECM Pattern—SEM Imaging Evaluation
and Collagen/Elastin Ratio

After staining the LF specimens with EVG, microscopic images
of the LDH, LSS, LSS-ventral, and LSS-dorsal groups were cap-
tured. Elastin fibers appeared dark blue, whereas collagen fibers
appeared pink. The LSS group exhibited histological changes
from the ventral to the dorsal region, showing decreased elastin
fibers and increased collagen fibers, necessitating division of the
LSS sample into ventral and dorsal parts for precise pathogene-
sis study (Figure 2A).

SEM images were used to examine the ECM structures in
these four groups, revealing distinct differences. In the LDH
sample, organized branched elastin fiber bundles arranged
in straight alignment were observed. In contrast, the LSS
group exhibited collagen fibers that overlapped and dis-
played wave-like patterns with larger diameters than elastin
fibers. The LSS-ventral group displayed aligned and branched
elastin fiber bundles, similar to those observed in the LDH
group. However, the LSS-dorsal group exhibited highly inter-
woven and disordered thread-like collagen microstructures
(Figure 2B).

The LDH group showed a higher abundance of elastin fibers
compared to the LSS group. Further categorization into ven-
tral and dorsal regions revealed that the ventral part resem-
bled the LDH group, with dominant elastin fibers in the ECM.
Conversely, the LSS-dorsal group showed increased collagen
fibers and reduced elastic fibers. Meanwhile, the LSS group
(N=4) had a significantly higher collagen/elastin ratio com-
pared to the LDH group (N=3) (1.02+0.21 vs. 0.37+0.30,
p=0.0218). Additionally, the LSS-dorsal group (N=3) had
a higher ratio compared to the LSS-ventral group (N=3)
(5.50+£1.85vs. 0.23£0.159, p=0.0081), indicating differences
in ECM composition between the dorsal and ventral regions
(Figure 2C,D).
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FIGURE2 | EVG stained sections and collagen/elastin ratio in LDH and LSS groups. (A) Representative images of LSS tissue showing histological

transformation from ventral to dorsal regions. (B) SEM images of LF specimens from LDH, LSS, LSS-ventral, and LSS-dorsal groups, highlighting

differences in ECM pattern and alignment (scale bar: 10 um). (C) EVG-stained images of the four groups, with dark blue representing elastin and pink

representing collagen. The LDH group showed a higher abundance of elastin fibers compared to the LSS group. The LSS-ventral group exhibited a
higher content of elastin fibers than the LSS-dorsal group (scale bar: 50 um). (D) Quantification analysis of collagen and elastin fiber areas in EVG-
stained sections. A collagen/elastin ratio greater than 1 indicates dominance of collagen fibers, and vice versa. All data represent results from above

three independent experiments. *p <0.05, **p <0.01.

3.3 | ECM Pattern—Fiber Alignment Coherency

In the histological images of the specimens, yellow dotted lines
represented the direction of fiber analysis conducted using
image software. The LDH and LSS-ventral groups showed
more consistent fiber alignment than the LSS and LSS-dorsal
groups (Figure 3A). Fiber alignment data were presented as
bar graphs. The LDH and LSS-ventral groups exhibited more
concentrated and sharper histograms than the LSS and LSS-
dorsal groups, indicating more organized and consistent fiber
orientation (Figure 3B). Furthermore, we analyzed alignment
direction data using the coherency parameter, which indicates
the consistency of fiber alignment. A coherency value of 1 indi-
cates dominant orientation, while a value of 0 indicates isotro-
pic distribution in the local neighborhood. Coherency values
were similar between LDH (N=12) and LSS (N=33) groups
(0.593+£0.172 vs. 0.429+£0.228, p=0.67). However, the LSS-
dorsal group (N =10) exhibited a significantly lower coherency
value than the LSS-ventral group (N=12) (0.257£0.119 vs.

0.690+0.192, p=0.03) (Figure 3C), confirming the disorga-
nized nature of the dorsal region of the hypertrophied LF.

3.4 | Mechanical Property—Stiffness Measured
by AFM

AFM was used to measure mechanical stiffness. LF tissue
specimens were prepared from the LDH (N=3), LSS (N=3),
LSS-ventral (N=6), and LSS-dorsal (N=6) groups, with 30 test
points randomly selected across each specimen. Additionally,
10 additional measurements were obtained at evenly spaced
20mm intervals using a cantilever for both ventral and dorsal
LF specimens (Figure 4A).

The bar graph illustrates the average mechanical stiffness
values obtained from random measurements in the LDH and
LSS groups (Figure 4B). A scatter plot showed the distribu-
tion of 30 data points from three patients each in the LDH and
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FIGURE 3 |

Comparison of fiber alignment coherency in LDH and LSS groups. (A) Representative tissue images show LDH, LSS, LSS-ventral,

and LSS-dorsal tissues with alignment direction analysis. Fiber orientation, identified using image software, is indicated by yellow dotted lines. (B)
The histogram shows the distribution of fiber alignment directions. (C) Coherency analysis of fiber alignment in four groups. A coherency value of
1 indicates a dominant orientation, while a value of 0 signifies a disorganized fiber direction. All data represent results from three independent ex-

periments. ****p <0.0001.

LSS groups. Results from random measurements indicated a
higher mechanical stiffness in the LDH group compared to
the LSS group, although the difference did not reach statistical
significance (10.58 +4.5vs. 7.11 +4.1, p=0.38).

Another bar graph depicted the mean mechanical stiffness
values obtained from random measurements in the LSS-
ventral and LSS-dorsal groups (Figure 4C). The scatter plot
showed data distribution from three patients each in the
LSS-ventral and LSS-dorsal specimens. The results revealed
that the mechanical property of LSS-ventral was signifi-
cantly stiffer than LSS-dorsal (18.64+9.0 vs. 3.38+1.8kPa,
p=0.002).

Additionally, the line chart demonstrated different measure-
ment methods and arrayed measurements in LSS-ventral and
LSS-dorsal specimens from four patients, indicating signifi-
cantly lower mechanical stiffness in the LSS-dorsal specimen
compared to the LSS-ventral (Figure 4D).

3.5 | LF Tissue—Cell Density

H&E staining was performed on three specimens from LDH, LSS,
LSS-ventral, and LSS-dorsal groups. Histological examination re-
vealed higher cell density in the LSS group compared to LDH,
with LSS-dorsal specimens showing a more pronounced increase
(Figure 5A). Quantitative analysis indicated higher cell density
in the LSS group compared to LDH (N =3), though not statisti-
cally significant (47.89+8.0 vs. 37.19+1.5, p=0.23). Moreover,
cell density in the LSS-dorsal group was significantly higher than
LSS-ventral (100.11 +24.7 vs. 17.58 + 2.1, p=0.0045) (Figure 5B).
These findings suggest an important role of cell hyperplasia in
the pathogenesis of LFH.

3.6 | Myofibroblast Differentiation

Evaluation of myofibroblast differentiation involved examin-
ing the distribution of the key marker a-SMA, which indicates
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FIGURE 4 |

Mechanical stiffness measurement and results analysis. (A) Schematic diagram illustrating two measurement methods. On the left

side, 30 random points were tested on each LF specimen from the LDH, LSS, LSS-ventral, and LSS-dorsal group. On the right side, 10 arrayed points
with a 20mm interval were tested on LSS-ventral and LSS-dorsal specimens from four patients. (B) The left bar graph shows the mean values of ran-
dom measurements for the LDH and LSS groups. The right scatter plot shows the individual data points of random measurements for three patients.
(C) The upper bar graph presents the mean values of random measurements for the LSS-ventral and LSS-dorsal groups. The lower scatter plot depicts
the individual data points of random measurements for three patients. The mechanical stiffness of the LSS-ventral group was significantly higher
than that of the LSS-dorsal group. (D) Individual data points of mechanical stiffness obtained from arrayed measurements in the LSS-ventral and
LSS-dorsal groups. In four patients, the mechanical stiffness of the LSS-ventral group was significantly higher than that of the LSS-dorsal group.

#p<0.05, ¥*p < 0.01, ***p <0.001, ****p < 0.0001.

the presence of myofibroblasts. The results revealed higher
expression of «-SMA in the LSS group compared to the LDH
group. Additionally, within the LSS group, the LSS-dorsal
subgroup showed higher levels of a-SMA expression than the
LSS-ventral subgroup (Figure 6A). Quantitative analysis of
the THC staining corroborated these findings, demonstrating
similar trends in a-SMA expression between the LSS and LDH
groups (57.02 +23.5 vs. 43.50 £21.9, p=0.404) and between the
LSS-ventral and LSS-dorsal groups (86.74+5.5 vs. 37.55+9.9,
p=0.002) (Figure 6B). This suggested that myofibroblast differ-
entiation plays a crucial role in ligamentum flavum hypertro-
phy, particularly in dorsal regions.

Consistent with the THC staining results, protein expression
levels of a-SMA were significantly higher in the LSS group
compared to the LDH group (N=3) (0.93+0.1 vs. 0.36+0.2,

p=0.002) (Figure 6C). Additionally, there was a significant
increase in a-SMA expression levels in the LSS-dorsal group
compared to the LSS-ventral group (0.88 £0.32 vs. 0.28 £0.25,
p=0.027) (Figure 6D).

4 | Discussion

The LF plays a crucial role in restricting excessive flexion of the
vertebral body and maintaining spinal stability [27]. Its primary
constituents include collagen fibers, elastic fibers, reticular fi-
bers, and extracellular matrix, with elastic fibers constituting
approximately 80% [18, 28]. However, with advancing age, there
is a shift in this composition, leading to an increase in collagen
content and a reduction in elasticity, which contribute to LF
thickening, and in some cases, calcification and ossification
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pression was significantly higher in the LSS-dorsal group compared to the LSS-ventral group. *p <0.05, **p <0.01, n=3.

[5, 6, 29]. This progressive deterioration is further exacerbated
by pathological insults, which prompt the LF to undergo hyper-
trophy as a compensatory response to its weakened mechanical
properties [25]. As this hypertrophy progresses, the structural
and compositional changes within the LF vary between its
dorsal and ventral regions [15]. Understanding these regional
differences, particularly the increased collagen-to-elastin ratio
and mechanical property shift, is essential for unraveling the
pathogenesis of LFH. Therefore, a focused investigation into the
differential biomechanical and cellular properties of the dorsal
and ventral LF layers is crucial to comprehensively address the
mechanical dysfunction associated with LFH.

Given that in most LFH research, histological staining often
reveals more dispersed elastin fibers in hypertrophied LF com-
pared to normal specimens from patients with LDH, who serve
as the control group [5, 13]. Our study firstly focuses on the
compositional and structural differences in the ECM between
healthy and hypertrophied LF, particularly highlighting region-
specific distinctions between the ventral and dorsal layers. The

study demonstrates a significant increase in the collagen/elas-
tin ratio in the dorsal region of the hypertrophied LF, indicat-
ing a shift towards a more collagen-rich and less elastic ECM
(Figure 2). This finding aligns with observations from a few
previous studies, which consistently report an increase in col-
lagen and a decrease in elastin in hypertrophied LF [6, 30]. The
disorganization of collagen fiber alignment in the dorsal region,
as evidenced by SEM imaging and coherency analysis, adds an-
other layer of complexity to the biomechanical changes in hy-
pertrophied LF. This finding echoes previous studies that have
reported the loss of the parallel arrangement of elastic fibers in
hypertrophied LF (Figure 3) [13, 19, 31-33].

Distinct mechanical and cellular changes associated with LFH
were also observed. While the dorsal region of hypertrophied LF
exhibits significant thickening, AFM measurements revealed a
notable decrease in mechanical stiffness compared to the ven-
tral region (Figure 4). This paradox may be explained by the
increased collagen-to-elastin ratio and disorganized fiber orien-
tation in the dorsal region, which, although contributing to the
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overall bulk, compromises its functional integrity [21, 34]. These
changes could reflect a compensatory response to repeated
microinjuries, where thickening occurs to counteract mechan-
ical weakening [15]. However, at the fibril level as measured
by AFM, the tissue remains more prone to injury due to its re-
duced stiffness and altered structural properties. From a pseudo-
macroscopic perspective, the thickened dorsal LF may appear
stiffer, but at a finer resolution, its reduced stiffness leaves it vul-
nerable to further damage. This understanding points to a patho-
logical cycle, where compensatory hypertrophy in response to
mechanical stress leads to functional deterioration.

Cell hyperplasia plays a central role in the pathogenesis of LFH,
involving key cell types such as fibroblasts, macrophages, endo-
thelial cells, and the recently identified myofibroblasts [21, 22].
In LFH, increased fibroblast and inflammatory cell activity pro-
motes the secretion of fibrotic markers like collagen and vimen-
tin, along with growth factors such as TGF-£1 [15]. Concurrently,
fibroblasts are recruited and differentiate into myofibroblasts,
driven predominantly by the TGF-3/Smad signaling pathway
[35-37]. Myofibroblasts, defined by their contractile properties
and increased a-SMA expression, actively contribute to ECM
production and tissue remodeling [38]. However, dysregulated
myofibroblast apoptosis can lead to excessive fibroproliferation,
similar to that seen in other fibrotic conditions, such as hypertro-
phic scars, renal fibrosis, and cardiac fibrosis [39-41]. A strong
association between myofibroblast presence and LFH has been
established over the past decade, mirroring findings in other fi-
broproliferative disorders (Figure 6) [21, 22, 42]. Nevertheless,
the exact molecular mechanisms and genetic regulatory path-
ways governing myofibroblast function in LFH remain poorly
understood and require further exploration. Additionally, angio-
genesis, as indicated by elevated CD34-positive endothelial cells
and VEGF expression, further highlights the complexity of cel-
lular alterations in LFH [4, 43]. Our findings are consistent with
these observations, demonstrating pronounced cell hyperplasia
in hypertrophied LF, particularly in the dorsal region (Figure 5).

In summary, this study revealed several key insights into LFH.
Histological analysis demonstrated increased collagen fiber
content, reduced elastic fiber levels, and disorganized fiber ori-
entation in hypertrophied LF. A detailed comparison between
the ventral and dorsal regions of hypertrophied LF in LSS pa-
tients, as summarized in Table 1, highlights notable differences
in tissue composition, structure, mechanical properties, and
cellular profiles. We also identified an inverse relationship be-
tween the collagen-to-elastin ratio and mechanical stiffness,
alongside a positive correlation between ECM alignment and
stiffness. These ECM alterations critically influence the bio-
mechanical properties of LF in LSS. The resulting mechanical
weakness may predispose the LF to further injury and fibrosis,
creating a self-perpetuating cycle of degeneration, as noted in
previous studies [15]. In summary, these findings suggest that
alterations in collagen and elastic fibers, increased cell density,
and the presence of myofibroblasts are likely to contribute to the
pathogenesis of LFH.

While this study provides valuable insights into the mechanical
and cellular changes associated with LFH, several limitations
should be acknowledged. First, in evaluating LF mechanical
stiffness, we employed AFM, a novel approach not previously

TABLE1 | Summary of results.

LSS ventral side LSS dorsal side
Collagen/elastin 0.237+0.159 5.502+1.856
ratio
ECM alignment 0.690+0.192 0.257+0.119
Mechanical 18.64+9.0 3.38+1.8
stiffness (kPa)
Cell density (per 17.58 £2.1 100.11+24.7
unit area)
a-SMA expression 0.28+£0.25 0.88+0.32

Note: This table summarizes the key findings of the study, comparing the ventral
and dorsal sides of LSS in terms of the collagen/elastin ratio, extracellular matrix
(ECM) alignment, mechanical stiffness, cell density, and cell composition.

utilized in similar studies, resulting in a lack of comparative
data on absolute elastic modulus levels. Second, our study fo-
cused on increased expression of myofibroblast-associated
markers in hypertrophied LF specimens without exploring ge-
netic regulation, post-transcriptional modifications, or secreted
proteomes involved in myofibroblast molecular mechanisms.
Future investigations utilizing single-cell sequencing or ELISA
could provide valuable insights into these mechanisms in LFH.
Third, while we identified elevated collagen content in hyper-
trophied LF, we did not specify the types of collagen present.
Different collagen types may contribute to the diverse molecu-
lar mechanisms underlying LFH. Lastly, individual variability
in spinal canal diameter may have influenced histological find-
ings due to varying disease severity. Although our methodology
followed established protocols and utilized adequate specimen
numbers, individual anatomical differences should be consid-
ered in interpreting the results [16].

5 | Conclusion

This study comprehensively investigated the ECM composi-
tions, collagen fiber alignment, mechanical stiffness, and cel-
lular composition in healthy and hypertrophic LF. We found
that hypertrophied LF has a higher collagen/elastin fiber
ratio and disorganized collagen fiber alignment, leading to
decreased mechanical stiffness. Additionally, our study high-
lights a positive association between myofibroblasts and LFH.
These findings enhance our understanding of LFH pathogen-
esis and suggest potential therapeutic interventions targeting
these mechanisms. Future studies should focus on the molecu-
lar mechanisms underlying myofibroblast involvement in LFH
and explore therapeutic strategies to preserve elastic fibers and
improve mechanical properties.
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