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Abstract

Background: The ligamentum flavum (LF) degeneration is a critical factor in spinal

stenosis, leading to nerve compression and pain. Even with new treatment options

becoming available, it is vital to have a better understanding of LF degeneration to

ensure the effectiveness of these treatments.

Objective: This study aimed to provide insight into LF degeneration by examining the

connections between various aspects of LF degeneration, including histology, micro-

structure, chemical composition, and biomechanics.

Method: We analyzed 30 LF samples from 27 patients with lumbar vertebrae,

employing magnetic resonance imaging (MRI) to link lumbar disc degeneration grades

with fibrosis levels in the tissue. X-ray diffraction (XRD) analysis assessed microstruc-

tural alterations in the LF matrix component due to degeneration progression. Instru-

mented nanoindentation combined with Raman spectroscopy explored the spatial

microbiomechanical and biochemical characteristics of the LF's ventral and dorsal

regions.

Results: Our outcomes revealed a clear association between the severity of LF fibro-

sis grades and increasing LF thickness. XRD analysis showed a rise in crystalline com-

ponents and hydroxyapatite molecules with progressing degeneration. Raman

spectroscopy detected changes in the ratio of phosphate, proteoglycan, and proline/

hydroxyproline over the amide I band, indicating alterations in the extracellular matrix
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composition. Biomechanical testing demonstrated that LF tissue becomes stiffer and

less extensible with increasing fibrosis.

Discussion: Notably, the micro-spatial assessment revealed the dorsal side of the LF

experiencing more significant mechanical stress, alongside more pronounced bio-

chemical and biomechanical changes compared to the ventral side. Degeneration of

the LF involves complex processes that affect tissue histology, chemical composition,

and biomechanics. It is crucial to fully understand these changes to develop new and

effective treatments for spinal stenosis. These findings can improve diagnostic accu-

racy, identify potential biomarkers and treatment targets, guide personalized treat-

ment strategies, advance tissue engineering approaches, help make informed clinical

decisions, and educate patients about LF degeneration.

K E YWORD S

biomechanics, ligamentum flavum, microstructure, nanoindentation, radiology assessment,
Raman spectroscopy

1 | INTRODUCTION

Pathological changes in the ligamentum flavum (LF) cause it to lose

strength and elasticity, resulting in function restriction and contraction

of the nervous tissue in the vertebral canal and back pain.1 These

changes are often linked to LF hypertrophy (LFH), characterized by

tissue thickening, enlargement, and fibrosis, contributing to LF

degeneration.2

Management of LFH hinges on symptom severity and the extent

of the spinal cord or nerve compression. Initial treatments encompass

conservative approaches such as physical therapy, pain management,

and activity modification.3 Surgical intervention is considered for

refractory symptoms or severe conditions involving decompressive

procedures targeting the spinal canal.4 Emerging research explores

novel LFH treatments like decorin therapy5 and oxidative stress ther-

apy.6 However, an in-depth investigation is necessary to establish

treatment efficacy, mainly by focusing on spatial LF characteristics.

Various studies have investigated LF degeneration, including age-

related stiffness elevation under tensile stress and calcification.7 Prior

assessments often overlooked the heterogeneous nature of biological

tissue, relying primarily on qualitative analyses. Recognizing the

importance of spatial attributes, this study aims to comprehensively

evaluate fiber characteristics, radiographic features (MRI), microstruc-

ture, micro-spatial biomechanics, and the chemical composition of LF

in patients with degenerative disc disease.

To achieve micro-spatial biomechanical and chemical evaluations,

this study employs instrumented nanoindentation concurrently with

Raman spectroscopy, building upon our previous research

endeavors.8–10 Nanoindentation, a well-established method for char-

acterizing the mechanical properties of biological tissues, offers

advantages over Atomic Force Microscopy (AFM) by automating

numerous measurements across substantial areas via depth-sensing

techniques11 and precision positioning stage and scanning systems

that can localize the sample characteristics.12 The nanoscale Dynamic

Mechanical Analysis (NanoDMA) mode of indentation used in this

study effectively assesses tissue viscoelasticity during dynamic

testing.

Raman spectroscopy, recognized for probing the chemical compo-

sition and intermolecular interactions in biological samples, is a valu-

able tool for identifying specific spectral signatures associated with

tissue diseases like skin evaluation13 and cartilage assessment.14

Unlike complex histology techniques, Raman spectroscopy necessi-

tates minimal sample preparation and provides insight into tissue

component chemical structures. The clinical application of Raman

spectroscopy enhances the understanding of tissue heterogeneity.15

This study emphasizes the micro-spatial exploration of LF, which

still needs to be extensively studied. Our approach unveils the LF's

heterogeneity in biochemical and biomechanical attributes, requiring a

minimal sample size for characterization. The correlative analysis of LF

features with degenerative changes offers valuable insights, bolstering

diagnostic precision, pathological comprehension, treatment develop-

ment, monitoring strategies, outcome assessment, and technological

advancements.

2 | MATERIALS AND METHODS

2.1 | Patient samples retrieval and preservation

This study involved 27 participants (10 men and 17 women) with the

diagnosis of lower lumbar (L3-5) or lumbosacral (L5-S1) degeneration

who suffered from low back pain, sciatica or claudication and unre-

sponsive to conservative treatments more than 6 months were

included in the study. These surgeries were explicitly aimed at addres-

sing spinal degeneration issues like spinal stenosis (including central,

lateral recess, or foraminal stenosis), degenerative spondylolisthesis,

or degenerative scoliosis. Individuals with spinal conditions stemming

from infections or tumors were excluded. All the enrolled patients
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underwent posterior spinal decompressive procedures, such as lami-

notomy, partial or total laminectomy with or without posterolateral

spinal fusion, and posterior or transforaminal interbody fusion if verte-

bral intersegmental instability was detected. Ethical clearance for the

study was granted by the NCKUH Review Board (NCKUH-IRB

no. B-BR-109-068). A total of 30 LF samples were retrieved from

different lumbar or lumbosacral locations. Following harvest, the LF

tissues were placed in sterile plastic containers and transported on ice

to the laboratory for further processing. The tissues were thoroughly

rinsed with phosphate-buffered saline (PBS) until the wash solution

exhibited minimal blood coloration. Subsequently, fixation was per-

formed using 4% paraformaldehyde (PFA), as previously described

in.16 To briefly explain the sample preparation process, the samples

were embedded in paraffin, affixed to quartz slide substrates, and

then hydrated using a PBS solution. Only tissues with clearly identifi-

able ventral and dorsal regions were included in this study.

2.2 | Fibrosis classification and fiber orientation of
patient samples

Fibrosis severity in patient samples was determined using hematoxylin

and eosin (H&E) staining and a multi-criteria approach considering

morphology, radiological features, biochemical properties, and biome-

chanical characteristics. Three distinct grades were defined: Grade

1, with well-organized parallel elastic fibers; Grade 2, with a mixture

of wavy elastic and collagen fibers; and Grade 3, characterized by sig-

nificantly disorganized or hyalinized collagen fibers. Fiber orientation

was then quantified using ImageJ's Directionality plugin. Following a

specific workflow, color images were converted to grayscale; then,

fibers were enhanced with the Tubeness plugin. The Directionality

plugin subsequently measured fiber alignment and generated orienta-

tion data (fiber dispersion), which was visualized and quantified as a

histogram of fiber distribution across the range of 0 to 180 degrees.

The fiber dispersions of each sample grade were plotted. A low dis-

persion value means the fibers are tightly aligned around the domi-

nant direction. A high dispersion value suggests the fibers are more

randomly oriented, lacking a robust directional preference.

2.3 | Radiological evaluation of patients

The patient evaluation included a comprehensive analysis of lumbar

MRI scans to assess factors potentially associated with LF degenera-

tion: LF thickness, intervertebral disc (IVD) health, and foraminal

dimensions. LF thickness was meticulously measured using the Dicom

Works software, ensuring accuracy and consistency. Disc health was

evaluated using the Pfirrmann grading system, which comprehensively

considers IVD structure, signal intensity, nucleus pulposus and annu-

lus fibrosus differentiation, and disc height.17 This multi-faceted

approach provided a detailed picture of the potential contributors to

LF thickening and spinal canal stenosis

2.4 | Phase analysis of LF microstructure

LF phase changes due to degeneration were analyzed using X-ray dif-

fraction (XRD) with a two-dimensional X-ray diffractometer: D8 Dis-

cover with GADDS (Bruker AXS Gmbh, Karlsruhe, Germany). Before

the testing, the samples were detached from the substrate. Four

samples from each fibrosis grade were ground together and put on

the silicon wafer substrate to reduce the noise of the XRD signals.

The 2θ scanning range was from 5 to 60�. The measurement condi-

tions were as follows, CuK-α radiation: 1.54184 Å (0.154184 nm),

Power: 40 kV and 40 mA; Beam size: 1.0 mm (the collimator system

allows the analysis of 1000 μm2 surface areas); detector type: Vantec-

2000 (14 � 14 cm2 area and 2048 � 2048-pixel density); Sample to

detector distance: 15.03 cm; exposure time: 300 s/frame.

2.5 | Biochemical content assessment in Raman
spectroscopy

Raman spectroscopy was used to determine the chemical composition

of the LF samples, and the specifics of this system have been

described previously in.10,18 The relative intensity of Raman peaks

was used to determine the compositional changes. This study focused

on the Proline/Hydroxyproline changes (strong peak at 851 cm�1),

mineral changes (peak at 958 cm�1), and proteoglycan (1064 and

1370 cm�1) shifts toward the amide I (peak at 1656 cm�1) as the main

component of extracellular matrix (ECM). The mineralization was

determined by comparing the relative concentration of mineral phos-

phate (peak at 958 cm�1) to the intensity of amide I, the principal

component of ECM (peak at 1656 cm�1).19

The following are the parameters for the Raman measurement: the

probe laser power was 4.3 mW at a wavelength of 532 nm; the micro-

scope objective has a magnification of 100�, a working distance of

0.35 mm, a numerical aperture of 0.5, a spectral range of 800–

1700 cm�1, and the grating: 1800 lines/mm. The exposure time for each

point was 10 s, and there were 225 sample points on each side (dorsal/

ventral). The collection parameters were optimized to protect the sample

from any potential photothermal damage caused by probe laser expo-

sure. Each scan used a different position (operating mapping mode). The

average of the Raman maps was used to assess the average spectra and,

consequently, the chemical composition of the tissue.

2.6 | Biomechanical evaluation

The biomechanical properties of LF samples were assessed using a

NanoDMA III Hysitron Triboindenter TI 980. Quasi-static and

dynamic analyses were conducted to determine reduced modulus,

hardness, storage modulus, and loss modulus. NanoDMA measure-

ments were performed with specific parameters, and an optical micro-

scope aided the indentation process. Sample indentation points

ranged from 100 to 150.
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NanoDMA was executed using the CMX-mode (Linear Continu-

ous Measurement of X) with the parameters shown in Table 1. This

type of test will perform continuous measurements of X (various

parameters such as reduced modulus, hardness, etc.). To assist with

the dorsal and ventral sides of the LF samples, an optical microscope

(IEEE 1394 CCD camera) was utilized with 0.5� digital camera magni-

fication, 20� fixed optical magnification, 10� total magnification,

626 m horizontal size, and 552 m vertical size.

2.7 | Statistical analysis

The data were analyzed using OriginPro 2024. One-way analysis of vari-

ance (ANOVA) and Tukey's test for multiple comparisons determined sig-

nificant differences among groups. Spearman's rank correlation

coefficient (ρ) was acquired to determine the correlation among the vari-

ables of LF fibrosis grading. Spearman's rank correlation coefficient (ρ)

was used to assess the strength and direction of the associations

between these variables. The interpretation of the level of correlation

coefficient of the research follows the guidelines given by Cohen,20

where the correlation values, represented by rs, depend on the magni-

tude and can be categorized as small, medium, or large correlation, as

shown in Table 2. Statistical significance was defined at p = 0.05.

3 | RESULTS

3.1 | Classification of fibrosis grading and fiber
orientation

The distribution of fibrosis severity across patient samples is pre-

sented in Figure 1 (A). A total of 30 samples were collected from

27 patients, demonstrating a repartition of fibrosis grades: grade

1 (n = 9), grade 2 (n = 15), and grade 3 (n = 6). Figure 1(B) illustrates

the fiber dispersion for each grade in the ventral and dorsal regions.

Grade 1 fibrosis demonstrates the lowest dispersion, indicating tightly

aligned collagen/elastin fibers around a dominant direction. As sever-

ity increases, fiber dispersion also increases, signifying a more random

orientation. All grades show statistically significant differences in fiber

dispersion (p < 0.05). Representative fiber visualizations are shown in

Figure 1(C)–(K). The H&E staining further elucidates the morphologi-

cal changes associated with fibrosis progression. Grade 1 exhibits a

well-organized, parallel fiber arrangement, while grade 2 displays dis-

rupted fiber alignment. At advanced fibrosis (grade 3), significant

disorganization and hyalinized collagen deposition are observed.

Grade 1 tissue demonstrates a highly parallel fiber orientation tightly

aligned around the dominant direction. In contrast, grade 2 exhibits a

more random, randomly oriented fiber distribution, lacking a strong

directional preference with fiber dispersion. This trend continues in

grade 3, which shows the most substantial disorientation with fiber

dispersion. The corresponding fiber alignment histograms further con-

firm the significantly higher parallelism of fibers in grade 1 compared

to the other grades.

3.2 | Evaluation of patient samples by radiology

Figure 2(A,B) illustrate the relationship between LF thickness and

fibrosis grades. Interestingly, while the average thickness increases

across grades (3.4 ± 0.5 mm for grade 1, 4.0 ± 0.10 mm for grade

2, and 6.1 ± 1.4 mm for grade 3), statistically significant differences

emerge only between grade 2 and grade 3 (p < 0.05). Despite no

significant difference between grades 1 and 2 (p = 0.45), the overall

trend implies a correlation between fibrosis severity and LF thicken-

ing (p < 0.05).

Figure 2(C) displays representative sagittal MRI images demon-

strating the Pfirrmann grading system for IVD degeneration. Notably,

fibrosis was observed in samples corresponding to Pfirrmann grades II

to V, suggesting a potential link between disc degeneration and colla-

gen architecture changes within the LF. Figure 2(D) further reinforces

this connection. It showcases the distribution of fibrosis samples

across different Pfirrmann grades, revealing that while mild degenera-

tion (Pfirrmann grade II) can exhibit fibrosis, most affected samples fall

within grades III, IV, and V.

3.3 | Phase analysis

The XRD patterns of the LF tissue revealed changes in crystallinity

and mineral composition associated with increasing fibrosis grades

Figure 3(A). The characteristic peaks of collagen/elastin in the XRD

pattern are reported to be a weak diffraction peak at �8� and a broad

hump at �22�, indicating that the collagen sample has a low crystallin-

ity.21 The other broad and weak peak at �43� also matches well with

the reported XRD spectra for collagen21,22 And can be found in grades

TABLE 2 Cohen's guidelines for interpreting the results of the
correlation coefficient.

Interpretation Correlation value, rs (positive or negative)

Small correlation 0 to 0.29

Medium correlation 0.3 to 0.4

Large correlation 0.5 to 1

TABLE 1 Parameter of NanoDMA for biomechanical assessment.

Parameter Data

Indenter tip Berkovich diamond tip with a radius of

�150 nm

Load-controlled

algorithm

Linear CMX

Preload (Po) 1 μN

Constant force (Pmax) 80 μN

Frequency 50 Hz

Quasi-static dwell time 5 s
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F IGURE 1 (A) Thirty samples with varying fibrosis grades were obtained from 27 patients. (B) Statistical analysis of fiber alignment
determined by the fiber dispersion. (C–E) Representative grades 1 fibrosis: H&E staining of tissue, black and white fiber orientation, and fiber
alignment histogram, respectively. (F–H) Representative grades 2 fibrosis: H&E staining of tissue, black and white fiber orientation, and fiber
alignment histogram, respectively. (I–K) Representative grades 3 fibrosis: H&E staining of tissue, black and white fiber orientation, and fiber
alignment histogram, respectively. All representatives of H&E staining of tissues, black and white fiber orientation, and fiber alignment histogram
were taken from the dorsal side of each grade. The black scale bar on H&E staining images represents 50 μm. NS, Not statistically different,
*: p < 0.05.
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2 and 3 fibrosis but barely found in grade 1 fibrosis. The peaks corre-

sponding to collagen at �8, 21.5, and 43� are shown with red line

areas. The peaks of collagen at �8 and �43� increase in intensity due

to degeneration indicate a higher volume fraction of the crystalline

phase in the LF.

The minerals peaks appear in grade 2 fibrosis (�19 and 38.5�) and

3 fibrosis (�19, �28.9, �38.5, and �48�). The broad bumps at �19,

38.5, and �48� indicate the amorphous structure of calcium phos-

phate.23 A sharp peak at �28.9� could be seen in the spectrum of

grade 3 fibrosis of LF sample is well-defined diffraction peaks

of hydroxyapatite (HAP).24 They correspond to a (210) crystal plane

with a hexagonal structure. These findings suggest an increase in the

crystallinity of minerals within the LF matrix as degeneration

progresses.

3.4 | Molecular components

Raman spectra depicted in Figure 3(B) demonstrate the LF at the dif-

ferent levels of fibrosis. The results presented in this section are pro-

line/hydroxyproline changes (strong peak at 851 cm�1), mineral

changes (peak at 958 cm�1), and proteoglycan (1064 and 1370 cm�1)

shifts toward the amide I (peak at 1656 cm�1) as the main component

of ECM.

F IGURE 2 (A) Direct visualization of LF thickness within the software interface. The red arrow highlights the LF in its characteristic butterfly
shape. (B) Variation in LF thickness across different stages of fibrosis. Higher grades of fibrosis are associated with increased LF thickness.
(C) Representative magnetic resonance imaging (MRI) scans of corresponding degenerative disc stages are categorized according to the Pfirrmann
classification. Note the absence of Grade I Pfirrmann discs in the analyzed samples. (D) The distribution of fibrosis grades within samples
classified by Pfirrmann grades demonstrates that any level of fibrosis can coexist with Pfirrmann grades II to V, suggesting independent
progression patterns for these two pathologies. NS, Not statistically different, *: p < 0.05.

6 of 13 AZRIL ET AL.



The mineral (phosphate) and proteoglycan characteristics in different

fibrosis grades of LF are shown in Figure 4(A,B), respectively. The ratio

of phosphate to amide I (I958/I1656) and proteoglycan to amide I

(I1064+1370/I1656) ratios exhibited statistically significant increases

(p < 0.001) with advancing fibrosis on both the ventral and dorsal sides

of the LF as shown in. This indicates a progressive accumulation of min-

erals and proteoglycans within the ECM as fibrosis worsens. Notably, the

dorsal side consistently displayed slightly higher mineral and proteogly-

can content than the ventral side across all fibrosis grades, suggesting

potential regional differences in ECM remodeling.

Proline/hydroxyproline, a marker of collagen content, presented a

contrasting trend compared to minerals and proteoglycans, as shown

in Figure 4(C). The proline/hydroxyproline-to-amide I ratio (I851/I1656)

significantly decreased (p < 0.05) on the ventral side with increasing

fibrosis, indicating a relative reduction in collagen content. However,

the I851/I1656 ratio displayed a less pronounced decline on the dorsal

side, showing no statistically significant change (p = 0.06). This sug-

gests a potentially slower or less extensive loss of collagen on the

dorsal side compared to the ventral side.

3.5 | Biomechanics characteristics

The LF tissue's biomechanical characteristics were elucidated through

quasi-static and dynamic measurements. Quasi-static analysis, which

assesses the tissue's response under constant load, yielded reduced

modulus (Er) and hardness (H). Additionally, dynamic measurements

were employed to investigate the tissue's viscoelastic properties. Stor-

age modulus (E0) and loss modulus (E00), obtained through oscillatory

testing, quantify the tissue's ability to store and dissipate energy,

respectively. The values obtained from these analyses are presented

in Figure 5(A–D), offering a comprehensive overview of the LF tissue's

mechanical behavior.

Quasi-static measurements revealed a progressive stiffening of

the LF tissue with increasing fibrosis grade, as evidenced by the

changes in reduced modulus (Er) and hardness (H) shown in Figure 5

(A,B). Er and H demonstrated statistically significant increases

(p < 0.05) across all fibrosis grades for both ventral and dorsal regions.

Notably, there were no statistically significant differences in Er or H

within the same fibrosis grade between the ventral and dorsal sides.

F IGURE 3 Fibrosis progression alters tissue microstructure and biochemical composition. (A) X-ray diffraction (XRD) patterns demonstrate
collagen/elastin and mineral presence changes in grade 2 fibrosis, with hydroxyapatite crystals appearing in grade 3 fibrosis. Each graph
represents the average of four samples per fibrosis grade (B) Average Raman spectra from all tissue with different grades highlight biochemical
shifts across fibrosis grades (VG1-3, DG1-3), including alterations in proline/hydroxyproline (peaks 1 and 2), phosphate (peak 3), proteoglycan
groups (peaks 4 and 5), and amide I groups (peak 6) which became the focus of this study. DG, Dorsal Grade; VG, Ventral Grade.
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However, the dorsal region consistently exhibited slightly higher Er

and H values than the ventral region across all fibrosis grades. Specifi-

cally, the ventral side Er increased from 4.74 ± 0.40 GPa (grade 1) to

5.41 ± 0.51 GPa (grade 3), while the dorsal side displayed a similar

trend, rising from 4.95 ± 0.53 GPa (grade 1) to 5.90 ± 0.53 GPa (grade

3). Similarly, ventral H rose from 0.30 ± 0.03 GPa (grade 1) to 0.33

± 0.02 GPa (grade 3), while the dorsal H showed a steeper climb from

0.34 ± 0.04 GPa (grade 1) to 0.42 ± 0.02 GPa (grade 3).

Dynamic analysis using NanoDMA further elucidated the viscoelas-

tic behavior of the LF tissue by examining the storage modulus (E0) and

loss modulus (E00) as shown in Figure 5(C,D). Both ventral and dorsal E0

exhibited statistically significant increases (p < 0.05) with increasing

fibrosis grade, indicating stiffer tissue. However, E00 displayed an inverse

relationship with fibrosis, demonstrating statistically significant decreases

(p < 0.05) across all grades for both regions. Ventral E0 rose from 5.09

± 0.48 GPa (grade 1) to 6.26 ± 0.95 GPa (grade 3), while the dorsal E0

showed a slightly higher increment, increasing from 5.45 ± 0.75 GPa

(grade 1) to 6.80 ± 1.09 GPa (grade 3). In contrast, ventral E00 decreased

from 0.90 ± 0.14 GPa (grade 1) to 0.63 ± 0.09 GPa (grade 3), with the

dorsal region following a similar trend, declining from 0.88 ± 0.17 GPa

(grade 1) to 0.63 ± 0.10 GPa (grade 3).

3.6 | Correlation matrix of LF fibrosis variables

The correlation matrix provides a comprehensive overview of the rela-

tionships between various factors within the LF, including fibrosis sever-

ity, Pfirrmann grading (a measure of disc degenerative changes), LF

thickness, and a range of biochemical and biomechanical properties. The

correlation matrix reveals several key associations, with LF fibrosis grades

as a proxy for fiber alignment and used as the control variable. Detailed

results of the correlation analysis can be found in Figure 6, utilizing a

color scale ranging from red to black to blue for clarity. The positive and

negative correlations are explained as follows:

3.6.1 | Positive correlations

The strong positive correlation (rs = 0.74) between fibrosis grades and LF

thickness suggests that as fibrosis progresses, the LF thickens. This finding

aligns with the understanding that fibrosis often involves the deposition of

excess collagen and other extracellular matrix components, leading to tis-

sue enlargement. as mentioned in the reference [2]. This structural alter-

ation is accompanied by the high positive correlations observed between

fibrosis grades and phosphate (rs = 0.80 ventral, rs = 0.81 dorsal) and

proteoglycan content (rs = 0.87 ventral, rs = 0.73 dorsal) within the LF,

indicating that as fibrosis worsens, these biochemical components accu-

mulate. These biochemical changes, in turn, appear to drive a progressive

stiffening of the LF, as evidenced by the positive correlations between

fibrosis grades and biomechanical parameters like Er, E0 , and H (rs values

ranging from 0.33 to 0.87) which suggest that fibrosis stiffens the LF tis-

sue. While the correlation between fibrosis grades and Pfirrmann grading

was not statistically significant (rs = 0.21), the positive trend suggests a

potential relationship that warrants further investigation with a larger sam-

ple size. The consistent findings across the ventral and dorsal regions of

the LF highlight the widespread impact of fibrosis on this tissue.

3.6.2 | Negative correlation

The negative correlations between fibrosis grades and the proline/

hydroxyproline ratio (rs = �0.49 ventral, rs = �0.55 dorsal) indicate

F IGURE 4 Raman markers of fibrosis progression. (A) Phosphate/amide I and (B) Proteoglycan/amide I increase in the ventral and dorsal
regions as fibrosis progresses. (C) Proline, Hydroxyproline/amide I show significant changes in the ventral region but remain relatively stable in
the dorsal region. NS, Not statistically different. *: p < 0.05, **: p < 0.001.
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that as fibrosis increases, this ratio decreases. This ratio is often used

as an indicator of collagen maturity,25 and the decrease suggests that

fibrosis may be associated with alterations in collagen crosslinking and

maturation. Moreover, the negative correlations between fibrosis

grades and the E00 of LF (rs = �0.70 ventral, rs = �0.71 dorsal) imply

that as fibrosis progresses, the LF's ability to dissipate energy

decreases. This could contribute to the stiffening observed in the pos-

itive correlations with other biomechanical parameters.

F IGURE 5 Fibrosis grading across fibrosis levels. In all measures (A–D), dorsal values exceed ventral values. (A) Er steadily increases in both
regions. (B) H increases sharply in both areas. (C) E0 exhibits a similar increase. (D) E00 shows a decrease in both areas, with the decline more
pronounced in the dorsal region. NS, Not statistically different, *: p < 0.05, **: p < 0.001.
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4 | DISCUSSION

This study delves deep into the complex landscape of LF degenera-

tion, employing a multi-pronged approach encompassing histological

analysis, radiology, microstructure assessment, and spatial biochemical

and biomechanical evaluation. By revealing the intricate interplay

between various parameters, our findings not only elucidate the multi-

faceted nature of this pathological process but also pave the way for

potential clinical applications, offering hope for the future of LF

degeneration treatment.

Our study relies on histological staining as the cornerstone for

fibrosis classification, providing a clear visual of the transformation as

degeneration advances. The once-ordered structure of elastic fibers

gives way to disarray, and hyalinized collagen gradually replaces a sig-

nificant portion of their presence. This mirrors the established wound

healing mechanisms involving elastic fiber loss and heightened colla-

gen deposition.26 Radiological evaluation echoed these observations,

demonstrating a clear correlation between increased fibrosis grades

and LF thickening. Notably, this thickening displayed dependence on

the intervertebral disc (IVD) degeneration level, as reflected by the

Pfirrmann classification, highlighting the intricate interdependence

between LF and IVD in maintaining spinal integrity and function.

Our study utilizes XRD analysis to delve into the atomic underpin-

nings of LF degeneration. This advanced technique reveals a signifi-

cant shift in the collagen signature within healthy LF tissue as

degeneration progresses. The intensity of characteristic collagen

peaks at 8 and 43� increases with higher fibrosis grades, indicating a

growing volume fraction of the crystalline phase and a heightened

organization of tightly packed collagen fibers. The emergence of min-

eral peaks in grades 2 and 3 fibrosis further suggests altered minerali-

zation patterns alongside collagen reorganization.

Notably, the soft tissue's amorphous components, comprised

mainly of proteins and collagen fibers, play a crucial role in its func-

tionality and mechanical behavior, evidently viscoelasticity.27 There-

fore, the observed transition from amorphous to crystalline

microstructure is a potent indicator of the underlying pathological

processes within the degenerated LF tissue. In essence, XRD analysis

provides compelling evidence that increasing degeneration in the LF

translates to significant changes at the atomic level, shedding light on

the tissue's altered biomechanical properties and potentially paving

the way for novel therapeutic strategies targeting these structural

transformations.

Raman spectroscopy, a powerful analytical tool, unveils the

biochemical hallmarks of LF degeneration at the molecular level.

F IGURE 6 Spearman's rank correlation coefficient (ρ) of LF characteristics across different grades. Lower triangular: Scatter plots with
confidence ellipses. Upper triangular: ρ (�1 to +1). Negative values indicate a negative correlation, 0 means no correlation, and positive values
indicate a positive correlation. D E00, Dorsal Loss Modulus; D E0, Dorsal Storage Modulus; D Er, Dorsal Reduce Modulus; D H, Dorsal Hardness; D
PH, Dorsal Proline/Hydroxyproline; D Pho, Dorsal Phosphate; D Prot, Dorsal Proteoglycan; FG, Fibrosis Grade; PG, Pfirrmann Grade; T, LF
Thickness; V E0 , Ventral Storage Modulus; V E00, Ventral Loss Modulus; V Er, Ventral Reduced Modulus; V H, Ventral Hardness; V PH, Ventral
Proline/Hydroxyproline; V Pho, Ventral Phosphate; V Prot, Ventral Proteoglycan.
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This study focuses on three critical biomarkers: mineralization, proteo-

glycan, and proline/hydroxyproline, offering more profound insights

into the pathological processes at different fibrosis stages.

Mineralization: The ratio of phosphate to amide I, captured by

Raman spectroscopy, is a sensitive indicator of mineral deposits within

the LF tissue. Our findings reveal a direct correlation between the

severity of LF fibrosis and the concentration of these mineral

deposits. This increased mineralization, often associated with soft

tissue damage and aging [41], could be further exacerbated by

trauma-induced tissue stiffening and impaired nutrient absorption.28

Interestingly, the spatial analysis demonstrates a more pronounced

increase in mineral deposits on the dorsal side of the LF compared to

the ventral side. This suggests that the dorsal region might be more

susceptible to injury and subsequent degenerative changes.

Proteoglycans: These complex molecules, rich in glycosaminoglycan

and biglycan chains, play a crucial role in cellular signaling pathways,29

regulating processes like growth, proliferation, adhesion, and wound heal-

ing. In pathological states, however, proteoglycans contribute to tissue

repair through mechanisms involving inflammation, fibrosis, and collagen

deposition.30 Our data aligns with this notion, showing elevated proteo-

glycan levels in the LF ECM as fibrosis worsens, particularly in grade

3, where focal hyalinized collagen deposits are observed. This suggests

mechanical stress and injury drive tissue remodeling and collagen deposi-

tion during severe degeneration, triggering proteoglycan activity. Our

findings on proteoglycan changes content in the LF, as detected by

Raman spectroscopy, offer valuable insights that both align with and

expand upon previous research. Notably, our work complements Salimi's

findings. et al. highlighted the role of biglycan (a specific proteoglycan) in

expression in hypertrophied LF and explored the role of proteoglycan

accumulation in LF cells.31 Similarly, our observations regarding proteogly-

cans resonate with the work of Yabe et al., who reported increased pro-

teoglycans in patients with lumbar spinal canal stenosis.32 Moreover,

Yukawa et al. focus on structural varieties of small proteoglycans in the

LF, which provides a foundation for interpreting spectral variations

detected in our study.33 Integrating our Raman-based methodology with

these previous studies offers a more comprehensive perspective on the

complex biochemical alterations within the degenerating LF. Further

investigations combining Raman spectroscopy with targeted analysis of

specific proteoglycans or their molecular constituents could yield an even

deeper understanding of LF pathology, potentially leading to the identifi-

cation of novel biomarkers or therapeutic targets for spinal conditions.

Proline/hydroxyproline: This amino acid plays a vital role in stabi-

lizing the collagen triple helix, and its structural alterations can lead to

protein denaturation.34 While our study reveals subtle changes in the

proline/hydroxyproline-to-amide I ratio, mainly a slight decrease on

the ventral side in grade 2 fibrosis, further investigation is needed to

understand its role in the fibrotic process fully.

Based on the observed confidence levels, phosphate is the most

reliable biomarker for assessing LF fibrosis severity, followed by pro-

teoglycan and proline/hydroxyproline. This ranking underscores the

importance of focusing on mineralization and proteoglycan activity

when evaluating the extent of degenerative changes in the LF tissue.

The Raman analysis paves the way for further exploration of the intri-

cate molecular mechanisms governing LF degeneration. From the

specific finding, elucidating the precise role of proline/hydroxyproline

and delving deeper into the spatial variations in biochemical composi-

tion could hold significant potential for developing targeted therapeu-

tic interventions for this debilitating condition.

This paragraph delves into the biomechanical consequences of LF

degeneration, revealing how changes in tissue composition translate

into altered mechanical properties. Using NanoDMA, a sophisticated

tool for analyzing microscopic material behavior, we investigated the

quasi-static and dynamic properties of LF samples across various

fibrosis grades.

Increasing rigidity: Our findings clearly show that as fibrosis

worsens, the LF exhibits a marked increase in reduced modulus and

hardness. This translates to stiffer and less compliant tissue, a direct

consequence of the progressive replacement of elastic fibers with

collagen during degeneration. Interestingly, the dorsal side of the LF

demonstrates a more pronounced stiffening effect compared to the

ventral side, suggesting a differential susceptibility to mechanical

stress and potentially explaining the discordant degeneration patterns

observed in some cases.

Viscoelastic nature: Dynamic analysis provides valuable insights

into the viscoelastic nature of LF tissue. The observed dominance of

the storage modulus over the loss modulus signifies that, at the micro-

scopic level, the LF behaves predominantly as an elastic material.

However, with increasing fibrosis severity, the storage modulus rises

while the loss modulus falls. This implies a further stiffening of the tis-

sue and a decline in its ability to dissipate energy and absorb stress,

vital functions for maintaining spinal stability during movement.

Elasticity compromised: The crucial role of elastic fibers in LF

function cannot be overstated. As the primary extracellular matrix

component in healthy LF, these fibers contribute significantly to the

tissue's extensibility and shock absorption capacity through their

inherent viscoelastic properties. The progressive substitution of elastic

fibers with collagen disrupts this delicate balance, compromising the

LF's ability to adapt to mechanical demands and potentially contribut-

ing to spinal instability.

Biomechanical markers: Our study highlights the potential of bio-

mechanical characteristics as valuable markers for monitoring LF

degeneration progression. The observed changes in stiffness, particu-

larly the disparity between the dorsal and ventral sides, provide addi-

tional diagnostic tools and may offer insights into the underlying

biomechanical mechanisms driving this complex pathological process.

Further research is warranted to investigate the intricate relation-

ship between LF composition, structure, and biomechanical behavior.

Understanding the regional variations in mechanical properties and

their relation to the finite element modeling data26 could pave the

way for developing personalized treatment strategies and optimizing

spinal interventions for patients with LF degeneration.

Clinical relevance of this study is: (1) Targeted Treatment: The knowl-

edge that most mechanical and biochemical characteristics alterations in

the dorsal side of the LF are more prominent than in the ventral part due

to degeneration can help clinicians develop targeted interventions to

address the specific mechanical changes associated with LF degeneration.

For example, treatment modalities that focus on reducing stiffness and

improving flexibility in a particular area of LF may be considered.
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Moreover, it can enhance the establishment of new approaches for LFH

treatments, such as decorin therapy5 and Oxidative Stress therapy.6

Another possible treatment is to recover the viscoelastic properties and

prevent the degeneration of the LF by inhibiting total collagen production,

such as the treatment with COX-2 inhibitors.35 (2) Surgical Planning:

Knowledge of crystalline minerals' spatial characteristics and presence in

severely degenerated LF can help surgeons plan surgical procedures. They

can focus on addressing the specific areas of degeneration and stiffness

during the surgical intervention, potentially leading to better outcomes.

(3) Customized Rehabilitation: Understanding the spatial mechanical char-

acteristics of the LF can also inform the design of rehabilitation programs.

Rehabilitation specialists can tailor exercises and therapies to target spe-

cific areas of stiffness and degeneration. This personalized approach may

enhance the effectiveness of rehabilitation in improving flexibility, reduc-

ing pain, and restoring function. (4) Preventive Measures: The early and

severe stages of fibrosis can occur in any level of degenerative lumbar

discs based on MRI assessment of the Pfirrman grades. LF degeneration

is intercorrelated with disc degeneration; hence, the early assessment,

such as the Oswestry Disability Index (ODI) and the Visual Analog Scale

(VAS), may correlate with this study's key finding.

Several limitations need consideration. This study focused on the

biomechanical and biomolecular changes associated with fibrosis in

the LF. However, it is essential to consider that chondrogenesis, trans-

forming tissue into cartilage-like structures, can also significantly con-

tribute to LF degeneration. Several studies have demonstrated the

presence of chondroid metaplasia in degenerated LF tissue36 and

increasing expression of bone morphogenetic protein (BMP).37 Future

studies could combine our methods with complementary techniques

like histological staining or gene expression analysis to better under-

stand LF degeneration. This would illuminate the interplay between

fibrosis and chondrogenesis within the LF.

Additionally, expanding the scope of future studies to include sam-

ples representing a broader range of degenerative states, along with an

updated scoring system involving various parameters, could help eluci-

date the relative contributions of these processes at different stages of

LF pathology. Moreover, a lack of a control group impedes direct com-

parison with healthy tissues. Clinical relevance might be improved by

assessing the impact of LF degeneration on patient symptoms and out-

comes. Future research could involve larger patient cohorts, incorporat-

ing control groups and longitudinal assessments.

5 | CONCLUSION

The multidimensional approach of this study provides a comprehen-

sive understanding by linking microstructure with XRD, spatial bio-

chemistry with Raman spectroscopy, spatial biomechanics with

instrumented nanoindentation, and radiological features in MRI of LF

degeneration. This approach holds significant clinical implications as it

enhances diagnostic accuracy and provides a comprehensive patho-

logical characterization. Therefore, it may be beneficial for facilitating

personalized treatment approaches, enabling treatment monitoring

and outcome evaluation to provide prompt treatment to delay the

process of degeneration and save the patient from developing long-

term morbidity. Additionally, this evaluation method can drive

advancements in research and technology for the better management

of LF degeneration and contribute to advancements in tissue engi-

neering related to tissue degeneration.
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