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Exploring the correlation between magnetic ==

resonance diffusion tensor imaging (DTI)
parameters and aquaporin expression

and biochemical composition content

in degenerative intervertebral disc nucleus
pulposus tissue: a clinical experimental study

Shuang Chen'", Shenglu Sun'’, Nan Wang', Xiaoyang Fang', Lin Xie'?, Fei Hu*>" and Zhipeng Xi'*"

Abstract

Objective This study investigates the correlation between magnetic resonance diffusion tensor imaging (DTI) param-
eters and biochemical composition in degenerative intervertebral disc nucleus pulposus tissue, offering a potential
reference for the clinical diagnosis and efficacy evaluation of intervertebral disc degeneration.

Methods Human lumbar intervertebral disc nucleus pulposus tissue samples were collected via full endoscopic
minimally invasive surgery. DTl was employed to quantitatively measure fractional anisotropy (FA) and apparent dif-
fusion coefficient (ADC) values in the degenerative nucleus pulposus, examining the relationship between Pfirrmann
grading and these DTl parameters. Western blotting was used to detect the expression levels of aquaporin 1 (AQP1)
and aquaporin 3 (AQP3) in the degenerative tissue. The glycosaminoglycan (GAG) content was quantified using

the dimethylmethylene blue (DMMB) colorimetric assay, and collagen content was assessed with the Sircol soluble
collagen assay kit. The relationship between Pfirmann grading and biochemical composition was also analyzed.
Finally, correlation analysis was performed between the FA and ADC values from the human nucleus pulposus tissue
and their GAG and collagen contents.

Results A total of 39 patients (19 males, 20 females) with lumbar disc herniation (LDH), averaging 54.41 years of age,
were included. As the degree of Pfirrmann degeneration increased, FA values rose, while ADC values continuously
declined. Concurrently, as degeneration progressed, expression of AQP1 and AQP3 proteins decreased, GAG con-
tent significantly diminished, and collagen content increased. FA values exhibited a moderate negative correlation
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with GAG content (r=-0.5974, P<0.0001) and a strong positive correlation with collagen content (r=0.8694,
P<0.0001). ADC values showed a moderate positive correlation with GAG content (r=0.6873, P<0.0001) and a strong
negative correlation with collagen content (r=-0.8502, P <0.0001).

Conclusion The FA and ADC values derived from magnetic resonance DTl, along with the protein expression levels
of AQPs, can reflect the severity of intervertebral disc degeneration to a certain extent. Additionally, the content

of glycosaminoglycans and collagen in the nucleus pulposus of the intervertebral disc correlates with the FA and ADC
values of the DTl parameters. Therefore, magnetic resonance DTl quantitative imaging provides a means to assess

the biochemical composition changes within the intervertebral discs, offering valuable insights for the clinical diagno-
sis and evaluation of therapeutic efficacy in intervertebral disc degenerative diseases.

Trial registration Chinese Clinical Trial Registry, ChiCTR2000041151, Registered on 19 December, 2020, https:.//www.

Keywords Intervertebral disc degeneration (IDD), Diffusion tensor imaging (DTI), Aquaporins, Glycosaminoglycan

Introduction
Low back pain is a prevalent musculoskeletal disorder
worldwide, with approximately 80% of individuals expe-
riencing acute or chronic episodes during their lifetime.
Epidemiological studies indicate that low back pain
affects approximately 630 million people globally, with its
incidence and associated treatment costs ranking among
the highest worldwide [1]. Additionally, as the global
population ages, low back pain resulting from interverte-
bral disc degenerative disease has become a major factor
impacting the quality of life for middle-aged and elderly
individuals, placing a substantial economic burden on
society [2]. Chronic low back pain is now recognized as
a global health threat, underscoring the importance of
enhancing prevention and treatment strategies for this
condition. Intervertebral disc degeneration (IDD) is a key
pathological mechanism underlying this disorder. The
intervertebral disc is primarily composed of the nucleus
pulposus, annulus fibrosus, and cartilage endplate, with
its principal constituents being collagen, proteoglycan,
and water. Abnormal changes in the biochemical com-
position of the intervertebral disc—such as alterations
in matrix macromolecules like proteoglycans and colla-
gen—can modify the disc’s material properties, leading
to biomechanical imbalances and subsequent degenera-
tive changes [3, 4]. It is clear that alterations in the bio-
chemical composition of the intervertebral disc serve as
the initiating factors for IDD. Studies suggest that signs
of IDD are present in most individuals over the age of
30, although these may not manifest as symptoms such
as low back pain. Degeneration progressively worsens
with age [5, 6]. Therefore, early diagnosis of IDD is of sig-
nificant clinical importance for the reconstruction and
regeneration of degenerated intervertebral disc tissue.
Aquaporins (AQPs) are hydrophobic, small molecule
transmembrane proteins found throughout mammals,

involved in the transport of water and solutes, and are
essential for the proper function of various organ sys-
tems and cell types [7]. The nucleus pulposus of the
human intervertebral disc is a highly permeable gelati-
nous tissue, which adapts to vertical stress primarily by
regulating water content. Its nutrient transport is also
dependent on the rapid movement of water molecules
[8]. Recent research has demonstrated the expression
of AQPs in nucleus pulposus tissues [9]. Aquaporin 1
(AQP1), found in red blood cells, vascular endothelium,
sweat glands, and lungs, exhibits notable oxygen perme-
ability. Under hypoxic conditions, upregulation of AQP1
expression facilitates the transmembrane transport of
oxygen molecules, thereby mitigating hypoxic injury [10].
Some studies suggest that the expression of AQP1 gradu-
ally decreases as intervertebral discs age [11]. Similarly,
AQP3 is a transmembrane transport protein responsible
for transporting water molecules across osmotic pres-
sure gradients in cell membranes [12]. AQP3 expression
has been shown to be significantly lower in the nucleus
pulposus cells of degenerated human intervertebral discs
compared to those in normal intervertebral discs [13].
Consequently, AQP1 and AQP3 play critical roles in the
nutrient supply and transport of metabolic substances
within medullary tissues.

Conventional Magnetic Resonance Imaging (MRI)
evaluates IDD qualitatively using sequences such as
T2-weighted imaging (T2WI) and T1-weighted imag-
ing (T1WI), which detect changes in signal intensity and
morphology within the disc. However, these sequences
are limited to identifying late-stage disc alterations,
showing low sensitivity to early degenerative changes
and failing to accurately quantify the degree of degenera-
tion [14]. The Pfirrmann classification system, currently
the most widely used visual grading method in clini-
cal practice, is primarily concerned with morphological


https://www.chictr.org.cn/showproj.html?proj=206119
https://www.chictr.org.cn/showproj.html?proj=206119

Chen et al. BMC Musculoskeletal Disorders (2025) 26:157

assessments of degenerated intervertebral discs. This sys-
tem struggles to precisely quantify degeneration severity
and is not sensitive to early stages of the condition [15]. In
contrast, Diffusion Tensor Imaging (DTI) has the ability
to quantitatively assess tissue microstructural character-
istics and evaluate the extent of neural injury, making it a
powerful complement to standard MRI procedures [16].
Encouragingly, growing research is highlighting the sig-
nificant potential of DTI in evaluating lumbar degenera-
tive disorders and spinal nerve injuries, suggesting that
DTI could play a critical role in enhancing our under-
standing and management of these conditions [17-19].
DTI is a non-invasive imaging technique that provides a
three-dimensional view of tissue microstructure, offering
a more detailed assessment of intervertebral disc lesions.
Its primary quantitative parameters, Fractional Anisot-
ropy (FA) and Apparent Diffusion Coefficient (ADC),
measure the speed and direction of water molecule diffu-
sion, reflecting the microstructure and functional status
of the intervertebral disc [20]. Notably, FA and ADC val-
ues can quantify microstructural changes in compressed
nerve roots caused by lumbar disc herniation (LDH).
Studies have demonstrated that a decrease in FA values
indicates tissue damage, demyelination, and axonal injury
in compressed nerve roots, while an increase in ADC val-
ues correlates with inflammatory responses and tissue
edema [19]. Given these findings, this study explores the
correlation between DTI parameters (FA and ADC val-
ues) and the expression of AQPs in degenerating medul-
lary tissues.

In previous research, a bibliometric analysis of quanti-
tative MRI techniques in IDD was conducted, conclud-
ing that DTI fiber tractography can quantitatively assess
nerve root lesions, and its parameters can reveal micro-
structural changes in intervertebral disc tissues. This
represents a growing research trend [21]. Therefore, the
objective of this study is to employ magnetic resonance
DTI quantitative imaging to noninvasively evaluate the
biochemical composition within the intervertebral disc
and provide a foundation for early quantitative diagnosis
of IDD.

Materials

Experimental materials

Source and grouping of cases

Patients diagnosed with LDH and admitted to the
Department of Orthopedics at Nanjing University of Tra-
ditional Chinese and Western Medicine Affiliated Hos-
pital for minimally invasive surgery between November
2021 and November 2023 were enrolled in this study.
This represents a secondary analysis of a single-center
prospective study on quantitative MRI and aquaporin
correlation in spinal degenerative diseases, which is
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registered with the China Clinical Trial Registry (chictr.
org.cn) (registration number: ChiCTR2000041151). To
ensure the study’s protocol was comprehensive, it was
additionally approved by our Ethics Committee (Ethics
No. 2023-LWKYZ-085).

All participants voluntarily enrolled in the study and
provided written informed consent. According to the
Pfirrmann grading system [15], and based on sagittal
T2-weighted imaging (T2WI) images, two experienced
spinal surgeons independently classified the discs into
four groups: group A (grade II), group B (grade III),
group C (grade IV), and group D (grade V). In case of
discrepancies, the two surgeons consulted and resolved
the differences through discussion.

Case selection

Inclusion criteria were as follows: Patients diagnosed
with LDH, unresponsive to at least 3 months of conserva-
tive treatment, and requiring total endoscopic lumbar
disc nucleus pulposus removal surgery, performed by the
same chief surgeon. MRI and DTI were conducted prior
to surgery, and patients had complete medical records.
Participants also showed good adherence to the study
protocol, voluntarily accepted the terms of the study, and
signed the informed consent form.

Exclusion criteria were as follows: Patients with dis-
torted or low-quality MRI and DTI images that sig-
nificantly impacted data measurement; those with
conditions such as scoliosis, spinal tumors, infections,
tuberculosis, or other metabolic wasting diseases.

Processing of human lumbar disc nucleus pulposus tissue
samples

The experimental material consisted of human lumbar
disc nucleus pulposus tissue excised during surgery. The
procedure involved careful removal of soft tissue from
the surface of the ligamentum flavum via endoscopy.
The ligamentum flavum was then incised to expose the
dural structure, and the dura mater was gently displaced
to protect the nerve root. After penetrating the annulus
fibrosus, the loose nucleus pulposus tissue was extracted
from within the annulus breach. Immediately following
extraction, the tissue was rinsed repeatedly with a tis-
sue balancing solution, transported to the laboratory in
a liquid nitrogen tank, and processed under sterile condi-
tions. Within 1 h in a sterile ultra-clean bench, bone-like
tissue was discarded, and the nucleus pulposus was sepa-
rated, placed into a freezing tube, and stored at —80 °C
for further analysis.

Experimental reagents
The following reagents were utilized in the study: AQP1
antibody (bs-1506R, Bioss, China), AQP3 antibody
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(bs-1253R, Bioss, China), GAPDH antibody (ab181602,
Abcam, USA), goat anti-rabbit IgG secondary antibody
(ab205718, Abcam, USA), Western primary antibody
dilution (P0023A, Beyotime, China), QuickBlockTM
Western blocking solution (P0252, Beyotime, China),
Western rapid membrane transfer solution (10 X) (P0572,
Beyotime, China), SDS-PAGE protein loading buffer
(5 %, odorless) (P0286, Beyotime, China), BCA pro-
tein quantification kit (P0010S, Beyotime, China), One
Step PAGE Gel Fast Preparation Kit (E303-01, Vazyme,
China), Enhanced ECL Electrochemiluminescence Rea-
gent (BL520A, Biosharp, China), Tissue Glycosamino-
glycan (GAG) Total Content Dimethyl Methylene Blue
(DMMB) Colorimetric Quantitative Detection Reagent
(JM7861, Yuduobio, China), Sircol soluble collagen assay
kit (S1000, Biocolor, UK), glacial acetic acid (A801296,
Macklin, China), gastric protease (p6887, Sigma-Aldrich,
Germany).

Experimental instruments

Instruments used included a three-dimensional frozen
grinding instrument (JXCL-3 K, Jingxin, China), constant
temperature water bath (TSGP05, Thermo, USA), high-
speed low-temperature centrifuge (5424R, Eppendorf,
Germany), vertical electrophoresis instrument (Pow-
erPac Basic, Bio-Rad, USA), universal protein transfer
system (Trans-Blot Turbo, Bio-Rad, USA), automatic
full-wavelength enzyme standard instrument (Infinite
M200Pro, Tecan, Switzerland), automatic chemilumines-
cence image analysis system (5200, Tanon, China), and a
3.0T magnetic resonance imager (MR750, GE Discovery,
USA).

Experimental methods

MRI and DTl examinations

All patients in this study underwent preoperative lumbar
quantitative magnetic resonance imaging using a multi-
transmission scanner system equipped with a dedicated
8-channel spinal coil (MR750, GE Discovery, USA). The
scanning parameters are provided in Table 1.

DTl image processing and parameter measurement

The original DTI data were processed using qMRLAB
2.4.2 software to generate pseudo-colored images for FA
and ADC of the intervertebral discs. FA and ADC val-
ues of the nucleus pulposus were measured at the cen-
tral cross-section of the disc to define regions of interest
(ROI) for both FA and ADC. The ROIs were delineated
by an associate chief radiologist with extensive experi-
ence and an associate chief spinal surgeon with three
years of specialized training. In case of discrepancies, the
two experts consulted to resolve any differences by con-
sensus. The methodology employed is as follows [22]: On

Page 4 of 13
Table 1 Magnetic resonance Imaging parameters
Parameters T2-weighted image DTI
Plane Sagittal Axial
Scan time 1 min 14s 5 min 09s
Sequences Fast spin echo (FSE) Single shot echo
planarimaging
(sSEPI)
Repetition time, ms 2300 6000
Echo time, ms 105 76
Matrix 320x224 256%256
Bandwidth 160 Hz/Rx 1953 Hz/Rx
Field of view, mm 280280 250%250
Slice thickness, mm 4 3
Interslice gap, mm 1 0.5
No.slices 13 19

the first echo T2WI image, the length of the anterior-
posterior diameter of the disc was measured and divided
in a 1:3:1 ratio [23, 24]. Rectangular boxes were manually
drawn in the anterior and posterior regions of the cen-
tral nucleus pulposus, with a length of 1 cm and a width
equal to 1/5 of the anteroposterior diameter of the disc.
A circle, with a diameter corresponding to 3/5 of the
anterior-posterior length of the disc, was drawn around
the remaining central nucleus pulposus. These ROIs were
then transferred to the DTI image by copying and past-
ing. Each nucleus pulposus was measured three times,
and the average value was used [25].

Western blotting experiment to detect the expression

of AQP1 and AQP3 proteins

The experiment was organized into four groups: A, B, C,
and D. Nucleus pulposus samples were retrieved from a
—80 °C freezer and carefully dissected into distinct tissue
types: nucleus pulposus, annulus fibrosus, and ligament
tissue. A 40 mg sample of nucleus pulposus was accu-
rately weighed, minced, and placed into a pre-chilled EP
tube. To each tube, 800 pL of pre-chilled RIPA lysis buffer
and 2-3 grinding beads were added. The samples were
then homogenized in a mill at —30 °C until no visible
solid remains (12,000 rpm for 15 min), and the superna-
tant was collected. Protein concentration was determined
using a BCA protein quantification kit. For each group,
200 pL of protein was taken, mixed with 5x SDS load-
ing buffer, and boiled for 5 min to denature the proteins.
The gel was prepared according to the One-Step PAGE
Gel Fast Preparation Kit instructions, tightly clamped,
and placed in the electrophoresis tank. After loading,
electrophoresis was performed, followed by membrane
transfer. The membrane was placed in a dish containing
a blocking solution and agitated at room temperature for
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20 min. Primary antibodies—AQP1 (1:1000, bs-1506R,
Bioss, China), AQP3 (1:1000, bs-1253R, Bioss, China),
and GAPDH (1:10000, ab181602, Abcam, USA)—were
added, and incubation occurred overnight at 4 °C on
a shaker. After three washes with TBST at room tem-
perature (5 min each), the secondary antibody (1:2000,
ab205718, Abcam, USA) was added, followed by a 1-hour
incubation at room temperature on a shaker. Following
three additional washes with TBST, chemiluminescence
detection was performed using ECL, and the results were
visualized and photographed with a chemiluminescence
image analysis system. The statistical analysis was based
on the grayscale ratios of AQP1/GAPDH and AQP3/
GAPDH.

Dimethylmethylene blue (DMMB) colorimetric method

for measuring glycosaminoglycan content in nucleus
pulposus tissue

Nucleus pulposus tissue (200 mg) was accurately
weighed, and 3 mL of Reagent A was added for clean-
ing. The specimen was transferred to a liquid nitro-
gen tank overnight. The following day, the cryovial was
removed, and the tissue was immediately crushed into
powder using a grinding rod, ensuring minimal freezing
and thawing during the grinding process. The tissue was
then placed into a 1.5 mL centrifuge tube, and 500 uL of
Reagent B was added. The mixture was vortexed vigor-
ously for 1 min and then incubated in a 56 °C water bath
for 16 h, followed by a 10-minute incubation at 90 °C.
Afterward, the sample was centrifuged at 13,000 rpm for
15 min in a high-temperature, low-speed centrifuge, and
the supernatant was collected. Standard samples were
prepared according to the instructions, and a standard
curve was constructed. To analyze the sample, 50 pL of
the specimen was taken, 1 mL of Reagent C was added,
and the mixture was vortexed for 15 s. It was incubated
in the dark at room temperature for 30 min, with vortex-
ing every 5 min. After the incubation, the sample was
centrifuged at 13,000 rpm for 15 min, and the superna-
tant was discarded. Then, 1 mL of Reagent D was added
to the test tube, vortexed for 15 s, and incubated in the
dark at room temperature for 5 min. The mixture was
transferred to a 96-well plate, with three replicate wells
per group. The OD value was measured at 656 nm using
an enzyme-linked immunosorbent assay (ELISA) reader.
The glycosaminoglycan content of the sample was deter-
mined from the standard curve, and the concentration
was calculated.

Sircol soluble collagen assay to measure collagen content

Human nucleus pulposus tissue (50 mg) was accurately
weighed and incubated in 1 mL of 0.5 mol/L glacial ace-
tic acid and 0.1 mg/mL pepsin on a shaking incubator at
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4 °C for 24 h. Following the protocol, collagen was sepa-
rated and concentrated, preparing the sample for testing.
Three groups were prepared: blank (100 pL deionized
water), standard (0, 15, 25, and 50 pg standard products
in 100 puL deionized water), and sample (100 pL test sam-
ple). Sircol dye reagent (1.0 mL) was added to each test
tube, and the mixture was shaken for 30 min. It was cen-
trifuged at 13,000 rpm for 15 min, and the supernatant
was discarded. Then, 750 pL of ice-cold acid-salt wash
reagent was added to the centrifuge tube, and the mix-
ture was shaken and centrifuged again at 13,000 rpm for
5 min, with the supernatant discarded. Alkaline reagent
(1.0 mL) was added to the blank, standard, and sample
groups, and the mixture was vortexed for 10 min. Each
group of samples was transferred to a 96-well plate,
with 200 pL per well and three replicate wells per group.
The OD value was measured at 556 nm using an ELISA
reader. The soluble collagen content was calculated
from the standard curve, and the concentration was
determined.

Statistical methods

Data analysis was conducted using IBM SPSS Statistics
version 25.0 (IBM Corp., Armonk, NY, USA) and Graph-
Pad Prism software version 9.5.1 (San Diego, CA, USA).
For normally distributed data, one-way analysis of vari-
ance (ANOVA) was used to assess variance homogene-
ity across groups, and the Kruskal-Wallis test was applied
for heterogeneity of variance. Measurement data were
presented as mean *standard deviation (X 4 SD). For
non-normally distributed data, the Wilcoxon rank sum
test was used. Correlation analysis was performed using
Pearson’s product-moment correlation coefficient. Statis-
tical significance was set at P<0.05.

Results

General characteristics of the research object

A total of 39 patients with LDH participated in this study,
including 19 males and 20 females. The mean age was
54.41 years (SD=14.99 years). According to the Pfir-
rmann grading system, the distribution of disc grades was
as follows: 9 grade II discs, 10 grade III discs, 10 grade
IV discs, and 10 grade V discs, as detailed in Table 2 and
Table S1.

Western blotting experiment to detect the expression

of AQP1 and AQP3 proteins in nucleus pulposus tissue

The results of the Western blotting experiment demon-
strated that, compared to group A, protein expressions
of AQP1 and AQP3 were significantly reduced in groups
B, C, and D (P<0.05). Additionally, protein expressions
of AQP1 and AQP3 were significantly lower in groups
C and D compared to group B (P<0.05). No statistically
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Table 2 General information of the participants

Number of cases 39 cases
Gender n (%)
Male 19 cases (48.72%)
Female 20 cases (51.28%)
Age 5441+14.99 years
Diagnosis

35 cases (89.74%)
4 cases (10.26%)

Lumbar Disc Herniation
Lumbar Disc Herniation with Spinal Stenosis
Direction of Disc Herniation

Left side 23 segments (58.97%)
Right side 16 segments (41.03%)
Disc Herniation Level
L2/3 1 segment (2.56%)
L3/4 2 segments (5.13%)
L4/5 24 segments (61.54%)
L5/51 12 segments (30.77%)
Pfirrmann grading
Grade Il 9 discs (23.08%)
Grade lll 10 discs (25.64%)
Grade IV 10 discs (25.64%)
Grade V 10 discs (25.64%)

significant difference in the expressions of AQP1 and
AQP3 was observed between groups C and D (P> 0.05),
as shown in Fig. 1. These results suggest that with
increasing degeneration of human nucleus pulposus tis-
sue, water content decreases, leading to a gradual reduc-
tion in AQP1 and AQP3 protein levels.
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Contents of glycosaminoglycan and collagen in nucleus
pulposus tissues with different Pfirrmann degeneration
grades

The glycosaminoglycan standard curve equation was
Y=0.1192X+0.1397 (R*=0.9393). The DMMB assay
results revealed that the concentration of glycosamino-
glycans in group A was 89.80+7.68 pg/mL, in group B
was 78.46 +£8.95 ug/mL, in group C was 60.79 £8.61 ug/
mL, and in group D was 43.37 £9.92 pug/mL. Statistically
significant differences were observed among all groups
(P<0.05). The collagen standard curve equation was
Y =0.01599X —0.003289 (R*=0.9797). The Sircol soluble
collagen assay indicated a significant increase in collagen
content in the nucleus pulposus as the Pfirrmann grade
progressed (P<0.05), as shown in Fig. 2.

FA and ADC values of nucleus pulposus tissues

with different Pfirrmann degeneration grades

DTI scanning results indicated that the reference range
for FA values in nucleus pulposus was 0-0.4 (1073
mm?/s). No statistically significant difference was found
between groups C and D (P>0.05), but significant dif-
ferences were observed in comparisons among the other
groups (P<0.05). Similarly, the reference range for ADC
values in nucleus pulposus was 1.2-2.2 (107> mm?/s),
with no significant difference between groups C and
D (P>0.05), while significant differences were found
between other groups (P<0.05). As shown in Table 3;
Fig. 3, as the degree of degeneration of the human the
nucleus pulposus increased, FA values rose, while ADC
values continuously decreased.
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Fig. 1 Expression of AQP1 and AQP3 proteins in degenerated nucleus pulposus tissues of each group. *, P<0.05; **, P<0.01. AQP1, Aquaporin 1;

AQP3, Aquaporin 3
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Fig. 2 Contents of glycosaminoglycan and collagen in nucleus pulposus tissues with different Pfirmann degeneration grades. *, P< 0.05; **,

P<0.01. GAG, Glycosaminoglycan

Correlation analysis between FA and ADC values

and glycosaminoglycan and collagen content in human
degenerative nucleus pulposus tissue

A correlation analysis was performed between the FA and
ADC values obtained from human nucleus pulposus tissue
and its GAG and collagen content. The results indicated that
the FA value of nucleus pulposus DTI exhibited a moder-
ate negative correlation with its GAG content (r = —0.5974,
P<0.0001) and a strong positive correlation with its collagen

content (r=0.8694, P<0.0001). Additionally, the ADC value
showed a moderate positive correlation with GAG content
(r=0.6873, P<0.0001) and a strong negative correlation
with collagen content (» = —0.8502, P<0.0001) (Fig. 4).

Discussion

IDD is widely recognized as the primary cause of degen-
erative disc diseases, which can lead to complications
such as disc herniation, spondylolisthesis, osteophytic
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Table 3 FA and ADC values of nucleus pulposus tissues at
different Pfirrmann degeneration grades

Group FA value (103 mm?/s) ADC value (103 mm?/s)
A (Grade II) 0.0939+0.0069 2.0016+0.089

B (Grade Ill) 0.1530+0.0048 1.8542+0.1395

C (Grade IV) 0.2100£0.0114 1.6389+0.0247

D (Grade V) 0.2601+0.0862 1.5187+0.1627

H value 31.975° 28.620°

Pvalue < 0.001 <0.001

FA Fractional anisotropy, ADC Apparent diffusion coefficient

?The inter-group data followed a normal distribution with unequal variance, and
the Kruskal-Wallis test was used for statistical analysis

hyperplasia, spinal instability, and, in advanced stages,
lower limb muscle dysfunction. The current understand-
ing of the pathomechanisms underlying IDD, as explored
by scholars both domestically and internationally, can be
categorized into three primary theories: (1) Mechani-
cal compression theory: The protruding nucleus pulpo-
sus exerts pressure on nerve roots, causing mechanical
stimulation, which in turn results in acute back and leg
pain. The severity of the pain correlates positively with
the extent of nucleus pulposus compression [26]. (2)
Chemical inflammation theory: The protruding nucleus
pulposus can act as an inflammatory trigger, inducing
inflammatory responses in the nerve roots and surround-
ing tissues. This response increases the sensitivity of dor-
sal root neurons to mechanical stimuli, exacerbating the
pain and discomfort associated with disc degeneration
[27]. (3) Autoimmune theory: During the process of IDD,
proteoglycans and collagen are released from the pro-
truding intervertebral disc. The body’s immune system
mistakenly recognizes these substances as foreign anti-
gens, triggering an autoimmune response that intensifies
local inflammation [28]. Early diagnosis of disc degenera-
tion is essential for effective management and treatment
of degenerative disc diseases.

The nucleus pulposus (NP) tissue is known for its high
content of negatively charged glycosaminoglycans and its
strong hydrophilic properties. Prolonged physical labor
and static postures that place axial stresses on the spine
can disrupt the free flow of water molecules into and out
of the NP tissue. This disruption causes the osmolarity of
the NP tissue to become significantly higher than that of
other extracellular fluids in the body [29]. Furthermore,
metabolites within the disc matrix respond to osmotic
pressure and concentration gradients primarily through
molecular diffusion. These metabolic responses are also
influenced by changes in NP volume due to disc activ-
ity, and as such, diffusion changes are considered an
early sign of disc degeneration [30]. Biochemical changes
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within the intervertebral disc, such as the loss of collagen
and proteoglycans, result in metabolic imbalances within
the nucleus pulposus. These imbalances contribute to the
degenerative process of the disc. Although these changes
do not immediately result in significant structural altera-
tions, they are recognized as early indicators of degenera-
tion [31]. Notably, under conditions of heightened stress,
the production of pro-inflammatory cytokines (such as
interleukin-1 (IL-1)) increases within the intervertebral
disc tissues. This disrupts the glycosaminoglycans in the
NP, leading to the degradation of the extracellular matrix
and stimulating further inflammatory responses [32].
Consequently, these biochemical changes lead to a reduc-
tion in the osmolarity of the NP, further promoting the
loss of disc water content. Thus, changes in the osmotic
pressure within the intervertebral disc play a pivotal role
in the early diagnosis of intervertebral disc degeneration.
AQP proteins are transmembrane water channel pro-
teins that regulate cellular permeability to water and
other small molecules. Previous studies have shown
that the expression of AQPs in intervertebral disc cells
is influenced by the osmotic environment and decreases
with disc degeneration [13]. Wang et al. [33] demon-
strated that the expression of AQP1 was significantly
reduced in the lumbar nucleus pulposus cells of elderly
rabbits. They further found that the expression of AQP1
is influenced by extracellular osmotic pressure and oxy-
gen concentration. Specifically, a decrease in the osmotic
pressure of the cellular environment leads to the down-
regulation of AQP1 expression, while a decrease in oxy-
gen concentration results in its upregulation. Tas et al.
[34] confirmed through immunohistochemical staining
that the expressions of AQP1 and AQP3 in the interver-
tebral discs of rats gradually decreased with the progres-
sion of IDD. In 2-month-old rats, AQP1 and AQP3 are
primarily localized in the inner layer of the nucleus pul-
posus and annulus fibrosus, with weak immunostaining
observed in the outer annular region. However, by 18
months of age, the number of AQP1 and AQP3-positive
cells in the intervertebral disc was significantly reduced.
Xie et al. [35] identified a correlation between IDD and
AQP3 expression in human nucleus pulposus cells. Over-
expression of AQP3 was found to inhibit the Wnt/p-
catenin signaling pathway, promote the proliferation of
human nucleus pulposus cells, significantly inhibit extra-
cellular matrix degradation, and delay the progression of
IDD. These findings suggest that AQP1 and AQP3 play
critical roles in the supply of nutrients and the transport
of metabolic substances within the nucleus pulposus.
DTI technology is based on diffusion-weighted imag-
ing, which utilizes the diffusion of water molecules in
various tissues to reflect the microstructural characteris-
tics of those tissues. DTI quantifies these characteristics



Chen et al. BMC Musculoskeletal Disorders

(2025) 26:157

(a)

Page 9 of 13

|1
FA map T
lo
|3
ADC map T
lo
" | AGradel B (Grade Il C (Grade IV) D (Grade V)
(b) .
*% " %
I * *% I I 1T |
0.4_ I *l.L 1 2 5— '%
— *%
:"T * Nﬂ 20—
g 0.3 g 1
«5 % 1.5 T
= 0.2 %
5 — 3 1.0
g 0.1 >
< Q 0.5
- <
0.0- 1 T 0.0- T T

A B Cc D

A B Cc D

Fig. 3 FA and ADC values of nucleus pulposus tissues at different Pfirrmann degeneration grades. a DTl pseudo-color images of degenerated
nucleus pulposus in each group. b FA and ADC values of degenerated nucleus pulposus in each group. *, P<0.05; **, P<0.01. FA, Fractional
anisotropy; ADC, Apparent diffusion coefficient; DTI, Diffusion tensor imaging

using parameters such as the FA value and the ADC
value. In tissues with well-ordered structures, the dif-
fusion of water molecules typically occurs in a specific
direction. The FA value describes the directional pref-
erence of water molecule diffusion, while the ADC
value reflects the extent of water diffusion motion.
Although DTI was initially developed for parenchymal
nerve tract imaging, its application has expanded far
beyond the central nervous system [36, 37]. In recent

years, the application of DTI in the study of degenera-
tive disc diseases has increased [38, 39]. Dan et al. [40]
conducted a macroscopic experimental study using
DTI and fiber tractography to reconstruct the three-
dimensional microstructure of the annulus fibrosus.
The results revealed significant structural differences in
the anisotropic properties between lamellae along the
width of the fiber bands. The outer lamellar structures
were found to provide essential support for motion and
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Fig. 4 Correlation analysis between FA, ADC values and glycosaminoglycan

nutrition. Notably, both FA and ADC values can reflect
the pathophysiological state of nerve fiber bundles
affected by LDH [41]. Studies have shown that the FA
value in the corresponding segment is usually decreased
after disc herniation compresses the nerve [42]. However,
whether the ADC value increases following nerve injury
remains controversial [43]. Wang et al. [44] conducted a
meta-analysis of 369 patients with LDH and found that,
compared to the healthy side, the FA value of the com-
pressed nerve root on the affected side was significantly
reduced (weighted mean difference = —0.08, 95% con-
fidence interval: —0.09 to —0.07, P<0.001, I>=87.6%).
In contrast, the ADC value was significantly increased
(weighted mean difference=0.25, 95% confidence inter-
val: 0.20 to 0.30, P<0.001, *=71.4%). Jin et al. [45] ret-
rospectively analyzed DTI parameters in the lumbar
intervertebral discs of 41 patients and found that the FA
value of the nucleus pulposus was positively correlated
with the Pfirrmann grade (r=0.67, P<0.01), while the
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, collagen content in human degenerative nucleus pulposus tissue

ADC value of the nucleus pulposus was negatively corre-
lated with the Pfirrmann grade (r = —0.71, P<0.01). They
also noted that the impact of disc herniation on the signal
of the nucleus pulposus was relatively minor. These find-
ings suggest that quantitative evaluation of the degree of
degeneration in nucleus pulposus tissue using DTI imag-
ing is feasible, offering a valuable tool for assessing the
biochemical components within the nucleus pulposus.
This study included 39 patients with LDH (19 males
and 20 females), with a mean age of 54.41 years. Nucleus
pulposus tissue was obtained from all patients via mini-
mally invasive surgery. DTI of the affected disc segments
revealed elevated Pfirrmann classifications, increased
degeneration, higher FA values, and lower ADC values
of the nucleus pulposus, consistent with previous stud-
ies [45]. It has been demonstrated that degeneration of
the nucleus pulposus leads to disruption of the collagen
fiber network and the layered structure of the periph-
eral annulus, with peripheral fibers gradually replacing
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glycosaminoglycans. This results in the loss of the dis-
tinct boundary between the nucleus pulposus and annu-
lus fibrosus, limiting isotropic water diffusion in the
nucleus pulposus, which in turn increases FA values.
Concurrently, a decrease in water content and glycosa-
minoglycan levels, along with fiber fusion, restricts water
diffusion, leading to a reduction in ADC values [23].
Western blot analysis indicated that as degeneration pro-
gressed, the expression of AQP1 and AQP3 proteins in
groups A-D progressively decreased, suggesting a poten-
tial relationship between AQP expression and IDD. Com-
bined analysis of DMMB and Sircol colorimetry revealed
a significant reduction in glycosaminoglycan content and
a notable increase in collagen content as the Pfirrmann
classification increased (P<0.05). These observations
suggest that glycosaminoglycan degradation in degen-
erative nucleus pulposus may trigger a compensatory
increase in collagen, due to metabolic imbalance within
the extracellular matrix. This disruption blurs the nor-
mal boundary between the nucleus pulposus and annu-
lus fibrosus, causing their fusion. Type II collagen from
the inner annulus fibrosus may penetrate this boundary
into the nucleus pulposus, contributing to increased col-
lagen content, which, in turn, diminishes the nucleus pul-
posus’s material transport efficiency. Correlation analysis
of FA and ADC values obtained from DTI of the nucleus
pulposus and its glycosaminoglycan and collagen content
revealed that the FA value was moderately negatively cor-
related with glycosaminoglycan content (r = —0.5974,
P<0.0001) and highly positively correlated with col-
lagen content (r=0.8694, P<0.0001). Additionally, the
ADC value showed a moderate positive correlation with
glycosaminoglycan content (r=0.6873, P<0.0001) and
a strong negative correlation with collagen content (r =
—0.8502, P<0.0001).

This study has several limitations. First, it is a prelimi-
nary exploratory clinical study with a relatively small
sample size, and future research will involve larger,
multi-center, prospective studies. Second, a slice thick-
ness of 3 mm was used for DTI, which may pose chal-
lenges in cases of severe degeneration, where significant
disc height collapse occurs. To address this, scans were
conducted at the centroid of the sagittal plane of the
intervertebral disc, with 3 mm slices above and below
this point. Western blotting was employed to measure
the relative expression of AQPs, but potential issues with
the sensitivity and specificity of histone markers may
affect the results. Refining the quantitative indices to be
measured will be necessary in future studies. While no
significant baseline differences were observed across the
data groups, further multifactorial analyses are needed to
adjust for other confounding factors that were not con-
sidered in the current study.
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Conclusion

In summary, DTI parameters and the expression levels
of AQP1 and AQP3 can reflect the severity of interverte-
bral disc degeneration to some extent, with the glycosa-
minoglycan and collagen content in the nucleus pulposus
showing a significant correlation with the DTI param-
eters FA and ADC. Consequently, magnetic resonance
DTI quantitative imaging offers a promising approach
to assess biochemical changes in the intervertebral disc,
which could provide valuable insights for clinical diagno-
sis and the evaluation of treatment efficacy in degenera-
tive disc diseases.
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