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Assessment of muscle fiber types
transformation in rats with discogenic low
back pain using diffusion tensor image

of paraspinal muscles
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Abstract

Background The onset of discogenic lower back pain (DLBP) was strongly associated with fiber-type transformation
in the paraspinal muscles. Management of DLBP would be greatly benefited from an objective, noninvasive biomarker
for assessing fiber composition. Our study aimed to explore the value of diffusion tensor imaging (DTI) in evaluating
fiber-type transformation, which contributed to improve diagnosis and intervention strategies on DLBP.

Methods According to time since model establishment, ninety healthy female Sprague Dawley rats were randomly
divided into the 1st month group,3rd month group, and 6th month group, then each group was subdivided into
the DLBP group, sham-operated group, and control group. The L4/5 and L5/6 intervertebral discs of rats underwent
posterior-entry puncture disruption and sham-operation to establish DLBP and sham-operation groups. DTI MRl and
immunofluorescence (IF) were performed to assess fiber type transformation.

Results The DLBP rats exhibited a gradual decrease in Fractional Anisotropy (FA) values. At the 3rd month and 6th
month after modeling, there was a significant decrease in the percentage of type | fiber, while an increase in the
percentage of type Il fiber. Notably, the percentage of type | fiber demonstrated a moderate positive correlation with
FA values.

Conclusion DTl may serve as a potential tool to investigate the fiber type transformation in DLBP rats.
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Introduction

Discogenic low back pain (DLBP) is defined as a clinical
disorder caused by disc pathology [1]. As the global pop-
ulation ages, DLBP will become a serious global health
concern requiring immediate attention [2].

Studies have shown that the lumbar spine and struc-
tures surrounding it may be responsible for the occur-
rence of low back pain(LBP) [3]. The paravertebral
muscles (lumbar multifidus and erector spinae) play an
important role in spinal stability and function [4].Propor-
tional composition of fiber type determines the functions
in muscles. The transformation in fiber type was assumed
to be a possible factor in the etiology and recurrence of
pain, as it negatively affected muscle strength and endur-
ance [5]. Meanwhile, research has suggested that poor
back muscle endurance in patients with LBP may be
attributed to a higher proportion of type II fast-twitch
fibers [6-7].

DLBP is the most common form of LBP, with a signifi-
cant motor disability. Although studies have indicated
that DLBP patients exhibited fiber type transformation
in paraspinal muscles [8], not all studies have found the
differences in fiber types between DLBP and healthy indi-
viduals. Therefore, little is known about the fiber type
characteristics of paraspinal muscles in DLBP patients
[9], it necessitates further investigation. However, there
are significant obstacles in performing muscle biopsies
in humans, with the lack of a reliable non-invasive tool
being one of the major hindrances in evaluating fiber
transformation in DLBP.

Diffusion tensor imaging (DTI) is sensitive to the ran-
dom diffusion of water molecules within tissue, it used
to detect white matter fiber tracts. Owing to the highly
anisotropic of water molecules in muscle, DTI has been
successfully applied to track fibers number and volume
in calf muscles [10], and considered as a valuable tool to
explore physiological and pathological alterations in skel-
etal muscle microstructure [11-12]. Berry et al. found
that fiber size was closely related with minor eigenval-
ues, fractional anisotropy (FA) and mean diffusivity (MD)
values [12]. Elisabeth et al. proposed that DTT may track
subtle changes in back muscle composition that relate to
muscle strength [13], and Scheel et al. found that DTI was
a promising method to noninvasively estimate the fiber
proportion in the calf muscles [14]. However, the ability
of this method to characterize paraspinal muscle fiber
types in patients with DLBP remains largely unknown.

The intervertebral disc(IVD) degeneration in rats
have a similar cellular composition when compared to
the human [15]. Our research utilizes the rat model to
explore whether fiber type transformation occurs in
DLBP and to evaluate the potential of DTI in assessing
this process within paraspinal muscles.
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Methods

Rats

This study was approved by animal experiment eth-
ics committee (Kmmu20220762). The procedures were
reported in compliance with the ARRIVE (Animal
Research: Reporting of In Vivo Experiments) guidelines
[16], all experiments used healthy adult female Sprague
Dawley rats (220-250 g, about 4 weeks old upon arrival,
animal license No.: SYXK(Dian)K2020-0006). The mini-
mum sample size (90 rats) was calculated using PASS
software (NCSS, USA). Prior to randomization into dis-
tinct groups, the animals were housed in standard cham-
bers within an SPF laboratory animal room and allowed
to adapt for 1 week.

Experimental grouping

According to time since model establishment, ninety
rats were randomly divided into the 1st month group,3rd
month group, and 6th month group, then each group
was subdivided into the DLBP group, sham-operated
group, and control group; there were nine groups in total
(N=10/group). The age/size/weight/holding conditions
of all rats were matched.

DLBP model

The DLBP models were established according to a
method described in previous study [17]. The rats were
completely anesthetized by intraperitoneal injection
of sodium pentobarbital (30 mg/kg), and under fluoro-
scopic guidance, the L4/5 and L5/6 intervertebral discs
in rats were disrupted via injection of phosphate-buffered
saline (60 pL) using disposable puncture needles (width
25@G, length 20 mm) to establish DLBP model, success-
ful modeling was confirmed by nucleus pulposus signal
reduction on T2WI MRI and behavioral experiments. To
control for the impact of the puncture procedure on the
paravertebral muscles, sham-operated rats underwent
skin and muscle perforation at the L4/5 and L5/6 levels
without inducing disc damage, while the DLBP group
received full disc injury. Control group without any treat-
ment. The overall study design was shown in Fig. 1.

Behavioral experiments

Following successful modeling in rats, all rats were sub-
jected to tail suspension test, grasping test, wire hang
test, four limb grip strength test, and forced swimming
test. The study measured lower back pain severity and
paravertebral muscle function.

Tail suspension test (TST)

The TST was carried out according to Can et al. [18].
Over a period of five minutes, three people recorded the
duration of the rat’s struggling, bending, and immobility,
with each observer assigned to one specific behavior.
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Fig. 1 Schematic of experimental design. (A) Experimental Procedures in the 1st-month group; (B) Experimental Procedures in the 3rd-month group; (C)

Experimental Procedures in the 6th-month group

Table 1 The specific imaging protocols

Sequences TR(ms) TE(ms) NEX Slice thickness (mm) Bandwidth (MHz) FOV (cmxcm) SNR  Pixel size(m) Slice gap
Sagittal T2WI 36100 120.0 20 1.2 31.25 10.0x10.0 58 03x04 0
Axial MENSA 364 6.6 078 10 31.25 8.0x8.0 45 03x0.3 0
Coronal MUSE-DTI 7000.0 74 20 1.0 166.7 10.0%x10.0 25 1.0%x1.0 0

Grasping test

The Grasping Test was carried out according to Dai
et al. [19]. Rats were placed on an iron grid, which was
inverted on a glass cylinder that was 35 cm high, and the
time from when they grasped the grid until they fell onto
the ground was recorded (Upper limit:20s).

Wire hang test

The Wire Hang Test was carried out according to Kada et
al. [20]. A wire was attached to two vertical sticks, and a
soft mattress was placed underneath to cushion the rats’
fall. The rats were enticed to grasp the wire, and the lon-
gest time (in seconds) they stayed on it before falling was
recorded.

Four limb grip strength test

The Four Limb Grip Strength Test was carried out
according to van et al. [21]. We connected a metal grid
horizontally to a tensiometer (WDEF-10, Wenzhou Weidu
Electronic Co., LTD, Wenzhou, China). The rats were
allowed to grip the grid horizontally with four limbs. We
gently held the mid-tail of a rat and slowly pulled it out of
the grid until the rat let go. The maximum grasping force
(N) was recorded.

Forced swimming test

The Forced Swimming Test was carried out according
to Arauchi et al. [22]. Rats were placed in a glass cylin-
der (diameter =25 cm; height=50 c¢cm) containing warm

water (25+1°C) at a depth of 40 cm; and an object was
dangled from its tail, the rats were allowed to swim freely
in the cylinder. When the rat’s snout was submerged
underwater for 5 s and prevented from resurfacing, the
latency to exhaustion was recorded.

MRI scanning and post-processing

On the 3rd-day, following the behavioral experiments, we
injected all rats with sodium pentobarbital (30 mg/kg) for
intraperitoneal anesthesia, the paraspinal muscles at the
L4/5 and L5/6 levels of all rats were scanned witha 3.0 T
whole-body system (Signa™Architect 3.0T, GE Health-
care, Boston, USA) using the 16-channel rat-specific coil
(CG-MUC49-H300-AG, Shanghai Chenguang Medical
Technologies Co., LTD, Shanghai, China).DTI sequence
with fat suppression(Spectral Presaturation with Inver-
sion Recovery, SPIR), the diffusion time was 12min40s.
The specific imaging protocols were shown in Table 1.
For DTI data processing, we used the commercial soft-
ware called Volume Viewer (14.0 Ext.8) in post-process-
ing workstation (Advantage Windows 4.6, GE Medical
Systems, USA). The regions of interest (ROIs) were man-
ually drawn along the contours of the multifidus and the
erector spinae, while avoiding the fasciae and the sur-
rounding inter-muscular adipose tissue.

Immunofluorescence
Following the DTI scan, all rats were anesthetized with
overdose of sodium pentobarbitone(50 mg/kg). At the
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L4/5 and L5/6 levels in rats, bilateral multifidus and
erector spinae were biopsied, and cut into 5 pum sec-
tions with a paraffin slicer (Leica Biosystems, Shanghai,
China). After sealing with 3% BSA, it was dripped with
primary antibody: MYH]1(catalog #:gb112130; Service-
bio; Wuhan, China) and MYH7(catalog #:gb112131;
Servicebio; Wuhan, China), and then incubated over-
night at 4 °C refrigerator; subsequently, we dripped the
second antibody: (catalog #: A11005; Invitrogen; shang-
hai, China) and (catalog #: A11008; Invitrogen; shang-
hai, China). Finally, images were photographed under
a fluorescence microscope (CM1950, Olympus, Tokyo,
Japan), and the percentage of type I and type II muscle
fiber were measured according to the fluorescence inten-
sity, and the mean fiber diameters were counted using
Image] (NIH, MD) under 20xobjective.Percentage of
type I muscle fibers=type I fibers/(type I fibers + type II
fibers)x100%;percentage of type II muscle fibers =type II
fibers/ (type I fibers + type II fibers) x100%.

Statistical analysis

All statistical analyses were performed using SPSS soft-
ware (version 21.0; SPSS Inc, Chicago, IL, USA). All tests
were done using a two-sided P<0.05 level of significance.
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Normally distributed data was expressed as means + stan-
dard deviation (SD), One-way ANOVA was used to cal-
culate the statistical significance between groups. If the
normality assumption had not been met, the Kruskal-
Wallis test was employed to assess statistical significance
between groups. The Bonferroni correction test was
applied for multiple comparison testing. Spearman cor-
relation coefficients were calculated between the DTI
parameters (FA, MD, A;, A,, A;), mean fiber diameter,
and the percentage of type I muscle fibers. Graphs were
generated using GraphPad Prism software (version 9.0;
GraphPad Software, San Diego, CA).

Results
Degree of pain in rats
Tail suspension test. At the 3rd and 6th months after
modeling, immobility time and bending time in the
DLBP group exhibited a gradual increase compared to
other groups, while struggle time showed a significant
decrease (all P<0.05, Fig. 2A-C).

Grasping test. When compared to other groups, DLBP
group demonstrated shorter durations, the most notice-
able reduction at the 6th month (all P<0.05, Fig. 2D).
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Fig. 2 Results of behavioral experiments in rats. (A) Immobility time of rats in Tail suspension test. (B) Bending time of rats in Tail suspension test. (C)
Struggle time of rats in Tail suspension test. (D) Grasping test. (E) Wire hang test. (F) Forced swimming test. (G) Four limb grip strength test. Data were

presented as means +standard deviation. "P<0.05, "P<0.01, " P<0.001
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Paravertebral muscle endurance in rats

Wire hang test. At the 3rd and 6th months after mod-
eling, when compared to other groups, the maximum
duration in DLBP group was progressively decreased (all
P<0.05, Fig. 2E).

Forced swimming test. At the 3rd and 6th months after
modeling, compared to other groups, the DLBP group
exhibited a gradual reduction in time to exhaustion. The
most notable reduction occurred at the 6th month after
modeling (P<0.001; Fig. 2F).

Paravertebral muscle strength in rats

Four limb grip strength test. when compared to other
groups, four-limb grip strength in DLBP group was sig-
nificantly decrease at the 6th month after modeling
(P<0.01; Fig. 2G).

DTI parameters analysis

At the 6th month after modeling, compared to other
groups, the DLBP group exhibited significantly decreased
FA values in the multifidus and erector spinae muscles
(P<0.01; Fig. 3A), while MD values were significantly
increased (P<0.05; Fig. 3B). FA and MD parameter maps
were shown (Fig. 4A, B).

For the A, values, there were no significant differences
in any group (P> 0.05; Fig. 5A); but for A, and A, values,
the DLBP group exhibited significant increases compared
to the sham-operated and control groups at 6th months
after modeling ((P<0.05; Fig. 5B, C).
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Percentage of muscle fibers and mean fiber diameter in rat
At 3rd and 6th months after modeling, the DLBP group
exhibited a significant decrease in the percentage of
type I muscle fibers and an increase in type II muscle
fibers compared to other groups, with the most notable
increase observed at 6th months after modeling (P<0.05;
Fig. 6A), but for the mean fiber diameter, there were no
statistically differences in any group (P> 0.05; Fig. 6B).

Correlation between DTl and the percentage of type |
fibers

The correlations of DTI parameters with the percentages
of type I fibers in the multifidus muscle and erector spi-
nae muscles are presented in Table 2. The results showed
that the percentage of type I fiber demonstrated a mod-
erate positive correlation with FA, and was weakly nega-
tively correlated with MD and)\,.

Correlation between DTl parameters and the mean fiber
diameter

The correlations of DTI parameters with the mean fiber
diameter in the multifidus muscle and erector spinae are
presented in Table 3. The results showed that the mean
fiber diameter was not correlated significantly with DTI
parameters(P>0.05).

Discussion

In the DLBP rats, we observed a decrease in FA values,
and an increase in MD and A, values, Meanwhile, there
was a significant decrease in the percentage of type I
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Fig. 3 FA and MD values of paravertebral muscles in rats at different time. (A) FA values in the multifidus and erector spinae. (B) MD values in the multifi-
dus and erector spinae. Data were presented as means + standard deviation. *P<0.05, **P<0.01, ***P<0.001
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Fig. 4 FA and MD maps of paravertebral muscles in rats at different time. (A) FA parameters maps in the multifidus and erector spinae. (B) MD parameters
maps in the multifidus and erector spinae. (C) Anatomical image in the paravertebral muscles as reference for the ROIs align with the maps. (Red circles
indicate the multifidus muscle and orange circles indicate the erector spinae in anatomical image; In muscle parameter maps, the blue-green-yellow-red
color gradient indicates a progression from low to high values in both FA and MD)

fibers, whereas the percentage of type II fibers increased.
Furthermore, the percentage of type I fibers demon-
strated a positive correlation with FA.

Animal models play a crucial role in elucidating dis-
ease mechanisms and exploring candidate therapies,
thus, we established rat model to gain deeper insights
into DLBP. Clinically, the degree of DLBP was assessed by
asking for medical history and using various pain scoring
scales [23], but it was not suitable for rats. We observed
the behavior in rats [24—26], and revealed that rats with
DLBP exhibited increased pathological severity, accom-
panied by reduced endurance and compromised fatigue
resistance in the paravertebral muscles.

Paravertebral core stability disorder was an important
factor in the occurrence of LBP [27], and to meet the sta-
bility demands, different back muscles fiber played differ-
ent roles. In humans, skeletal muscle fibers are classified
into two main types: Type I slow-twitch oxidative fibers
(Type I) and Type II fast-twitch glycolytic fibers (Type
II). Type I fibers demonstrate significantly higher endur-
ance and fatigue resistance compared to Type II fibers,
which makes them particularly advantageous for sustain-
ing postural control. However, it was unclear whether
the fiber-type transition rendered these patients more
susceptible to developing DLBP or whether changes in
fiber type occurred as a consequence of DLBP. Pakzad et

al. proposed that dysfunctional pain may lead to change
in fiber types in LBP patients [28], which was consistent
with our findings. But our results about fiber transfor-
mation in DLBP rats was inconsistent with Agten et al.
[7], firstly, specific etiologies can cause morphologi-
cal changes, they studied non-specific chronic low back
pain (NSCLBP) patients, whose etiology was frequently
unknown. Secondly, they only biopsied paravertebral
fiber at single L4 level, and macro characteristics of the
muscle were not analyzed. For these reasons and oth-
ers, it necessitates further investigation to clarify this
hypothesis.

We systematically reviewed previous research show-
ing that DTI parameters are influenced by the micro-
structure and pathological changes of tissues: (1) The
type and organelle density of fiber. In general, Type II
muscle fibers exhibit lower mitochondrial density and
reduced myoglobin concentration compared to Type I
fibers, consequently enabling water molecules within
the muscle tissue to undergo more facile diffusion, the
observed microstructural changes resulted in signifi-
cantly increased MD and decreased FA; (2) Mechanical
overload and inflammation. These factors could lead to
fiber remodeling and adaptation to the altered mechani-
cal demands. In the acute stage, due to the inflammatory
response, which caused cell swelling and an increase in



Wu et al. BMC Medical Imaging (2025) 25:177

A
hq value of multifidus muscle
2.1
Control
204 Sham
2 M 1 \ — DLBP
3 |
2 1.94
k3
< 1.8 ;
1.7 T T T
1month 3 months 6months
Postoperative time(month)
B i value of multifidus muscle
1.5
i Control
1.4+ I T Sham
) | | [ DLBP
£ 1.3 A
@
g |
o 1.2
=
<
1.1+
1.0 T T T
1month 3 months 6months
Postoperative time(month)
C .
23 value of multifidus muscle
12 e
’ . Control
1.14 o Sham
? | 1 DLBP
s 1.0 1
g | :
% 0.9 \
= L
0.84
0.7 T T T
1month 3 months émonths

Postoperative time(month)

Page 7 of 10

4 value of erector spinae

2.2

Control
219 T Sham
2 2.0+ . ) DLBP
£
g 1.94 T
@' 8
R
1.74
1.6 T T T
1month 3 months 6months
Postoperative time(month)
32 value of erector spinae
1.6 *
Control
1.5 " I Sham
3 . U — DLBP
£ 1.4 [ g
@ |_
]
o 1.3+ T
]
2 |
1.2
1.1 T T T
1month 3 months émonths
Postoperative time(month)
43 value of erector spinae
1.2
i Control
1.1+ | Sham
= \ 1 DLBP
= 1.04 L
2 r
% 0.9+ 2]
0.8+
0.7

T T T
1month 3 months 6months

Postoperative time(month)

Fig.5 A\, A\, and A; values of paravertebral muscles in rats at different time. (A) A, values in the multifidus and erector spinae. (B)A, values in the multifidus
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extracellular fluid, there was a decrease in FA and an
increase in MD [29]. (3) Neural and hormonal factors.
Studies found the decline in growth hormone secretion
may contribute to a reduction in the number of type II
fibers and fiber diameters; consequently, the reduction
in fiber diameter could affect diffusion microenviron-
ment [30]. Denervation serves as the primary instigator
of severely atrophic fiber accumulation. This structural
degeneration induces compartmental shrinkage, result-
ing in decreased MD and increased FA due to enhanced
diffusion directionality constraints [31].

Based on our findings, a similar observation was con-
firmed by Scheel et al. [14]. When synthesized with
prior evidence, the phenotypic transform from type I to
type II muscle fibers reduces interstitial space volume
and diminishes tissue anisotropy. These microstructural
alterations consequently decrease FA while elevating MD
and radial eigenvalues (\,, A;3), reflecting enhanced isotro-
pic water diffusion.

Xk

P<0.001

The lack of correlation between mean fiber diameter
and DTI parameters indicates that fiber size is unlikely
to dominantly regulate extracellular diffusion dynamics.
In DLBP rats, type II fibers demonstrated a significantly
higher proportion compared to type I fibers, thus the
cross-sectional area occupied by type II fibers exceeded
that of type I fibers. Berry et al. proposed that DTI as a
sensitive tool to monitor muscle atrophy by measuring
fiber size [32], and the mean fiber diameter was no statis-
tically differences in any group. However, no significant
muscle atrophy was observed in our DLBP rats, conse-
quently, additional ultrastructural details of type I fibers
that impact on diffusion should be explored.

To control for the impact of the puncture procedure
on the paravertebral muscles, sham-operated rats under-
went skin and muscle perforation at the L4/5 and L5/6
levels without inducing disc damage, while the DLBP
group received full disc injury. In our results, the sham-
operation group showed the same functional effect as the
control group, while showed the different effects from
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Table 2 Correlation between DTl parameters and the percentage of type | myofiber

FA MD A\ A, As
1% r 0493™ -0.273" -0.143 -0.253 -0.397"
P <0.001 0.046 0.304 0.065 0.003

1%, the percentage of type | myofiber

Table 3 Correlation between DTl parameters and the mean fiber 1 gp groups, findings that confirm our hypothesis that

diameter demonstrated fiber-type transition in the paravertebral
DTl parameter Mean + standard Correla-
L L muscles of DLBP rats.
deviation tion with L . .

mean fiber Huang et al. showed that significant fatty infiltration of

diameter(r/p) the paraspinal muscles at the L4-L5 and L5-S1 levels in
FA 0.36:£0.02 -0216/0.116 patients with DLBP. This finding implies that fatty infiltra-
MD 1.40£0.06 -0.023/0.868 tion in paraspinal muscles might emerge as a diagnostic
N 1924008 -0.104/0.455 biomarker for managing DLBP [17]. Regarding the etiol-
A 1.37£0.06 -0.100/0.470 ogy of fatty infiltration in paraspinal muscles, Chen et al.
A 0.93+0.06 0.075/0.590 proposed that there was a moderately positive relation-

ship between fatty infiltration within the vertebral body
and that in the multifidus muscle in patients with LBP,
highlighting the need for longitudinal studies to establish
causality [33]. Current literature on lumbar degenerative
diseases predominantly centers on the multifidus muscle,
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particularly its association with spinal stability. In con-
trast, the potential involvement of the erector spinae,
especially regarding its fatty infiltration patterns, has yet
to be systematically examined. Eksi et al. found that fatty
infiltration in the erector spinae, especially at the upper
lumbar spine level, may serve as a potential biomarker
for LBP [34]. It was also observed that a higher degree of
fatty infiltration in the erector spinae was associated with
an increased likelihood of requiring surgical intervention
in patients with lumbar spondylolisthesis [35]. The asso-
ciation between fatty infiltration in the paraspinal mus-
cles and LBP requires further investigation.

There were several limitations in the current study.
Firstly, we did not explore the underlying mechanisms
responsible for the observed muscle fiber type transfor-
mation. Secondly, there were species differences between
rats and humans, therefore, our results need to be further
confirmed by clinical trials.

Conclusion

In rats with DLBP, a transform from type I to type II
muscle fibers was observed in the paravertebral muscles,
most prominently at the 6th month after the onset of
LBP, and the percentage of type I fiber was positive corre-
lation with FA. DTT may serve as a potential tool to inves-
tigate the fiber type transformation in DLBP rats.
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