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Comparison of the establishment
of a rabbit model of carpal tunnel
syndrome under ultrasound-guided
and landmark-guided methods

Qiao-Yin Zhou?, Tian-Hua Li%+?, Jing-Yuan Zeng'?, Dan-Tong Wu2, Yun-Nan Li%?,
Qian Chen? & Shi-Liang Li%2**

A simple and feasible rabbit model of carpal tunnel syndrome (CTS) was established using an

animal experimental study. Twenty-four New Zealand white rabbits were randomized into a normal
group (Group C), a glucose injection model group (Groups N-M) and an ultrasound-guided injection
model group (Groups U-M). Each group consisted of 8 rabbits.Electrophysiological and ultrasound
examinations were performed before sampling. Hematoxylin-eosin (H&E) staining and electron
microscopy were performed to observe the neuropathological changes. During electrophysiological
testing 1 week after modeling, the amplitudes of the sensory nerve conduction velocity (SNCV),

distal motor latency (DML) and compound muscle action potential (CMAP ) in the U-M group were
significantly different compared to the C group and the N-M group (P <0.05). Five weeks after
modeling, the amplitudes of the SNCV, DML and CMAP in the U-M group and the C group were
significantly different (P <0.05). These differences were statistically significant compared to the DML
and CMAP in the N-M group (P <0.05), and the changes in these parameters were more significant than
the results 1 week after modeling (P <0.05). The difference in CMAP amplitude between the N-M group
and C group was statistically significant (P <0.05), but the other parameters were not significantly
different (P>0.05). Compared to the original modeling method, four injections of 0.3 ml of 10% glucose
solution under ultrasound guidance reduced the time required to establish the disease model and
increased the stability of the model. Therefore, this technique is a simple and feasible method for
establishing a model of rabbit carpal tunnel syndrome.
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Carpal tunnel syndrome (CTS) is a neuropathy caused by compression of the median nerve as it passes
through the carpal tunnel at the wrist. It is the most common nerve compression lesion, accounting for 90%
of all neuropathies!. A variety of animal models of carpal tunnel syndrome have been established to investigate
the pathogenesis of carpal tunnel syndrome and the efficacy of treatment methods. However, most of these
models are pathological models, and few models fully replicate the natural process of the disease. Among these
methods, the glucose solution injection method is the simplest and easiest to perform. This modeling method is
reproducible, has a high success rate and is suitable for large-scale animal experiments. It may be used to study
the effect and mechanism of fibrosis on nerves and evaluate the curative effect of treatment methods.

However, this modeling method involved making a small incision near the proximal end of the carpal tunnel
and injecting 0.1 ml of 10% glucose solution into the synovial membrane surrounding the superficial flexor
tendon of the middle finger, which increased the technical difficulty and the risk of surgical infection. Due to
the advantages of portability, lack of radiation, low cost, and high accuracy, ultrasound has become increasingly
popular in joint cavity injection applications®. Similar animal studies confirmed that ultrasound guidance
improved the accuracy of joint injection in animal models, such as rabbits and rats*-. Therefore, the present
study optimized the injection route into the carpal tunnel of rabbits using ultrasound guidance. We compared
the functional and morphological changes in the median nerve after modeling and examined the feasibility
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and stability of the improved modeling method to provide experimental evidence for establishing a simple and
feasible rabbit carpal tunnel syndrome model.

Materials and methods

Experimental animals

Healthy male New Zealand rabbits (weighing 2.5-3.5 kg, 6 months old) were provided by the animal experiment
center (license number: syxk (min) 2019-0007). The humidity of the breeding environment was approximately
75%, the temperature was 22+2 °C, and the light: dark cycle was 12 h:12 h. The animals had free access to
water and food and were allowed to move freely in their cages (approximately 65 cmx45 cmx30 cm). Surgery
was performed in strict accordance with the guidelines for experimental animal research of Fujian University
of Traditional Chinese Medicine and was approved by the Animal Experiment Ethics Committee (No.
FJTCMIACUC2021077). All animal operation and procedures were conducted according to the approved
guidelines and were in accordance with ARRIVE’s guidelines.

Experimental grouping
Healthy male New Zealand rabbits were divided into three groups using the random number table method, with
8 rabbits in each group.

The normal group (Group C) received no treatment.

In the glucose injection model group (Group N-M), the bilateral forepaws of New Zealand rabbits were
modeled using glucose injection.

In the ultrasound-guided injection model group (Group U-M), bilateral forepaws were modeled via
ultrasound-guided glucose injection.

Four rabbits were euthanized from each group at 1 week and 5 weeks after modeling.

Experimental modeling

(1) Glucose injection method: Urethane (4 ml/kg, 20%) was administered via the ear marginal vein, and the
muscles of New Zealand rabbits were well relaxed. There was no spontaneous activity in the clamp. After
the corneal reflex was blunted, the rabbits were fixed in the supine position on the operating table. The hair
in the wrist area of the animal’s forepaw was removed using an electric shaver and hair removal cream,
and the skin was cleaned and disinfected. Rabbit’s wrist tunnels can be located by body surface identifica-
tion. Determine the proximal boundary of the wrist tunnel through the wrist bone. Determine the remote
boundary of the denomination of the vectors through the triangular cartilage. This triangle cartilage is a
unique structure of the rabbit’s front paw.

A 3-4-mm incision was made 1 cm proximal to the carpal tunnel of the forepaw. The flexor tendon was identified
by moving the middle finger of the forepaw. A 5.5% intravenous infusion needle was inserted along the surface of
the superficial flexor tendon of the middle finger to ensure that 0.1 ml of the 10% glucose solution was injected
into the synovium between the tendon and the transverse carpal ligament (TCL) (Fig. 1). The position of the
needle tip was confirmed via placement of a needle of the same size on the skin surface. The wound was sutured
with 5—0 Vicryl suture. The treatments were administered once weekly, 4 times in total.

(2) Ultrasound-guided glucose injection method: After anesthesia and shaving using the method described
above, the short axis of the LH15-6 linear array frequency conversion probe was placed on the wrist joint
of the forepaw. After the ultrasound showed the carpal tunnel image, the median nerve was located. A 1-ml
syringe was used to create an out-of-plane needle at the proximal boundary of the carpal tunnel, and 0.3 ml
of a 10% glucose solution was injected around the median nFig. (Fig. 2). The treatments were administered
once weekly, 4 times in total.

Experimental indicators

(1) Electrophysiological examination: New Zealand rabbits were shaved after anesthesia using the same meth-
od. The recording electrode was located in the thenar muscle of the forepaw, and the stimulating electrode
was located 2-3 cm from the recording pFig. (Fig. 3). The stimulation was repeated three times at an inter-
val of 30 s, and the average value was used. All rabbits underwent electrophysiological examination of bi-
lateral forepaws, and the amplitudes of the sensory nerve conduction velocity (SNCV), distal motor latency
(DML) and compound muscle action potential (CMAP )were measured before the materials were collected.

(2) Ultrasonic imaging examination: After anesthesia and shaving, the bilateral forepaws of the rabbits were
examined via ultrasound. The long axis of the LH15-6 linear array frequency conversion probe was placed
in the wrist region, and the diameter of the median nerve and TCL thickness were measured before sam-
pling. The mechanical properties of carpal tunnel tissue were qualitatively evaluated using ultrasonic stress
elastography.

(3) Hematoxylin-eosin (H&E) staining: At the end of the experiment, the animals were sacrificed via air injec-
tion through the ear vein, and the left forepaw carpal tunnel was quickly removed. The triangular cartilage
of the transverse carpal ligament of the rabbit was used as the carpal tunnel boundary marker. After re-
moval of the carpal bone, the carpal tunnel soft tissue was fixed in 4% paraformaldehyde for 48 h. The fixed
specimen was removed and rinsed with running water for 12 h before block trimming. The tissues were
dehydrated in a gradient of 70%, 80%, 90%, 95%, and 100% ethanol, cleared with xylene, waxed, embedded,
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Fig. 1. Schematic diagram of glucose injection.
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Fig. 2. Ultrasound guided glucose injection. Schematic diagram of ultrasound guided glucose injection (B)
Probe cross section scanning diagram. Radial (label “R”); Ulnar (label”U”).
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sectioned, baked, and stained to observe pathological changes in the median nerve, transverse carpal liga-
ment, and subsynovial connective tissue (SSCT) in the carpal tunnel.

Transmission electron microscopy: A 5-mm piece of median nerve from the right forepaw carpal tunnel of
rabbits was placed in a 2.5% glutaraldehyde solution for 24 h, trimmed to approximately 1 mm?®, and rinsed
with a 0.1 M phosphate rinsing solution 3 times for 15 min each. The sample was placed in a 1% osmium
acid solution at 4 °C for 2 h, then placed in ethanol for gradient dehydration and soaked for embedding. The
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Fig. 3. Schematic diagram of electrophysiological detection.

(2025) 15:8186

embedding plate was placed in a 60 °C oven for 48 h. After the resin was fully polymerized, the embedded
block was removed for use. After the block was roughed, an ultrathin sectioning machine was used to create
ultrathin sections at the desired location. The sections were stained with a uranium acetate saturated alco-
hol solution and lead citrate solution. The morphology of the nerve fibers and Schwann cells was observed
under a transmission electron microscope, and images were acquired.
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Group | Number of cases | SNCV(m/s) DML(ms) CMAP amplitude(mv)
C 4 87.76+6.16 1.40+0.14 7.49+0.96

N-M 4 76.96+8.61 1.42+0.16 7.36+0.75

UM |4 65.18+2.82'A | 1.72+0.09°2 | 439+1.28°A

p 0.000 0.000 0.000

Table 1. Electrophysiological examination results of each group 1 week after modeling(" x +s). OMST:
Olmesartan. *P<0.05 vs. normal group, /\ P<0.05 vs. glucose injection model group.

Group ‘ Number of cases SNCV(m/s) | DML(ms) CMAP amplitude(mv)
C 4 189.25£6.36 | 1.53+0.12 7.72+0.83

N-M 4 169.48+3.83 | 1.58+0.14 4.17+0.98"

U-M 4 |58.95+4.66" | 1.88£0.062 | 3.19£0.46'D

p 0.001 0.000 0.000

Table 2. Electrophysiological examination results of each group 5 week after modeling(" x +s). OMST:
Olmesartan. *P<0.05 vs. normal group, /\P<0.05 vs. glucose injection model group.

Group | Time Number of cases | SNCV(m/s) | P
One week | 4 87.76£6.16

C 0.626
Five week | 4 89.25+6.36
One week | 4 76.96 £8.61

N-M 0.28
Five week | 4 69.48+3.83
One week | 4 65.18+2.82

U-M 0.02
Five week | 4 58.19+3.58

Table 3. SNCV examination results at 1 week and 5 weeks after modeling in the same group(” x+s).

Statistical analysis

All statistical analyses were performed using SPSS 26.0. The results are expressed as the mean =+ standard
deviation (X ts). Before analysis, the data were checked to determine whether they conformed to a normal
distribution. Comparisons of two groups of independent samples that conformed to a normal distribution were
performed using independent sample t tests. Comparisons of multiple groups of independent samples were
performed using one-way ANOVA, and comparisons of nonnormally distributed data were performed using
nonparametric tests. P<0.05 indicated a statistically significant difference.

Results

Electrophysiological detection

Electrophysiological examination revealed significant differences in the amplitudes of the SNCV, DML and
CMAP in each group 1 week after modeling. Pairwise comparison revealed differences between the ultrasound-
guided injection model group and the other groups (Comparing the U-M group with the C group in SNCV,
P=0.000; Compared with the N-M group, P=0.045. Comparing the U-M group with the C group in DML,
P=0.000; Compared with the N-M group, P=0.001. Comparing the U-M group with the C group in CMAP,
P=0.000; Compared with the N-M group, P=0.000.), but there were no differences between the other groups
(Comparing the N-M group with the C group in SNCV, P=0.225. Comparing the N-M group with the C group
in DML, P=1.000. Comparing the N-M group with the C group in CMAP, P=1.000.). (Table 1)

Five weeks after modeling, the wave amplitudes of the SNCV, DML and CMAP in each group were significantly
different. The differences in SNCV, DML and CMAP between the ultrasound-guided injection model group
and the normal group were statistically significant (P=0.000 in SNCV, P=0.000 in DML, P=0.000 in CAMP).
There were significant differences in the DML and CMAP between the ultrasound-guided injection model
group and the glucose injection model group (P=0.017 in DML, P=0.000 in CMAP), and there were significant
differences in the CMAP between the normal group and the glucose injection model group (P=0.000). The
other differences were not statistically significant (Comparing the N-M group with the C group and U-M group
in SNCV, P=0.065. Comparing the C group with the N-M group in DML, P=0.605). (Table 2)

Comparisons of the same group 1 week and 5 weeks after modeling, the CMAP of the glucose injection
model group was significantly different (P=0.000). The SNCV, DML and CMAP of the ultrasound-guided
injection model group were significantly different (P=0.02 in SNCV, P=0.001 in DML, P=0.000 in CAMP), but
these parameters in the other groups were not significantly different (Group C in SNCV, P=0.626; N-M group,
P=0.28. Group C in DML, P=0.589; N-M group, P=0.053. P=0.615 in CMAP). (Tables 3, 4 and 5)
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Group | Time Number of cases | DML(ms) |t P
One week | 4 1.40£0.14

C -0.552 | 0.589
Five week | 4 1.44+0.13
One week | 4 1.42+0.16

N-M -0.2114 | 0.053
Five week | 4 1.58+0.14
One week | 4 1.72+0.09

U-M 0.001
Five week | 4 1.96+0.15

Table 4. DML examination results at 1 week and 5 weeks after modeling in the same group( x+s). OMST:
Olmesartan. *P<0.05 vs. normal group, /\P<0.05 vs. glucose injection model group.

Group | Time Number of cases | CMAP amplitude(mv) |t P
One week | 4 7.49+0.96

C -0.514 | 0.615
Five week | 4 7.72+0.83
One week | 4 7.36+0.75

N-M 7.349 | 0.000
Five week | 4 4.17+0.98
One week | 4 4.39+1.28

U-M 4.787 | 0.000
Five week | 4 2.08+0.44

Table 5. CMAP amplitude examination results at 1 week and 5 weeks after modeling in the same
group(" xts).

Group | Number of cases | median nerve diameter(mm) | TCL thickness(mm)
C 4 0.02+0.0035 0.05+0.0074

N-M 4 0.03+0.0052 0.06+0.0064

U-M 4 0.06+0.0076"2 0.10+0.013"2

p 0.000 0.000

Table 6. Ultrasonic test results of each group 1 week after modeling(" x+s). OMST: Olmesartan. *P<0.05 vs.
normal group, /AAP<0.05 vs. glucose injection model group.

Group | Number of cases | median nerve diameter(mm) | TCL thickness(mm)
C 4 0.02+0.0052 0.05+0.0035

N-M 4 0.04+0.0076 0.07+0.0076

U-M 4 0.06+0.0052"2 0.11+0.0076"2

p 0.000 0.000

Table 7. Ultrasonic test results of each group 5 week after modeling(" x+s). OMST: Olmesartan. *P<0.05 vs.
normal group, /AAP<0.05 vs. glucose injection model group.

Ultrasonic imaging detection
Ultrasound revealed that the median nerve diameter and TCL thickness of each group were significantly different
1 week and 5 weeks after modeling. Comparison between the two groups showed that the median nerve diameter
and TCL thickness differed between the ultrasound-guided injection model group and the other groups (In the
first week, median nerve diameter and U-M were compared with the C group, P=0.000. The U-M group was
compared with the N-M group, P=0.048; Comparison of TCL thickness between U-M and C groups, P=0.000;
Compared with the N-M group, P=0.033. In the fifth week, median nerve diameter and U-M were compared
with the C group, P=0.000. The U-M group was compared with the N-M group, P=0.048; Comparison of TCL
thickness between U-M and C groups, P=0.000; Compared with the N-M group, P=0.048.), but there were
no differences between the other groups (In the first week, comparing median nerve diameter between group
C and group N-M, P=0.098; TCL diameter, compared between group C and N-M, P=0.178. In the 5th week,
comparing the median nerve diameter between group C and group N-M, P=0.111; TCL diameter, compared
between group C and N-M, P=0.098.) (Tables 6 and 7).

One week and 5 weeks after modeling, the thickness of the TCL in the ultrasound-guided injection model
group was significantly different (P=0.031), but there were no significant differences in the other groups
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Group | Time Number of cases | median nerve diameter(mm) | P
One week | 4 0.02+0.0035

C 0.264
Five week | 4 0.02+0.0052
One week | 4 0.03+0.0052

N-M 0.084
Five week | 4 0.04+0.0076
One week | 4 0.06 +£0.0076

U-M 0.288
Five week | 4 0.06+£0.0052

Table 8. Median nerve diameter inspection results at 1 week and 5 weeks after modeling in the same
group(_x +5).

Group | Time Number of cases | TCL thickness(mm) | P
One week | 4 0.05+0.007

CAH 0.09
Five week | 4 0.05+0.0035
One week | 4 0.06+0.0064

N-M%H 0.102
Five week | 4 0.07 £0.0076
One week | 4 0.10+0.013

U-M41 0.031
Five week | 4 0.11+0.0076

Table 9. TCL thickness inspection results at 1 week and 5 weeks after modeling in the same group(” x+s).

(median nerve diameter, C group P=0.264, N-M group P=0.084, U-M group P=0.288; TCL thickness, C group
P=0.009, N-M group P=0.102) (Tables 8 and 9).

The ultrasonic images showed that the carpal tunnel in the same group did not change much 1 week or
5 weeks after modeling. The median nerve in the ultrasound-guided injection model group was significantly
edematous and thickened, and the nerve in the glucose injection model group was slightly edematous, as shown
by the red arrow. The transverse carpal ligament in the ultrasound-guided injection group was significantly
thickened, but the change in the glucose injection model group was not obvious, as shown by the yellow arrow
(Fig. 4).

Strain elastography (SE) revealed that the glucose injection model group and the ultrasound-guided injection
model group exhibited increased tissue stiffness in the carpal tunnel compared to the normal group. However,
the soft and hard changes in the glucose injection model group were not even. The hardness of the whole carpal
tunnel in the ultrasound-guided injection model group obviously increased, beginning from the proximal
boundary of the carpal tunnel, as shown by the red arrow. (Fig. 5)

H&E staining

H&E-stained sections showed that the collagen fibers in the normal group exhibited a tight and orderly
arrangement, with uniform fiber spacing. The connections between nerve fibers and myelin sheaths were tight.
(Fig. 6).

Compared to the normal group, the collagen fibers in the glucose injection model group were hyperplastic
and loosely arranged, with slightly increased fiber gaps and slightly disordered tissue arrangement, as indicated
by the yellow arrows. The difference was more obvious 5 weeks after model induction than at 1 week after model
induction. The median nerve flattening rate decreased after 5 weeks of modeling.

Compared to the normal group and the glucose injection model group, the ultrasound-guided injection
model group showed increased collagen fiber proliferation and significantly enlarged interstitial spaces, with
more disordered collagen fiber bundles, as indicated by the yellow arrows. Neural edema was observed, with
significant atrophy of nerve fibers and thinning of myelin sheaths, as indicated by the black arrows. The median
nerve flattening rate was significantly reduced, with no significant differences between one week and five weeks
after modeling.

TEM observation

Electron microscopy of the median nerve showed that the tissue structure of nerve fibers in the normal group
was basically normal, the myelin sheath structure in myelinated nerve fibers was normal, and the fibers were
arranged in a plate shape without fracture. The axons and myelin sheaths were closely arranged without vacuoles,
and the cell bodies of Schwann cells were abundant and closely arranged.(Fig. 7).

Compared to the normal group, the nerve fiber tissue structure of the glucose injection model group was
normal, and the myelin sheath was loose, but no structural damage occurred. There were gaps and vacuoles
between axons and myelin sheaths, and these changes were more obvious 5 weeks after modeling than 1 week
after modeling, as shown by the red arrow.

Compared to the normal group and the glucose injection model group, the nerve fiber tissue structure of the
ultrasound-guided injection model group was abnormal, and the myelin sheath was loose. The myelin sheath
was structurally damaged in some areas and broken and dissolved, as shown by the yellow arrow. There were
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One week after modeling [Five weeks after modeling
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Fig. 5. Stress elastography of carpal tunnel in each group at 1 week and 5 weeks after modeling.
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One week

Five week °

Fig. 6. Representative diagram of HE staining in each group at 1 week and 5 weeks after modeling.

Group C Group N-M Group U-M

One week

Five week

Fig. 7. Representative transmission electron micrographs of each group at 1 and 5 weeks after modeling.

gaps and vacuoles between axons and myelin sheaths, as shown by the red arrows. This difference was more
obvious 5 weeks after modeling than 1 week after modeling.

Discussion

Selection of laboratory animal species

The choice of experimental animal species depends on the purpose of the research design. Study of the etiology
and pathogenesis of CTS and evaluation of the efficacy of therapeutic methods are complex tasks. Therefore, to
simulate the natural progression of human carpal tunnel syndrome as much as possible, experimental animals
with physiological structures similar to the target population are needed. Some scholars’ dissected the forepaws
of rats, rabbits, dogs, and baboons and human upper limb specimens and examined the anatomical structure
and SSCT of these animals using optical and scanning microscopy. They compared these findings with relevant
human anatomical structures and ultrastructures. The anatomical structure and contents of the carpal tunnel
in baboons and rabbits were similar to humans. However, the carpal tunnel in dogs does not contain superficial
flexor tendons, and the carpal tunnel in rats is very small. The SSCT of human, baboon, and rabbit specimens
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are very similar. Although baboons and rabbits are good animal models for studying the relationship between
SSCT and CTS, rabbits are more practical.

The selection of experimental animals also requires physiological characteristics similar to humans. Modern
research showed that carpal tunnel syndrome was also associated with increased pressure within the carpal
tunnel, which requires a relatively rigid carpal tunnel®. The cause of increased pressure in the carpal tunnel
is not known, and research on the etiology of carpal tunnel syndrome in humans is limited by the inability to
longitudinally evaluate changes that occur before the onset of clinical symptoms. Animal models can overcome
this limitation and provide opportunities to study the effects of gradually increasing carpal tunnel pressure on
neural function and morphology. Therefore, appropriate animal models should have comparable anatomical
structures and mechanical properties similar to human carpal tunnel.

Some scholars® measured the mechanical properties of carpal tunnels in a candidate animal model of carpal
tunnel syndrome by measuring the resistance of a tapered metal rod passing through the carpal tunnel. The
study used dogs, rabbits, rats, and freshly frozen human specimens. Comparison found that the human carpal
tunnel was the longest and thickest, and the mouse carpal tunnel was the shortest and thinnest. The human
carpal tunnel was also the stiffest, and the mouse carpal tunnel was the least stiff, with dogs and rabbits in the
middle. The carpal tunnel in dogs exhibited the most similar mechanical properties to humans, followed by
rabbits. This difference may be due to differences in the tissue properties of the transverse carpal ligament or the
strength of the intercarpal ligament.

Considering its physiological and anatomical structure and biomechanical properties, the carpal tunnel of
rabbits is most similar to humans, and the cost of purchasing and raising rabbits is relatively low!°. Therefore,
rabbits were selected as the experimental animals for the present study.

Selection of the rabbit carpal tunnel syndrome animal model

The pathogenesis of CTS is complex and inconclusive, and the modeling methods vary. Single-factor methods,
such as glucose injection, surgical modeling, chemical induction, and pressure induction, are used to establish
animal models of CT'S in rabbits.

The injection of glucose solution is the simplest and easiest method to perform, but there is no uniform
injection dose or frequency. Injection of hypertonic glucose induces local osmotic damage and triggers the
release of growth factors and collagen deposition, which lead to the proliferation of connective tissue!!. Some
scholars!?-1 observed that one or two injections of 10% glucose induced subsynovial connective tissue fibrosis
in a rabbit model, and two injections of higher concentrations of glucose had more significant effects than single
injections. These studies revealed changes in the morphology, mechanical properties, and electrophysiology of
the median nerve in the subsynovial connective tissue, but no neurological histological changes were observed.
However, YOSHII' et al. demonstrated that higher doses produced more severe fibrosis, especially more severe
neuropathy, and confirmed that this was a potentially useful animal model for studying the causes and treatment
of CTS. This modeling method has strong reproducibility and a high success rate for large-scale animal
experiments. It may also be used to investigate the effects and mechanisms of fibrosis on nerves and evaluate
the efficacy of therapeutic methods. Due to the advantages of ultrasound, such as portability, lack of radiation,
low cost, and high accuracy, its application in joint cavity injection has become increasingly common?. Similar
animal studies confirmed that ultrasound guidance improved the accuracy of knee and temporomandibular
joint injections in animal models, such as rabbits and rats*®. Therefore, the present study used ultrasound-
guided injection to improve the modeling method based on this model.

Some scholars!® surgically removed the synovial connective tissue between the median nerve and the surface
of the flexor digitorum tendon, sutured the transverse carpal ligament, and used adhesion to induce tissue
damage and repair in the carpal tunnel. However, the surgery was complex, the model stability and success
rate were low, and the model was not suitable for large-scale experiments. Another scholar'’-? cut 5 mm of the
superficial flexor tendon of the rabbit middle finger and sutured it together so that the surrounding subsynovial
connective tissue was stretched and damaged. It is currently the only model simulating the effect of mechanics on
the carpal tunnel and is suitable for studying CTS caused by damage and fibrosis of the subsynovial connective
tissue due to shear stress. Due to the large amount of surgical trauma, complex surgery, and unknown long-term
stability after modeling, further improvement of the surgical method is needed. The surgical modeling method
also simulates carpal tunnel syndrome caused by increased pressure by reducing the volume of the carpal tunnel,
but it is not recommended because the pressure cannot be quantified, and the modeling rate is unstable?!. The
pressure induction method involves the insertion of a No. 20 venous catheter into the carpal tunnel, with the
catheter tip connected to a pressure sensor to monitor carpal tunnel pressure. Then, 36 °C sterile physiological
saline is injected into the carpal tunnel to increase carpal tunnel pressure, which provides more precise control
of pressure values and is similar to the pathogenesis of acute carpal tunnel syndrome in humans. It can be used
for related studies of acute carpal tunnel syndrome within 2 weeks but not for studies lasting longer than 2
weeks??~24. Chemical induction does not cause any electrophysiological changes, but there are corresponding
histopathological changes. This may be due to the short modeling cycle, during which neural dysfunction has

not occurred, which requires further research and examination®.

Comparison of the glucose injection method and improved ultrasound-guided modeling
method

The present study evaluated the effect of four ultrasound-guided injections of 0.3 ml of a 10% glucose solution
on rabbit carpal tunnel. Compared to previous modeling methods, we improved the injection method and dose.
Previous studies'>!* showed that injection without glucose did not cause any changes in nerve or SSCT, and the
changes in rabbit carpal tunnel tissue were caused by glucose rather than injection trauma. Therefore, the present
study did not use normal saline injection as the control group. A previous study'® confirmed that multiple
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injections of a 10% glucose solution had long-term effects on rabbit carpal tunnel tissue. These differences in
electrophysiological parameters remained 8 to 12 weeks after modeling, but no short-term effects have been
studied. Therefore, this study confirmed the short-term effect of multiple injections of a 10% glucose solution on
rabbit carpal tunnel tissue, which was evaluated 1 week and 5 weeks after modeling.

Electrophysiological examination is one important criterion for evaluating carpal tunnel syndrome®.
Clinically, the early pathophysiological changes in CTS are primarily demyelination and sensory fiber damage
earlier than motor fiber damage. Therefore, SNCV abnormalities occur earlier than DML abnormalities.
With disease progression, the DML increases, axonal damage occurs in the later stage, CMAP amplitude
decreases, and atrophy occurs?’. Therefore, the present study used the SNCV, DML and CMAP amplitudes
as electrophysiological indicators to evaluate the success of the rabbit carpal tunnel syndrome model and the
degree of median nerve lesion.

The electrophysiological results showed that the successful establishment of the ultrasound-guided injection
model group took less time and was more stable. The amplitudes of the SNCV, DML and CMAP of the median
nerve in the ultrasound-guided injection model group were significantly different from the normal group 1 and
5 weeks after modeling. The ultrasound-guided injection model group was successfully established 1 week after
modeling, and the model remained stable in the disease state 5 weeks after modeling. However, the amplitudes
of the SNCV, DML and CMAP of the median nerve in the glucose injection model group were not different
from the normal group. Five weeks after modeling, the CMAP amplitude of the glucose injection model group
was significantly different from the normal group, and the ultrasound-guided injection model group exhibited
more obvious neurological dysfunction than the glucose injection model group. Therefore, the disease model
in the glucose injection model group was not established 1 week after modeling. Only the CMAP amplitude
was significantly different 5 weeks after modeling, and there was no difference in the SNCV or DML. Therefore,
the model in this group was not fully established 5 weeks after modeling. Some studies observed significant
DML prolongation only 12 weeks after modeling'®, which may be because the effect of glucose on carpal tunnel
fibrosis is progressive. This observation is also consistent with the fact that CTS establishes a vicious circle of
disease development without intervention. The differences within the same group 1 week and 5 weeks after
modeling also supports this characteristic.

The injection volume of 0.1 ml in the original modeling method!” is too small. The lack of ultrasound
guidance prevents the accurate spreading of the glucose solution around the median nerve, which prevents
the rapid development and establishment of the model. The improved modeling method in the present study is
different from the original modeling method. First, ultrasound was introduced to perform ultrasound-guided
injection and achieve an accurate injection. Second, the injection dose was increased. Pre-experiments showed
that a dose of 0.1 ml only contacted part of the median nerve. When the dose was increased to 0.3 ml, the
glucose solution wrapped the entire median nerve and filled the carpal tunnel (Fig. 2). Ultrasound guided the
injection in real time and allowed evaluation of the severity of carpal tunnel syndrome. With the development
of ultrasound technology, ultrasound imaging has been proven to be another key technology for evaluating
carpal tunnel tissue?® and may be used to diagnose carpal tunnel lesions and evaluate the prognosis of disease
treatment?®3!. In addition to two-dimensional ultrasound detection, ultrasonic elastography (UE) technology
has recently been developed to visually, qualitatively and quantitatively detect the mechanical properties of
various tissues using ultrasound, and it may be used to evaluate the elasticity of various tissues>2. Studies®*>
have shown that ultrasonic elastography combined with two-dimensional ultrasound may be used to diagnose
carpal tunnel syndrome.

Therefore, the present study used two-dimensional ultrasound and ultrasonic elastography to detect and
evaluate changes in carpal tunnel tissue morphology and mechanical properties. Two-dimensional ultrasound
images showed that the transverse carpal ligament was thickened, and the median nerve was significantly
edematous in the ultrasound-guided injection model group after modeling. These changes were significantly
different from the normal group, and the thickness of the TCL was significantly greater 5 weeks after modeling
compared to 1 week after modeling. However, the changes in the glucose injection model groups were smaller,
and there was no significant difference between the two groups. Ultrasound examination found that four
injections of 0.3 ml of a 10% glucose solution under ultrasound guidance caused SSCT fibrosis and thickening
of the transverse carpal ligament. This finding is consistent with the hypothesis of the etiology of carpal tunnel
syndrome, i.e., the increased pressure in the carpal tunnel caused by thickening of the transverse carpal ligament
is one of the main causes of carpal tunnel syndrome?”.

Stress elastography revealed that the carpal tunnel was red and green in the glucose injection model group,
which indicated uneven changes in tissue fibrosis. The color changed from the proximal boundary of the carpal
tunnel to blue-green in the ultrasound-guided injection model group, which indicated that the tissue fibrosis
in the whole carpal tunnel became rigid from the proximal carpal tunnel. These results are consistent with the
injection site under our ultrasound guidance, which highlights the accuracy of ultrasound guidance.

Histopathological examination of the carpal tunnel and median nerve in the ultrasound-guided injection
model group also confirmed the electrophysiology and ultrasound imaging results. According to the results of
H&E staining and transmission electron microscopy, the median nerve showed obvious atrophy of nerve fibers,
a thin myelin sheath, a reduced flattening rate and axonal injury, increased proliferation of collagen fibers, a
significantly enlarged gap, and more scattered collagen fiber bundles.

However, the H&E staining and transmission electron microscopy results showed that the median nerve
in the glucose injection model group was demyelinated, and no obvious axonal injury was observed. However,
the electrophysiological results showed that the amplitude of the CMAP was significantly reduced. This finding
contradicts the electrophysiological changes in patients with clinical CTS. The following reasons for these
findings are offered: @ the sample size may have been too small and resulted in no changes in the SNCV or
DML being detected; and @ the nerve axon injury section may not have been cut when the morphological tissue
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sections were made. This finding also confirmed the stability of the ultrasound-guided injection model group
from another perspective.

Conclusion

Electrophysiological, ultrasound imaging and histomorphological detection revealed that four injections of
0.3 ml of a 10% glucose solution under ultrasound guidance aggravated fibrosis and significantly altered the
nerve histology of the TCL and SSCT in the rabbit carpal tunnel and led to significant neurological dysfunction.
Compared to the original modeling method, this modeling method reduced the time required for successful
establishment of the disease model and exhibited high stability after modeling. This technique is a simple and
feasible method for establishing a rabbit carpal tunnel syndrome model.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author and the first author on reasonable request.
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