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Abstract

Evaluation of Peripheral Nerve Injury
According to the Severity of Damage

Using *F-FDG PET/MRI in Rat Sciatic Nerve

Jong Yeol Park

Department of Dentistry

The Graduate School, Yonsei University

(Directed by Professor Hyung Jun Kim)

Reports suggest a high incidence of nerve injuries following tooth extraction or implant surgery
and various methods have attempted to evaluate the severity of nerve damage. The two-point
discrimination and the pin prick test are widely used techniques; however they rely on subjective
sensations and were not able to accurately represent the damaged area. A previous experiment

revealed that *®F-FDG PET/MRI could detect nerve damage in a peripheral nerve injury model.



This study aimed to evaluate peripheral nerves according to different severity of damage using *F-
FDG PET/MRI in rat sciatic nerve.

Eighteen rats were equally divided into three groups in this experiment: 30 seconds crushing
injury group (G1), 2 minutes crushing injury group (G2), and 5 minutes crushing injury group
(G3). The severity of nerve damage was measured in the third week after the crush injury using the
following evaluation methods: paw withdrawal threshold (RevWT), maximum standardized
uptake values on PET/MRI imaging (SUVR), and immunohistochemical analysis (IntR).

There were significant differences between G1 and G3 in both SUVR and IntR(p=0.008,
p=0.0386). There were no significant differences in both SUVR and IntR between G2 and G3 and
no significant difference in RevWT among the three groups. There was a statistical difference in
SUVR between G1 and G2 (p=0.0135). However, there was no significant difference in IntR
between G1 and G2.

The severity of nerve damage for both 2 and 5 minutes of crush injury was more than that for 30
seconds crush injury. There was no significant difference in the severity of nerve damage between 2
and 5 minutes of crush injury. While RevWT represented the limitations of neurosensory tests in
clinical practice, SUVR showed better results in differentiating the severity of nerve damage.
Although PET/MRI did not show results consistent with the immunohistochemistry in all respects,
this study demonstrated that the severity of nerve damage as assessed by PET/MRI increased with
a longer crushing time. PET/MRI showed potential as an objective diagnostic tool in this peripheral
nerve injury model. If research is supplemented through further experiments, PET/MRI can be used

as an effective diagnostic modality.

Keywords: Peripheral nerve injury, Neuropathic pain, Crushing injury, Positron emission

tomography (PET)

vi
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|. Introduction

Peripheral nerve injury can results from clinical accidents and trauma and accounts for 2.8% of all
trauma cases.' Nerve tissue and repair are associated with various changes such as the development
of edema, free oxygen release, and inflammatory changes. Recently, nerve injuries have been

reported following dental procedures, such as tooth extraction or implant surgery.? When a nerve is



damaged, a diagnosis must be made to determine the severity of damage, to predict the recovery
period, and to assess whether surgery should be performed or not.. The need for research to evaluate
these points has been noted. Studies are needed to evaluate the degree of damage and monitor the
recovery process. Various methods, such as two-point discrimination and the pin prick test, have
been attempted to evaluate the severity of nerve damage. However, these techniques rely on
subjective sensations and may not accurately represent the damaged area. Historical assessment is
the most definitive method for evaluating nerve injury. However, it has limited clinical application
as it is invasive and requires tissue sections. Several studies have attempted to develop accurate and

objective methods to determine the severity and location of nerve damage.

First, digital infrared thermal imaging (DITI) is a good method of evaluating inflammation and
blood flow. The second is ultrasonography (US), which is a good diagnostic method to obtain
information about nerve hypertrophy and intraneural vascularization. Finally, positron emission
tomography (PET) has an advantage of identifying the area of nerve damage. However, it is difficult
to accurately visualize the damaged area with this modality. Therefore, Purohit et al. recommended

using other modalities such as US or magnetic resonance imaging (MRI) when using PET imaging.}

There have been few systematic in vivo nerve injury studies (as mentioned in a previous paper).* Rat
models are considered ideal for nerve damage and regeneration due to ease of availability and
similarities in the appearance of nerve bundles compared with humans.> Moreover, the rat model
provides a nerve trunk with sufficient length and space for surgical manipulation and allows the
investigator to apply direct trauma.® The previous paper showed the effectiveness of PET/MRI in
diagnosing peripheral nerve damage with two well-known nerve models: the chronic constriction
injury (CCI) and crushing injury models.* PET/MRI showed significant findings consistent with
those of histological and functional tests. The findings suggested that the experiment should be
further verified by evaluating peripheral nerve damage according to its severity. This previous
experiment also confirmed that '®F-FDG PET/MRI detected nerve damage in their peripheral nerve
injury model. This study aimed to evaluate peripheral nerve damage according to differences in the
severity of damage using '8F-FDG PET/MRI in rat model of sciatic nerve damage. As an objective
indicator to compare "*F-FDG PET/MRI results, immunohistochemistry (IHC) and the paw

withdrawal threshold (PWT) test, which are clinical neurosensory tests, were also performed.



Il. Materials and methods

1. Animal model
Eighteen male Sprague-Dawley rats (7 weeks old; weight: 200-250 g) were used. Rats were
provided daily food and water, weighed once a week, and allowed to acclimatize to a specially-made
customized modular holder cage before weight measurement. All animal protocols were approved
by the Institutional Animal Use and Care committee of the Department of Laboratory Animal

Resources, Yonsei Bio-Medical Research Institute, Yonsei University College of Medicine, Korea.

2. Experimental design
The subjects were divided into 3 groups (n=6, respectively). All surgical procedures were
performed on the left sciatic nerve. In the crushing injury model, the first group received 30 seconds
of crushing time, the second group 2 minutes, and the last group 5 minutes. A Curved hemostat
(12.5cm HB0515; HEBU, Germany) was used to apply crush injury. The starting point of the curve
was used as the reference point for the crusher. (Fig. 1) The clamping force between the tips of the

tongs was about 40 N, and the width was 3 mm. Groups were set up as below. (Table 1)

Table 1. Experimental groups divided into three groups

Group Crushing time
1 30 seconds
2 2 minutes
3 5 minutes




3. Surgical procedure

Under respiratory anesthesia with isoflurane (Forane; JW, Korea), the left thigh area was shaved
and cleaned with 10% povidone-iodine. A 2-cm skin incision was made on 0.5 cm posterior from
the femur. The fascia of the biceps femoris and the gluteus superficialis were exposed to access the
sciatic nerve by blunt dissection through the intermuscular space. Approximately 15 mm of the nerve
was carefully freed from the surrounding tissue using micro-pincettes (Fig 1). With a curved
hemostat, crushing injuries were applied to the experimental groups using three different durations
described previously. Surgical sites were closed layer-by-layer with 4-0 absorbable synthetic braided
suture(Vicryl; Polygalactin 910; Ethicon, INC., a Johnson and Johnson company, Sommerville, NJ,
USA) for muscle and fascia and 5-0 non-absorbable synthetic monofilament suture (Nylon; AILEE
Co., Busan, Korea) for the skin. After performing the PWT test before surgery and 1, 2, and 3 weeks
after surgery and taking PET/MRI at 3 weeks after surgery, all animals were sacrificed by CO;

inhalation. Left sciatic nerves were harvested for histological analysis.

Figure 1. Crush injury by locking with a curved hemostat for 0.5, 2, and 5 minutes



4. Pain behavior assessment

Pain behavior assessments were performed four times (pre-operative, 1 week after the operation, 2
weeks after the operation, and 3 weeks after the operation) in the right hind paw (control) and the
left hind paw (experimental site) with abundant time period. Both hind paws were measured thrice,
and the mean value was used. Manual von Frey filament (BIO-VF-M; Bioseb Inc., Vitrolles, France)
the gold standard for determining mechanical thresholds in rats, was used for the paw withdrawal
threshold test (PWT), and it shows force according to its size (Fig. 2). The rats were positioned in
the customized modular holder cage and wait for 15 minutes for acclimatization.” A Monofilament
was applied perpendicularly to the plantar surface of the hind paw until it bent, delivering a constant
pre-determined force for 2 to 5 seconds (Fig. 3, 4). The response was considered positive if the rats
exhibited paw withdrawal during filament application or immediately after filament removal. The
plantar surface of the hind paw was the most commonly used area for testing and the response was
observed via a wire-gated floor. If a response was shown in any particular value, the mouse was re-
examined with a value one step below the value, and if there was no response to the value, the

particular value was recorded as result.



Figure 2. PWT test with von Frey filament

Figure 3. A monofilament was applied perpendicular to the platar surface of the hind paw.



Figure 4. Rats were allowed to acclimatize to a specially made customized modular holder

cage before weight measurement.



5. PET/MRI imaging

All rats fasted for 12 hours the day before 3 weeks of post operation (becoming violent and
dangerous after 16 hours of fasting) for PET. Animals underwent sequential small-animal
PET(Inveon PET; Siemens, Germany) and small-animal MRI(Bruker 9.4 T 20-cm-bore MRI system;
Biospec 94/20 USR; Bruker, Ettlingen, Germany). A customized PET table similar to an MRI table
was prepared and used to facilitate image superimposition. A dose between 1.000-1.070 uCi was
injected intravenously. 1-hour dynamic scans of the thigh were obtained, and T2-weighted rapid
acquisition with relaxation enhancement (RARE) images of the thighs (repetition time [TR] =
2300 ms; echo time [TE] = 11 ms; slice thickness = 1 mm, acquisition matrix = 192x192; acquisition
FOV 55x55 mm?) were obtained at postoperative 3 weeks. Co-registration of PET and MRI was
performed using AMIDE image analysis software (amide.exel.0.4; https://amide.sourceforge.net).
The MRI images indicated the anatomic location of the sciatic nerves and the placement of the
regions of interest (ROIs). Spherical-shaped ROIs, about 6 mm in diameter, were set on the nerve
injury site and the opposite side. For quantitative analysis of PET signals, the maximum standardized
uptake values (SUVmax) of the ROIs were calculated using OsiriX image analysis software (Pixmeo,
Geneva, Switzerland). The ratio of the SUV (SUVR) from two different regions within the same
PET image (from a target and a reference region) was also calculated to eliminate differences

between the animals as follows:

SUViarget SUVieft ROI
SUVR = =
SUVreference SUVright ROI

After the PET and MRI scans were performed, the rats were sacrificed the next day (after 24 hours,

considering the drug’s half-life) to prepare tissue sections.



6. Histology and immunohistochemistry
All harvested left sciatic nerves were fixed in 4% paraformaldehyde for 24 hours immediately after
sacrifice and they were embedded in paraffin with threads indicating their orientation. For each
specimen, three cross-sections (4 pm thickness) taken in the middle of the injury site, | mm proximal,
and 1 mm distal to the injury site were mounted on slides and stained with hematoxylin and eosin

(H&E) for histological and immunohistochemistry analysis. (Fig. 5)

Figure 5. Specimen ROIs* - Injury site and 1 mm proximal and 1 mm distal to the injury site

mounted on slides



For immunostaining, ROI, proximal and distal areas were fixed with 4% paraformaldehyde (PFA),
permeabilized with 0.5% Triton-100 (Sigma-Aldrich), and blocked with 1% bovine serum albumin
(Sigma-Aldrich). For the staining of cell markers, samples were incubated with specific primary
antibodies: Anti S-100 beta antibody (Abcam ab52642 10 ul) for 2 hours at room temperature,
washed with PBS thrice, and then Goat anti Secondary staining was performed with rabbit [gG H &
L (Abcam ab 205718, 500 ug) for immunohistochemistry. Tissue slides obtained by staining were
photographed using a Zeiss LSM780, confocal microscope system (Zeiss, KBSI(Korean Basic
Science Institute) in Seoul center). This analysis was performed on three randomly selected non-
overlapping microscope fields. The evaluated part covered two-thirds of the whole part. All slide
pictures were selected by an expert blinded to the rat group. The intensity obtained from the
microscope varied according to the degree of staining. The intensity was analyzed using Imagel
software.® The analysis protocol was implemented according to the paper described by Crowe and
Yue (especially sections on Threshold DAB (3-diaminobenzidine tetrahydrochloride) stained IHC
(Immunohistochemistry) image and Quantify the DAB signal in the IHC image).’ The following is
the protocol described by Crowe and Yue. (Fig. 6)

Quantify the DAB signal in the IHC image
1. Go to “Analyze” and select “Set Measurements.”

2. A “Set Measurement” pop-up window will open. Select the “Area,” “Mean grey value”, and
“Display Label” boxes and leave all other boxes unchecked. “Area” will give the size of the IHC
image. ‘“Mean grey value” represents the quantified signal and ‘“Display Label” gives the

information on the image name being quantified.

3. Select “Okay” in the Set Measurement window. These options only need to be set once for the

first image and will be remembered for all other future images measured.

4. Go to “Analyze” and select “Measure.” Note: A shortcut for measuring the signal is “CTL +

M.”

5. A “Results” window will pop up giving the name of the image (Label), the size of the image

(Area), and the average pixel intensity of the IHC image (Mean)

6. Copy the results to an Excel file for later analysis.

10



Zhao et al. observed that greater damage correlated with more active regeneration of Schwann cells.
Therefore 1 expected that the intensity of S-100, a Schwann cell biomarker, express strongly.!?
Herein, the development of strong intensity was considered a positive response to the S-100 antibody.
Experimental data were obtained with 3 randomly selected sections. The average intensity measured
in three sections was used for the result value. The brown-stained part was recorded as a positive
reaction of the S-100 antibody. The mean gray value was evaluated using ImageJ software particle
analysis; the mean value was the average of intensity in the selection, which meant raw integrated
density/pixel number (Fig. 6). Dubovy reported that Schwann cells distal to the crushed sciatic nerve
showed increased immunostaining for proinflammatory and anti-inflammatory cytokines.!!
Schwann cells distal to the crushed sciatic nerve were expected to increase as greater damage
correlates with higher S-100 intensity values. To compensate for the difference between individual
rats, the S-100 intensity of the distal part of the ROI was divided by the S-100 intensity of the

proximal part of the ROI. The corresponding value was expressed as IntR.

Mean Gray Value distal
IntR =

Mean Gray Value proximal

11
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Figure 6. Photograph showing how S-100 intensity was analyzed with ImageJ software.
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7. Statistics

Statistics were analyzed using GraphPad Prism (Version 8.0.0 for Windows, GraphPad Software,
San Diego, California, USA, www.graphpad.com). Shapiro-Wilk was used to determine whether
each group had a normal distribution. Because all the results did not follow the normal distribution
in the normality test, and the number of rats was six in each group, non-parametric test methods
were conducted. The independent sample Kruskal-Wallis test was performed to examine whether
there was a significant difference in the result values between each group. The Kruskal-Wallis test
was conducted to determine the difference between the three methods. Dunn’s multiple comparison
test was used to determine which groups were significantly different. A P<0.05 was considered

statistically significant.

13



I11. Result

1. Assessment of pain

First, the Kruskal-Wallis test was used for the three groups to determine whether there was a
significant difference between each result. Kruskal-Wallis test showed no significant difference

between PWT test results (Table 2). Table 2 showed that the right hind paw (intact side) groups had

lower standard deviation values than the left hind paw group (injured side).

Overall, G2 and G3 showed more severe hypoesthesia in the second week than in the first week;
however, hypoesthesia recovered significantly in the third week, possibly due to significant nerve
recovery. The level of hypoesthesia appeared to increase with an increased intensity of nerve damage.
However, in third week, all three groups showed almost complete recovery (Fig. 7). However, the

right hind paw graph showed that G1, 2, and 3 were constant without significant statistical difference

(Fig. 8).
Table 2. Kruskal-Wallis test results of PWT on three groups (Mean, (SD))
Group n pre-op post-op 1wk post-op 2wk post-op 3wk

Left Right Left Right Left Right Left Right

1 6 29.667  27.717 162.55 44283  138.117 37.55 68.65 44.383
(16.727) (13.066) (115.483) (14.203) (125.471) (24.672) (55.672) (22.677)

2 6 27.85 26.5 193.667 425 178.45 34.383 89.55 48.067
(16.597) (12.518) (116.744) (20.817) (133.229) (21.479) (53.482) (11.027)

3 6 32117  27.767  184.783 36 188.884 34.6 68.017 43.19
(16.258)  (7.59) (127.36) (24.809) (121.821) (20.215) (28.014) (21.801)

otal 18 290.878  27.328  180.333  40.928  168.484 35511 75406  45.183
(15.63) (10.659) (113.504) (19.525) (121.338) (20.907) (45.713) (18.207)

p value 0.874 0.771 0.706 0.654 0.32 0.98 0.511 0.937

14
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Figure 8. Right hind PWT test showed no significant differences among G1, G2, and G3.

15



Withdrawal threshold values were revised to compensate for different conditions of individual rats
(such as sensitivity, nervousness, fear, adaptation, and blunting) before comparison between
variables at postoperative 3 weeks in the three groups. Revised withdrawal threshold values

(RevWT) were calculated as follows:

Withdrawal thresholds value of injured side
RevWT =

Average of withdrawal threshold values of intact sides in each group

For example, the G1 preL value was 26.0 g, and the average of the withdrawal threshold value of
intact sides for G1 was 27.7 g. Then, the RevWT value was 26.0 g / 27.7 g = 0.983064 (preL/R)
(Tables 3, 4, 5).

The Kruskal-Wallis test demonstrated that all G1, G2, and G3 showed significant difference
between values (p=0.0144, p=0.0237, p=0.005 respectively). In Dunn’s multiple comparisons test,
G1 represented only pre-op and the first week showed significant difference (p=0.0469). However,
G2 showed a significant difference between pre-op and second week (p=0.0226). G3 showed a
significant difference between pre-op and second week (p=0.0112) (Fig. 9, 10, 11).

When changing from one filament to the next, the increase in force was not linear, and the gap
between filaments was very large. As the force increased, the thickness of the filament also increased.
Therefore, it was not possible to accurately measure the force alone. Herein, value of pressure, which
is the force per unit area of the filament, was calculated according to Aesthesio’s precision tactile
sensory evaluator data chart (Fig. 12). However, there was no significant difference among the

groups for pressure (Table 6).

16



Table 3. G1 RevWT (Kruskal-Wallis test p=0.014)

preL/R 1wL/R 2wL/R 3wL/R

s11 0.938 1.355 1.598 0.840
s12 0.747 1.400 1.297 0.840
s13 0.552 1.655 1.598 1.352
sl4 1.346 4.065 1.598 1.352
s15 0.675 6.775 7.989 4.056
s16 2.165 6.775 7.989 0.840
Mean 1.070 3.671 3.678 1.547
SD 0.603 2.608 3.341 1.254

Table 4. G2 RevWT (Kruskal-Wallis test p=0.024)

preL/R 1wL/R 2wL/R 3wL/R
s21 0.781 2.353 1.745 1.248
s22 0.442 1.772 1.416 1.525
s23 0.566 2.040 1.803 0.776
s24 0.842 7.059 8.725 1.248
s25 1.838 7.059 8.725 3.745
s26 1.838 7.059 8.725 2.636
Mean 1.051 4.557 5.190 1.863
SD 0.626 2.747 3.875 1.113

17



Table 5. G3 RevWT (Kruskal-Wallis test p=0.006)

preL/R 1wL/R 2wL/R 3wL/R
s31 0.673 1.667 2.506 0.603
s32 0.745 1.353 2.118 1.130
s33 0.673 2.778 2.118 2.012
s34 1.343 8.333 8.671 1.392
s35 1.343 8.333 8.671 2.320
$36 2.161 8.333 8.671 2.012
Mean 1.157 5.133 5.459 1.578
SD 0.586 3.538 3.521 0.650
Gl
8-
6
-
2 4 1
&
24 T
O‘j T |

pre-op 1 2 3
post operative weeks

Figure 9. G1 RevWT for postoperative 3 weeks
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Figure 10. G2 RevWT for postoperative 3 weeks
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Figure 11. G3 RevWT for postoperative 3 weeks



Procision Tactile Sensory Evaliator

Aesthesio® Precision Tactile Sensory Evaluator Data Chart

5 | cotior | capogen | T2t [ Jame [ Mool | Ters
(grams) | (milliNewtons) | LBS/Sq.Inch | Grams/Sq.mm
165 514001 0.008 0.08 359 253
236 514002 0.02 0.20 623 439
244 514003 0.04 0.40 701 493
283 514004 0.07 0.70 785 553
322 514005 0.16 16 125 877
361 514006 0.40 39 229 16.1
384 514007 0.60 59 26.1 184
408 514008 10 98 346 244
417 514009 14 137 396 279
431 514010 20 196 390 274
456 514011 40 392 57.2 403
474 514012 6.0 588 748 526
493 514013 80 784 876 61.7
507 514014 10 98.0 97.0 683
518 514015 15 147 17 820
546 514016 26 255 151 106
588 514017 60 588 200 141
6.10 514018 100 980 274 193
645 514019 180 1760 316 222
6.65 514020 300 2940 416 292

*Calculated rounded numbers. (Conversion factor 9.80665)

Figure 12. von Frey filament unit conversion table from force to pressure (LBS/sq. inch)
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Table 6. Kruskal-Wallis test results of converted PWT among groups (Mean, (SD))

Group n pre-op post-op 1wk post-op 2wk post-op 3wk

Left Right Left Right Left Right Left Right
1 6 104.8 103.1 208.7 124.1 189.4 111.3 138 122.2
(21.9)  (18.79)  (70.7)  (15.3) (79.6) (32.9)  (29.3) (29.5)

2 6 100,8 102.3 234.8 119.9 2155 125.4 163.8 128
(23.74)  (19.72) (63.4) (27.4) (84) (41.4) (40.2) (12.5)
3 6 108.3 102.9 223.2 112.2 228.1 111.6 153.5 121.6
(20.68)  (12.67) (78.3) (32.6) (70.3) (25.1) (33.3) (27.1)
total 18 104.7 102.7 222.2 118.7 211 116.1 151.8 123.9
(21.04) (16.3) (67.7) (25.1) (75.3) (32.5) (34.2) (22.9)
p value 0.897 0.989 0.706 0.654 0.32 0.737 0.399 0.937
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2. PET/MRI evaluation

MRI enabled clear visualization of the anatomy, and PET/MRI fusion images showed sciatic nerve

injury sites as hot spots (Fig. 13). Longer injury time showed a correlation with a higher SUVR (Fig.

14). For the quantitative analysis of PET image, SUVmax and SUVR of ROIs were calculated using

OsiriX image analysis software (Table 7). SUVR demonstrated a significant difference in the

Kruskal-Wallis test results for the three groups (Table 8). In Dunn's multiple comparisons test, G1

showed a significant difference from G2 (p=0.0135) and also from G3 (p=0.0080). However, there
was no significant difference between G2 and G3 (p=>0.9999). Although G2 and G3 had different

crushing injury times, there was no statistically significant difference (Fig. 15).

Table 7. Imaging analysis on PET/MRI

Group 1
Rat(n=18) 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
SUvV | It | 1.09 117 095 095 109 095 | 1.08 04 092 117 104 09 | 151 086 1 106 116 094
max
(/mh | R | 091 096 072 077 093 078 | 0.69 03 065 082 074 069 11 063 069 074 071 067
SUVR
12 122 131 123 116 122 | 156 135 142 143 141 138 | 137 137 145 143 165 141
(LY/Rt)

Incision site

jured sciatic nerve

PET/MRI

Figure 13. Imaging analysis on PET/MRIL.* The yellow dotted line illustrates the location of
PET/MRI slices. a Labeled anatomical structures on PET/MRI. 1=nerve injury site, 2=incision site,
3=knee joint, 4=penile urethra, 5=vein and tail, 6=rectum
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Figure 14. PET/MRI fusion images (These white circles indicate the ROI of injured sites of left

sciatic nerves.)

Table 8. Results of PET/MRI evaluation(Mean, (SD))

Group n SUVR
1.225
1 6
(0.049)
1.426
2 6
(0.074)
1.447
3 6
(0.105)
1.366
total 18
(0.127)
p value 0.001

23



1.6

T
1.4+
o
>
)
7))
1.2+
1.0 T
1 2 3
Group

Figure 15. SUVR result for the three groups — Although G2 and G3 had different crushing

injury times, there was no statistically significant difference.
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3. Histology and immunohistochemistry
Hemorrhage was observed in the tissue slides. Diameter and epineurium thickness was relatively
increased. Dense myelinated axons surrounded with perineural epithelium were visible in all
sections. Some slides showed intact and vital cellular features. In contrast, some other slides showed
folded tissues, and tissue condition was not well-organized due to errors in tissue processing. Some
slides showed fragmentation, atrophy of myelin and axons, swollen neuronal bodies, and interstitial

fibrosis.

Here S-100 immunohistochemistry was used to determine the severity of damage by calculating
S-100 intensity (Fig. 16). With S-100 stained slides, the intensity was analyzed using Imagel
software.® The analysis protocol was implemented with according to a study by Crowe and Yue (Fig.
16).° Kruskal-Wallis test showed a significant difference between groups (p=0.038). Dunn’s
multiple comparison test was conducted among groups, and the p-values were 0.8385, 0.0386,
0.4792, 1vs2, 1vs3, 2vs3 respectively (Table 9, Fig. 17). There were no significant differences
between G1 and G2 and between G2 and G3. However, there was a significant difference between

G1 and G3 (Fig. 18).
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Figure 16. Histological images of G1, G2, and G3. (Scale bar indicates 100 um) — The brown-

stained part is a positive reaction of the S-100 antibody.

Figure 17. IntR analysis of G1, G2, and G3
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Table 9. IntR result — There was a significant difference between G1 and G3 (Dunn's multiple
comparisons test p = 0.0386) and no significant difference between G1 and G2, G2 and G3)

Group IntR
Mean SD
1 0.95615 0.164563
2 1.0773493 0.070061
3 1.1496442 0.071055
total 1.061048 0.101893
p value 0.0378
1.2
-
1.0
@
)
£
0.8+
0.6
T
1 2 3
Group

Figure 18. IntR result - There was a significant difference between G1 and G3 (p = 0.0386).

However, there were no significant differences between G1 and G2 and between G2 and G3.
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4. Comparison between assessment methods

In RevWT, there was no significant difference among groups in the third week (Kruskal-Wallis
test p= 0.7668). However, there was a significant difference between G1 and G2, and between G1
and G3 (Dunn’s multiple comparisons test p = 0.001, 0.001, respectively) in SUVR. However, there
was no significant difference between G2 and G3 (p > 0.99) in SUVR. Lastly, there was a significant
difference between G1 and G3 (Dunn’s multiple comparisons test p=0.0386) and no significant

difference between G1 and G2, G2 and G3 (p = 0.8385, 0.4792) in IntR (Table 10, Fig. 19).

Table 10. Comparison between assessment methods

RevWT  Nosignificant difference among three groups 3 weeks after

(0= 0.767) surgery.

SUVR Significant difference between G1 and G2 and between G1 and
G3
(Dunn's multiple comparisons test p= 0.0135, 0.0080 respectively)

(P =0.005)

No significant difference between G2 and G3

IntR Significant difference between G1 and G3
(Dunn's multiple comparisons test p = 0.0386)
No significant difference between G1 and G2, G2 and G3

(P =0.038)

*RevWT (revised withdrawal threshold value) = left value / right mean value
*SUVR = maximum SUV on left ROl/ maximum SUV on right ROl

*ntR = distal Mean Gray Value / proximal Mean Gray Value

(p values are Kruskal-Wallis test values.)
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Figure 19. Result graphs of three assessment methods
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1V.Discussion

Peripheral nerve injury produces loss of sensory and motor function, resulting in critical economic
and psychological issues and diminished quality of life. Common causes of peripheral nerve injuries
are traffic accidents, firearm injuries, chemical injuries, cutting tool injuries and crush.! Nerve
injuries may also result from dental procedures, such as extraction, implantation, minor operation,
root canal treatment (chemical injury) and trauma.? There is no doubt that an accurate diagnosis
leads to accurate treatment planning. However, these diagnoses are based on the patient's subjective
symptoms. An objective and accurate diagnosis can help achieve successful treatment outcomes. To
my knowledge, this is the first study to evaluate peripheral nerve injury according to the severity of

damage using '*F-FDG PET/MRI in rat sciatic nerve.

The nerve damage model can be divided into three groups according to crushing time. Alvites et
al. reported that in most studies, crush time was different for each paper. There was no standardized
protocol of crushing time varying from 15 seconds to 2 hours.!>!” An et al. attempted to objectify
the damage intensity by varying the number of notches on the forceps and the location of the
pinching forceps.?° In this experiment, I tried to examine the difference in the sciatic nerve according

to the crushing time.

Other papers have used various crush load tools, such as Jeweler’s forceps, Kocher's forceps,
pincers, mosquito forceps and aneurysmal clips.'® Also, serrated and non-serrated forceps were used
without distinction. In this experiment, a curved hemostat with serration was used; however, the
serration was in a certain direction, and crush injury could be applied only to a specific nerve part
by clamping at one time. Thus, there may be a nerve part where crush injury was not applied. Thus
it was difficult to inflict more than a certain level of injury. Beer et al. used a non-serrated clamp for
standardizing the nerve crush model to ensure that the pressure on the injury site was uniformly
transmitted.?! Future studies should develop a consistent crush injury model using tools, such as
non-serrated hemostats, applying crush injury by turning 90 degrees after crushing once, or applying

crush by changing the angle by 90 degrees with two hemostats.

However, there were several limitations in measuring the PWT with von Frey filament. One

limitation of the von Frey filament test was that it did not allow for differentiation between pain
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response and routine bodily grooming/itching. Mason et al., stated that it was important to note the
length of time for specific behavior to differentiate between pain and grooming. Typically, the pain
response is one swipe after filament application; however, the grooming motion tends to be longer
and can last from a few seconds to a few minutes. If the grooming/itching behavior is
indistinguishable from irritability, it is best not to record it as a positive response.?> When manual
filament was used, there was possibility that the subjective interpretation of the experimenter may
be intervened. Therefore, both hind paws were measured three times, and the mean value was used

for analysis.

When changing from one filament to the next, the force increase was not linear, and the force gap
between filaments was very large. For example, after using a 60 g filament, the next filament size
force was 100, then 180, then 300. As the force increased, the thickness of the filament became
thicker, and it was not possible to obtain accurate measurements for force alone. Therefore I
calculated the value in pressure, which is the force per unit area of the filament. Results showed no
significant difference between force and pressure. However, future studies should use pressure units
instead force to obtain more precise data. In view of these points, PWT test showed subjective results

similar to the neurosensory test in clinical practice.

Nevertheless, the withdrawal threshold result was consistent with other research results. Roman et
al. demonstrated hypoesthesia by time in the first, second, and third weeks; the peak was in the first
and second weeks, and hypoesthesia gradually improved and recovered from the third week.'
Histological analysis was also consistent with other studies. In a sciatic nerve injury model by Zhang,
immunohistological finding showed Schwann cell proliferation over time, with a peak in the first

and second weeks, followed by decrease in the third week.?

Histological analysis was conducted using the immunohistochemistry method. Schwann cells
play vital roles in peripheral nerve regeneration. Schwann cells play a major role in managing
distinct functional modalities between macrophage procedures.?* However, the identification by
conventional histological methods is difficult. Schwann cells can be identified using an antibody
against the S-100 protein. Detection of Schwann cells by immunochemical staining is considered a
positive indicator of nerve regeneration.?> In parallel, the accumulated S-100 protein indicates the
proliferation of sciatic nerve Schwann cells. Proliferating Schwann cells promote the sustained

regeneration and functional recovery of sciatic nerves.?® Zhao et al. used S-100 as a Schwann cell
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marker to compare the effect of decimeter wave therapy on the proliferation of Schwann cells after
nerve injury.'® S-100 protein expression increases when Schwann cells proliferate. Therefore, high
levels of S-100 protein indicate active Schwann cells proliferation, which promotes nerve

regeneration.

S-100 may serve as a marker for the proliferation of Schwann cells in sciatic nerve regeneration
research.”’” Wang et al. reported that ginsenoside Re significantly increased S-100 expression in
Schwann cells to promote rat sciatic nerve regeneration.?® The proliferation of neural sheath cells
was also demonstrated by a quantitative increase in the specific antigen, S-100 protein.?’ Moreover,
the amount of S-100 immunoreactivity in myelinated fibers appeared to correlate directly with the
thickness of the myelin sheath formed by Schwann cells.>® Pan et al. indicated that expression of
immunoreactivity of S-100 as a late marker to evaluate the intensity of nerve regeneration.'? In this
experimental study, S-100 intensity was measured and the values (IntR) were compared with SUVR

results.

Many studies have focused on non-invasive diagnostic tools using imaging methods, such as

ultrasonography (US) showing nerve hypertrophy and intraneural vascularization.’"-*

The quantity
and quality of nerve damage have been studied using diffusion tension imaging).’> Moreover,
radioactive tracers in PET scan have been used to assess the severity of nerve damage. PET alone
has some advantages and disadvantages. Although it can indicate nerve damage, it is difficult to
determine the exact location. In particular, in this experiment, PET/MRI fusion was used to combine
the limitations of PET and the advantages of MRI. Purohit et al. stated that researchers should be
aware of several specific patterns of FDG uptake and they suggested contrast-enhanced CT, US, or
MRI together to prevent errors in PET interpretation.® This study used the PET/MRI fusion image
method to obtain metabolic '*F-FDG PET images with a more precise anatomical evaluation with

MRI.

Results confirmed that PET imaging and IHC values increased as nerve-crushing time increased.
Both imaging and histological results showed a significant difference between 30 seconds and 5
minutes of crush injury. However, there was no significant difference between 2 and 5 minutes in
both results. One reason is that a curved hemostat with sufficient strength produce a crush injury
even in 2 minutes; therefore, there was no difference between 2 and 5 minutes. To give a difference

in time through crush injury, it is worth considering reducing crushing time to 1 minute or giving a
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difference in the ratchet of clamping. Conversely, investigator should consider methods other than
clamping for crush durations of more than 2 minutes. Another study reported that crush injury
through clamping could not produce more severe injuries, such as neurotmesis.?’ Therefore, no

significant difference was expected between 2 and 5 minutes of crush injury.

Unlike imaging analysis, histological result showed no statistically significant difference between
30 seconds and 2 minutes. This finding could result in a subjective interpretation of histological
characteristics. In addition it may not be consistent to obtain reliable histological data because the
professional technology for each process are required for histological analysis.>* Therefore, this
study used computer-aided THC analysis to minimize subjectivity in interpretation. The biggest
advantage of IHC unlike immunofluorescence (IF), is that IHC stating is permanent with no change
in color. Moreover, tissue morphology is clearly visible, simplifying interpretation. With IF,
fluorescence eventually disappears; therefore, photographing and scans are necessary to maintain
record.’> A disadvantage is that fluorescence can be automatically generated when using formalin-
fixed paraffin-embedded tissue (FFPE), seen in autofluorescent elements, such as, collagen, elastin,
neutrophils and blood vessels. Therefore, it is very important to restore slides that are not stained
with isotype controls and use frozen sections instead of FFPE tissues. An advantage of IF is that it
allows visualization of cell populations at once through various staining technique on one slide.
Recently, IF has been widely used in immune-oncology research. Fluorescence quantification can

provide better visualization and more sensitive results for future experiments.3%7

Different severity of crush injury is very important experimentally. This study aimed to quantify
SUVR according to the severity of injury in a rat sciatic nerve injury model in PET/MRI. When a
rat receives any damage, it will be possible to objectify the severity of damage by taking PET
imaging. As a result it will be also possible to predict how long it will take to recover if long-term

data is accumulated.

There are errors and difficulties in obtaining measurements with manual filaments. However, these
aspects are similar to neurologic examinations currently performed in clinical practice and may vary
depending on the measurer’s subjective interpretation and the subject’s sensory diversity, which are
current limitations. With advancements in image capture systems, non-communicating and non-
stimulus evoked pain evaluations allow more accurate and useful comuputer-aided.’® The sciatic

nerve can be evaluated by analyzing the toe angle during the gait stance duration, ankle kinematic,

33



and gait through video recording of motion evaluation without considering the method of evaluation
by applying pressure.'® The analysis is technically complex and necessitates appropriate equipment.

However, more precise results can be obtained if this method is also used for further research.

As there were only 6 rats in each group, there were differences in numerical values. Moreover, all
the statistic results did not show significant differences. Future studies should include at least 30 rats
and use statistical methods with the parametric test to yield more sensitive and accurate results.
Moreover, PET/MRI can be used to quantify the severity of damage and predict prognosis. Thus
PET/MRI can objectively evaluate treatment efficacy when studying new drugs used for neuropathic

pain.

Doctors often face the challenges of defining diagnosis and prognosis based only on the patient's
subjective symptoms. Patients have difficulties describing the symptoms of their sensory numbness
and felt frustrated.. However, objective tools can diagnose nerve injury, predict prognosis, and

provide treatment satisfaction for doctors and patients.
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V. Conclusion

Following the previous study, this study demonstrated that the severity of nerve damage as
assessed by PET/MRI increased with an increased nerve-crushing time. Although PET/MRI did not
show results consistent with the histological analysis in all respects, PET/MRI showed potential as
an objective diagnostic tool for assessing this peripheral nerve injury model, even considering the
errors in the experimental design and the results of the PWT test, which represents a clinical
neurosensory test. If this research is supplemented through further experiments, PET/MRI may be

used as an effective diagnostic modality.
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