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oA Image
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A FALste] Aldskith. vk FAE HdAe 5 vHEHE AFESEI AL isoflurane &
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2emT-9I5-EH =S (ASIS) S 25 H AW 3em F97EA SH A €S A
Algstn. dE % FRer FEd] dsts HYs AT ¥ AFRIHS du

E ol Fat oS5FT Abole] Adts Htelste] HIAFE S HYsidinh ol % HIAA

ekl A FIAA, HlEAA, HEAAGel EAHE Bk wYE AldElt

(Figure 1)
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A3 o} o]% 1,3,5-Triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione
trimethylolpropanetris(3—-mercaptopropionate)
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(Au, 200nm)
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2. A7 AE=AAL (NCS, Nerve Conduction Study)

ABA=HAE 5 5 45490 He AR Aldgedin. A A=s fste] A4
AHH |~ RY  oF 3emIHFo H=AAO 2Ad AZ A= (Nerve Cuff
Electrodes; MicroProbes)& {IXAIF T A= 2= 453 (bipolar) A& = 1&3F
123] 7bstlct. A7) A5 miARSE 50 vhela =X (us) o Heol= 50 pA, 100 pA, 150
nA, 200 pA, 250 pA, 300 pAe] AES A&tk NG A= Ground M52 E7]9]
el Reference A=< 59¢] a5 2EH I~ vlsS o]&3sto] XA H . (Figure
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2t A A Ho Als 1E (peak amplitude)®] HgkS F4HE4 (Analysis of
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7oA Image J RIS S Fevh 2 WA 2 G AEE t-testE: FI
H) skt EAE41S IBM SPSS Version 21.0 (IBM Corp., Armonk, N

Y) T2IWS
ALgEke] Aldslgl o, FAIA feAdel 72 pake] 0.05 wwkel A 92 AT}

1. a3

11.53 uV glom o= = ANHo=RE Wi 171.30 + 566 w#lo]a R Zo|A
ZAEAY. gL Aoz A3 100, 150, 200, 250, 300 oA HF HiA7]2
e 524.03 + 262.65 nV, 1060.09 + 294.65 nV, 3226.10 + 262.52 nV, 2585.59 +
253.38 1V, 2448.38 + 248.88 uV low g dAo AFAHOoREE Td Al
1281.48 + 427.88,939.81 + 295.48, 713.89 + 251.70, 455.56 + 20.62, 348.15 + 22.59
nlo] A2 % Atk F= Azt HHEE AFLS 50pAet HuEGleS W tE RE
Ao s Tl Axdel FolskAl 2ol 7t AU
B AEEHZ(NCV)E 50 pAolA] 0.164 £ 0.006 mm/us, 100 pAlA 0.112 + 0.011
mm/ps, 150 pAolA 0.096 £ 0.010 mm/us, 200 pA°lA 0.056 + 0.003 mm/us, 250
pAl A 0.067 £ 0.005 mm/us, 300 pAel Al 0.099 + 0.010 mm/ps ©& 7| =% AT} (&
D
Figure 8 & ©@dAd AA §38 22274 Aedo]xolA 1239 AT AlZeA

S = Zrxdg 73 3 agi=olw, Figure 95 RE
Aol X o] ZF Aol A A5 g9 Ha-s A4S g 1Rle|th
BEARA At 72 A=A 7)o e 935 FEd #F93% xpolzk AU (p-
value <0.001) 50 pA, 100 pA, 150 pA oA H+ 93 21359 ZFE= 200 pA, 250 pA,
300 pA &F 913 2Ho]= Bl om 50 pA, 100 pA, 150 pA 3F 200 pA, 250 pA, 300
pA o Zrell= 93 A5 ] el ol gk Afolzt il (F 2)
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3 Tables

1. AFAE=AA 23

Stiumli Peak voltage (uV) Peak time (ps) p* (nlzlncq:/\;is)

50uA 189.31 + 11.53 171.30 + 5,66 0.164 + 0.006
100pA 524.03 + 262.65 1281.48 + 427.88 0.006 0.112+0.011
150pA 1060.09 + 294.65 939.81 + 295.48 0.011 0.096 + 0.010
200pA 3226.10 £ 262.52 713.89 + 251.70 0.017 0.056 + 0.003
250pA 2585.59 + 253.38 455.56 + 20.62 <0.001 0.067 + 0.005
300pA 2448.38 + 248.88 348.15 + 22.59 <0.001 0.099+0.010

* 50pA @t H|
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3. 7 Az AVIE AZA=AAME Hdl A% F7]9 FATH W

(BAFEA Tukey AFSEAA)

H| w32 | °H| w4 H Kt p 95% AE[7t

Lower Upper

50 100 -334.717 0.924 | -1318.53 649.0945
150 -870.784 0.116 -1854.6  113.028

200 -3036.796 <.001 | -4020.61 -2052.98

250 -2396.278 <.001 | -3380.09 -1412.47

300 -2259.068 <.001 | -3242.88 -1275.26

100 50 334.717 0.924 | -649.095 1318.529
150 -536.067 0.621 | -1519.88 447.7453

200 -2702.078 <.001 | -3685.89 -1718.27

250 -2061.561 <.001 | -3045.37 -1077.75

300 -1924.350 <.001 | -2908.16 -940.539

150 50 870.784 0.116 | -113.028 1854.596
100 536.067 0.621 | -447.745 1519.878

200 -2166.012 <001 | -3149.82 -1182.2

250 -1525.494 <.001 | -2509.31 -541.683

300 -1388.284 <.001 -2372.1 -404.472

200 50 3036.796 <.001 |2052.984 4020.608
100 2702.078 <001 |1718.267 3685.89

150 2166.012 <.001 1182.2 3149.824

250 640.518 0.422 | -343.294 1624.329

300 777.728 0.21 -206.084 1761.54

250 50 2396.278 <.001 |1412.466 3380.09
100 2061.561 <.001 |1077.749 3045.373

150 1525.494 <.001 |541.6825 2509.306

200 -640.518 0.422 | -1624.33 343.2941

300 137.211 0.999 | -846.601 1121.022

300 50 2259.068 <.001 |1275.256 3242.879
100 1924.350 <.001 |940.5385 2908.162

150 1388.284 <.001 404.472 2372.096

200 -777.728 0.21 -1761.54 206.0836

250 -137.211 0.999 | -1121.02 846.6013
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¥ 4. 99 39 A9 24

A (%)
Bungarotoxin NF200 Vimentin
Ao 6.50 = 1.45 5.95 +3.68 2.87 +0.93
Al 25 5.96 + 0.89 221 +1.23 2.90 +0.73
AN AR HEET | 1278 £1.81 16.71 +4.37 7.22 +1.64
A A 83+ RPNI 10.81 +0.89 20.26 +4.56 21.90 +1.79
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Purpose

Amputation surgery occurs for various reasons, with common causes including trauma,
coronary artery disease, and complications of diabetes. The frequency of amputation
surgeries is increasing due to the growing elderly population and the spread of chronic
diseases, particularly with a steady rise in lower limb amputations due to diabetes.
Currently, treatment options for limb amputation patients can be divided into two
choices: surgery and prosthetics application. Among these, prosthetic technology has
significantly improved, surpassing the drawbacks of homologous transplantation
surgery and even reaching a level of fine adaptation. However, for bionic prosthetics
to fully replace the function of amputated limbs, intuitive control is essential, requiring
precise detection of the user's intentions and effective transmission of these detected
movements to the prosthetic machinery. Regenerative Peripheral Nerve Interface
(RPNI) surgery is recently studied with a relatively straightforward method that
involves securing a non-vascularized muscle graft to the end of a severed nerve, and
it has been successful in operating robotic prosthetics through this interface in various
studies conducted at the University of Michigan. Nevertheless, effective signal
acquisition still typically involves using a relatively invasive method of inserting
electrodes directly from the outside through pre—established neural interfaces. In this
study, we aim to create a sensor-integrated neural interface by inserting sensors
during the neural interface fabrication process, and we seek to confirm its long—term
biological stability, degree of reinnervation, and potential as an interface for acquiring

efferent signals through neurophysiological testing.

Methods
The experiment was conducted using a total of five New Zealand White (NZW) rabbits

weighing between 3.0 and 3.3 kilograms as subjects.

1. Creation of Sensor-Integrated Neural Interface Model
A surgical procedure was carried out on the rabbits' hind limbs, starting from the upper

knee area to approximately 3 cm in front of the Anterior Superior Iliac Spine (ASIS)
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on the outer thigh. After sufficient dissection both anteriorly and posteriorly, the deep
fascia was opened, and the intermuscular septum between the biceps femoris muscle
and the vastus lateralis muscle was dissected to expose the sciatic nerve.
Subsequently, dissection was performed from the distal end of the sciatic nerve to the

point where the tibial nerve, peroneal nerve, and sural nerve branch.

2. Electrophysiological Testing

Nerve conduction tests were conducted twice at 4 weeks after surgery. For nerve
stimulation, two—channel cuff electrodes (Nerve Cuff Electrodes; MicroProbes) were
placed approximately 3 cm proximal to the sensor—integrated neural interface on the
sciatic nerve. Stimulation signals were applied in a bipolar manner, with 12 repetitions
lasting for 1 minute. Electrical stimulation parameters included pulse width of 50
microseconds (us) with intensities of 50 pA, 100 pA, 150 pA, 200 pA, 250 pA, and 300
HA.

3. Histologic evaluation

At 29 weeks post-operative period, tissue samples were harvested from the surgical
site, and histological examination and staining were performed. Pathological tissues
underwent Hematoxylin & Eosin (H&E) staining as well as Bungarotoxin, Desmin, and
NF200 immunofluorescence staining. Tissue samples were obtained from the sensor-—
integrated RPNI, normal quadriceps femoris muscle, denervated gastrocnemius muscle,
and normal neuromuscular junction between tibial nerve and gastrocnemius muscle,
respectively.

Statistical Analysis

The average peak amplitude of the maximum signal strength for each signal intensity
was analyzed using Analysis of Variance (ANOVA), and differences between groups
were compared using Tukey post hoc tests. Additionally, during immunofluorescence
staining in pathological tissue examination, the staining intensity and area for each
group 1n the RPNI, normal quadriceps femoris muscle, denervated gastrocnemius

muscle, and normal tibial nerve—-denervated gastrocnemius muscle junction were
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measured using the Image J program. Comparisons of each area and staining intensity
were conducted using t—tests. Statistical analysis was performed using IBM SPSS

Version 21.0 (IBM Corp., Armonk, N.Y.), with a significance level set at p < 0.05.

Results

1. Nerve Conduction Test Results

According to the results of the analysis of variance (ANOVA), there was a significant
difference in the strength of peak signals based on each stimulus intensity (p—value
<0.001). The average peak signal strength at 50 pA, 100 pA, and 150 pA showed a
significant difference compared to 200 pA, 250 pA, and 300 pA. However, there was
no significant difference in peak signal strength between the 50 pA, 100 pA, and 150
pA groups and the 200 pA, 250 pA, and 300 pA groups.

2. Histological Examination

In Bungarotoxin staining, the fluorescence staining range was the smallest in
denervated muscle tissue. In an independent t—test, the fluorescence staining range in
the sensor-integrated peripheral nerve interface did not show a significant difference
from the range in normal nerve-muscle junctions (p=0.249) but did show a significant
difference from denervated muscle tissue (p=0.046).

The range of NF200 immunofluorescence staining showed a significant difference
between normal neuromuscular junctions and denervated muscle tissue (p=0.002) also
between the staining range in the sensor-integrated peripheral nerve interface and
denervated muscle tissue (p=0.004). There was no significant difference between
normal neuromuscular junctions and the peripheral nerve interface (p=0.297).
Vimentin immunofluorescence staining range showed a significant difference in the
sensor—integrated peripheral nerve interface compared to normal muscle, denervated

muscle, and normal neuromuscular junctions (p<0.001).
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Conclusions

This study represents the implementation of a long—term biological stability and
effectiveness of signal acquisition mediator for a sensor-integrated regenerative
peripheral nerve interface, created by inserting sensors between the nerve end and
the free muscle in a large animal model. If this technology stabilizes, it has the potential
to serve as a core technology for future bionic prosthetics. This is because, from the
initial creation stage, the insertion of sensors minimizes potential side effects and
disruptions that may arise during sensor electrode insertion. Moreover, it maximizes
the advantages of a regenerative nerve interface by amplifying small signals

originating from the nerves.
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