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Abstract: Regenerative Peripheral Nerve Interfaces (RPNIs) encompass neurotized muscle grafts
employed for the purpose of amplifying peripheral nerve electrical signaling. The aim of this investi-
gation was to undertake an analysis of the extant literature concerning animal models utilized in the
context of RPNIs. A systematic review of the literature of RPNI techniques in animal models was
performed in line with the PRISMA statement using the MEDLINE/PubMed and Embase databases
from January 1970 to September 2023. Within the compilation of one hundred and four articles
employing the RPNI technique, a subset of thirty-five were conducted using animal models across six
distinct institutions. The majority (91%) of these studies were performed on murine models, while
the remaining (9%) were conducted employing macaque models. The most frequently employed
anatomical components in the construction of the RPNIs were the common peroneal nerve and the
extensor digitorum longus (EDL) muscle. Through various histological techniques, robust neoangio-
genesis and axonal regeneration were evidenced. Functionally, the RPNIs demonstrated the capability
to discern, record, and amplify action potentials, a competence that exhibited commendable long-term
stability. Different RPNI animal models have been replicated across different studies. Histological,
neurophysiological, and functional analyses are summarized to be used in future studies.

Keywords: Regenerative Peripheral Nerve Interfaces (RPNIs); animal models; Inlay-RPNI; Burrito-
RPNI neuroma prevention; myoelectric prostheses; systematic review

1. Introduction

Regenerative Peripheral Nerve Interfaces (RPNIs) represent a groundbreaking ap-
proach at the intersection of biomedical engineering, neurology, and regenerative medicine.
These interfaces have the potential to revolutionize the field of bionic prostheses by facil-
itating communication between the nervous system and external devices and deterring
the development of neuromas [1-7]. Unlike traditional neural interfaces, which rely on
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electrodes implanted into nerves, RPNIs aim to create a more seamless connection by
harnessing the regenerative capacity of peripheral nerves [8].

RPNIs involve surgically grafting a small segment of a patient’s muscle, typically from
an area with low functional significance, to a region near a damaged nerve or a residual
limb [6,9-13]. The regenerative nature of peripheral nerves allows the nerve to regrow,
reinnervate, and revascularize the muscle graft in three to four months [6,9,14-18]. This
results in the formation of a “bioelectrode” that can be utilized to transmit signals between
the patient’s nervous system and prosthetic devices [10,19-22].

Animal models are integral to advancing our understanding of RPNIs in biomedical
research. By replicating and studying the RPNI murine model across various contexts,
researchers gain insights into its mechanisms and potential applications in neuroprosthetics
and pain management [1,9-11,13,15,23-48]. These models help to assess reproducibility,
long-term viability, and functional changes in RPNI constructs. This knowledge is cru-
cial for translating RPNI innovations into effective treatments for limb impairments and
neurological conditions [5,12,49-59].

The aim of this study was to perform the first systematic literature review of the RPNI
technique across animal models. The different applications and characteristics of each
model are analyzed. We believe the knowledge of all of the different surgical techniques
and the different histological, neurophysiological, and functional tests may be useful for
future research projects involving RPNIs.

2. Materials and Methods
2.1. Search Strategy

A comprehensive literature review was executed by searching the MEDLINE /PubMed
and Embase databases spanning from 1 January 1970, to 30 September 2023. The search
process encompassed both automated and manual approaches, ensuring the identification
of all pertinent literature. The adherence to the PRISMA statement (Preferred Reporting
Items for Systematic Reviews and Meta-Analysis) [60] guided the execution and reporting of
this review. Employing English keywords along with Boolean logical operators, specifically
“(RPNI) OR (Regenerative Peripheral Nerve Interfaces)”, facilitated the search process.
Notably, no limitations were imposed during the search.

2.2. Selection Criteria (Figure 1)

We included articles written in either English or Spanish that either described or
employed the RPNI technique. Exclusion criteria encompassed studies where the RPNI
technique was not utilized or was applied in non-animal models. We omitted duplicated
studies and articles from the same author or author groups if they were identical. The
evaluation of titles, abstracts, and full text, as well as the application of inclusion and
exclusion criteria, was carried out independently by two independent plastic surgeons
(J.G. and A.AM.). Full versions of potentially relevant studies were procured for further
assessments. Additional articles were considered following a review of the references from
the retrieved articles. In cases of disagreement between the two reviewers, resolution was
achieved through discussion and consensus.

2.3. Data Extraction

The data were gathered using the software “Microsoft Excel for Mac, version 16.8
(23121017)”. The collected data encompassed various elements: the article database, the
university center where the study took place, the publication year, the study’s objectives
and categorized groups, the animal species, along with the total animal count used, specifics
about the nerve and muscle utilized in constructing the RPNI, the design and model of
RPNI construction, the selection of histological parameters (including muscle angiogenesis,
tissue viability, muscle axonal regeneration, neuroma formation, and fibrosis/scarring), a
subset of functional variables (encompassing stimulus intensity and localization, compound
muscle action potential (CMAP), motor unit action potential (MUAP), compound sensory
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nerve action potential (CSNAP) measurements, latency periods, and maximum muscle
force), the outcomes, and the average follow-up duration.

A comprehensive quantitative analysis of the quality and limitations of the selected
studies was conducted. This process was carried out following the “10 Essential ARRIVE
(Animal Research: Reporting In Vivo Experiments)” outlined in the guidelines of “ARRIVE
guidelines 2.0” [61]. Each study was rated on a 10-point scale, considering the degree of
compliance with the evaluated items. These criteria represent the minimum requirement of
information necessary to ensure that reviewers and readers can assess the reliability of the
presented findings.

[ Identification of studies via databases }
"\
Records removed before
g screening:
= Records identified from Duplicate records removed
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[ : -
o by automation tools (n = 0)
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—
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=
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Records excluded (n = 28):
Full-text records assessed for Non-use of the RPNI
eligibility > technique (n=1)
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(n=27)
—

Studies included in review
(n=35)

Figure 1. PRISMA flow diagram.

3. Results

In the initial search results, one hundred and twenty articles were identified through
manual searching. These one hundred and twenty articles underwent an initial screening
process, during which sixteen were eliminated due to duplication. Additionally, forty-one
articles were excluded based on their title or abstract, and twenty-eight more were excluded
after a thorough examination of the full text. Among these exclusions, ten articles were
discarded because they did not employ the RPNI technique, and fifty-nine were excluded
as they did not involve an animal model of RPNI. As a result, the final review comprises
thirty-five articles (Figure 1).
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Among the thirty-five articles under consideration, thirty have been disseminated via
MEDLINE/PubMed [1,3,9-11,13,15,23-41,46-48,62], while five have found their place in
the Embase database [42-45,63].

The University of Michigan emerges as the foremost research institution in the domain
of the RPNI technique employed in animal models, with a noteworthy presence in twenty-
eight (80%) publications. In twenty-four instances, it stands alone as the primary research
center, while in four instances, it collaborates with the universities of Alberta, British
Columbia, Delaware, and Groningen. The remaining seven (20%) articles originate from
the universities of Wuhan, Beijing, Florida, Cambridge, and Texas (Table 1).

Table 1. General data of studies.

Follow-

Ref First . . Publicati - lit
el\}e(rfnce PMID Atlltr}s{or Database University u Y::; ton Study Groups Up Time Qslg rl ey
(Months)
1—Control Full-thickness Skin
lan C (CFS), 2—Control De-epithelialized
[23] 36729137 S‘;ﬁ o PubMed Michigan 2022 Skin (CDS), 3—Control Transected 5 9
Nerve (CTN), 4—Dermal Sensory
Interface (DS-RPNII)
1—8 mm MC-RPNI with epineural
window, 2—8 mm MC-RPNI
Carrie A. g without epineural window, 3—13
[24] 34359056 Kubiak PubMed Michigan 2021 mm MC-RPNI with epineural 3 10
window, 4—13 mm MC-RPNI
without epineural window
Shelby R. o 1—C-RPNI (c'ompound
[15] 32176203 Svientek PubMed Michigan 2021 regenerative peripheral nerve 9 6
interface)
Zh 1—Control, 2—NSR (nerve stump
[25] 36161173 w:r?g PubMed Wuhan 2022 implantation inside a 15 10
& fully innervated muscle), 3—RPNI
[26] 35875668 Jiaging Wu PubMed Beijing 2022 1—Control, 2—RPNI 2 10
Christopher C . 1—Control, 2—Denervated,
[11] 30458876 M. Frost PubMed Michigan 2018 3~ RPNI 5 9
Daniel L. 1—Control, 2—Denervated,
[27] 26859115 Ursu PubMed Michigan 2016 3~ RPNI 4 8
28] 28438166 Lol pupMed  Michigan 2017 1—Control, 2—RPNI 4 8
Christopher _y 1—NerveStim, 2—DirectStim,
[29] 25569986 M. Frost PubMed  Michigan/IEEE 2014 3—DirectSIS, 4—DirectPEDOT 0 9
[30] 25570372 T;ﬂgﬁf PubMed  Michigan/IEEE 2014 1—RPNI 14 7
[62] 27247270 Zafr};jfg T pubMed Michigan 2016 1—RPNI 20 7
Michigan 1—RPNI 150 mg, 2—RPNI 300 mg,
[13] 33290586 Yaxi Hu PubMed and 2020 3—RPNI 600 mg, 4—RPNI 1200 mg, 3 9
Groningen 5—Control
Melanie G Michigan 1—Silicone mesh, 2—Acellular
[1] 27294122 Urbanchek PubMed and 2016 muscle, 3—Acellular muscle with a 3 7
Delaware conductive polymer (PEDOT)
[31] 35098950 g&‘fi‘;{i PubMed  Michigan 2022 1—MC-RPNI, 2—Control 3 7
B3] 29432117 Ph{}hp P PubMed  Michigan/IEEE 2018 1—RPNI, 2—Control (ECR) 12 9
1—RPNI, 2—RPNI with Tibial
[32] 25570963 S}ﬁoswhgga PubMed  Michigan/IEEE 2014 anterior (TA) and Extensor hallucis 1.5 8
: longus (EHL) muscles excision
Theodore 1—RPNI with steel electrode,
[9] 24867721 A Kun PubMed Michigan 2013 2—RPNI + PEDOT, 3—Control with 7 8
: & steel electrode, 4—RPNI + PEDOT
Andrej L. 1—Control, 2—RPNI, Not
[33] 25942171 Nedic PubMed Michigan 2014 3— Denevated specified 8
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Table 1. Cont.

. o e Follow- .
Re]f\?rence PMID Alzflito " Database University Pub\}lcatlon Study Groups Up Time quahty
o. ear (Months) core
Christopher 1. 1—Control, 2—RPNI,
[34] 25942129 M. Frost PubMed Michigan 2014 3— Denervated 5 8
35] 25942128 JL‘;};;‘OX PubMed  Michigan 2014 1—Control, 2—RPNI 4 8
Christopher C 1. 1—RPNI with steel electrode, Not
[36] 22456363 M. Frost PubMed Michigan 2012 5 RPNI + PEDOT specified 10
1—Epimysial electrode +
Tan C. . bipolar/monopolar stimulation,
[10] 26502083 Sando PubMed Michigan 2016 > Intramuscular electrode + 4 8
bipolar/monopolar stimulation
Benjamin . .
[37] 32413377 ) PubMed Un;vler.s“y of 2020 1—RPNI TEENI Nf’ft. 4 6
Spearman orida specifie
1—RPNI, 2—NSM (nerve stump
[38] 36204848 ~ Zheng PubMed Wuhan 2022 implantation inside a fully 2 10
Wang innervated muscle),
3—Denervated/control
[39] 25942172 Zi‘f};ﬁgf PubMed  Michigan 2014 1—Control, 2—RPNI 5 8
[40] 35998559 W pubMed Un;‘{g;fg;’ of 2022 1—RPNI MARTEENI 25 8
[41] 19744916 ~ Stéphanie  piivied  Cambridge 2009 1—Group 1, 2—Group 2, 3—Group 3 8
P. Lacour 3
[63]  L71587711 Zafr};jirr{ T Embase Michigan 2014 1—RPNI 6 5
1—Extensor digitorum longus
) Shoshana L s (EDL), 2—Biceps femoris, 3—Rectus
[42] L71676463 Woo Embase Michigan 2014 femoris, 4-Gastrocnemius, 4 8
5—Vastus medialis
1—Exposed soleus muscle not
Ziya transferred or neurotized, 2—Soleus
[43] L71254630 Baghmanli Embase Michigan 2011 muscle transferred and neurotized, 1 5
& 3—Soleus muscle transferred, but
not neurotized
[45] L71606159 Slgﬂci) Embase Michigan 2014 1—Control, 2—RPNI 5 6
Bongkyun Not
[44] L71587616 m Embase Texas 2014 1- RPNI specified 5
Jenna- Aﬁ/gc}ligana 1—Target muscle reinnervation
[46] 37265342 Lynn B. PubMed Berri t? ﬁ“ 2023 (TMR), 2—RPNI, 3—Neuroma 1.5 10
Senger Colunfbia excision, 4—Neuroma in situ
[47] 37227138 MOTDE pubMed  Michigan 2023 1—Neuroma, 2—RPNI, 3—Control 2 9
Jenna- Michigan, )
(48] 37400949 Lynn PubMed ~ Albertaand 2023 1—Inlay-RPNI, 2—Burrito-RPNI, 4 9
Se¥1 or British 3—Control
& Columbia

The average duration of follow-up for the animal subjects spanned 4.7 months (range,
0-20 months). The longest-running research extended for twenty months [62].

With the purpose of assessing the quality of the included research, a comprehensive
quantitative analysis of the 35 studies was conducted. The evaluation resulted in a final
average score of 8 out of 10, demonstrating a strong level of compliance with minimum
reporting standards.

3.1. Type of Models (Table 2)
3.1.1. Species Selection and Sample Size

The selection of animal species for research purposes predominantly featured rats in
thirty-two (91%) instances [1,9-11,13,15,23-48], with Rhesus macaques employed on the
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remaining three occasions [3,62,63]. The sample size across these investigations exhibits a
range from 2 to 90 specimens, averaging 20 animals per study.

Table 2. RPNI models and components of studies.

Ref . No. of . RPNI .
€ lsl;ince Animal An(i)m?ils RPNI Design Nerve Muscle Model Aim
[23] Rat 40 Burrito RPNI Sural Not specified (Sg{lﬁiﬁl\%) HA, NA
Burrito RPNI
[24] Rat 37 (nerve in- Common qink (Extensor - Motor | HA,NA
continuity) peronea igitorum longus) (MC- )
- Common Mixed
[15] Rat Not specified Inlay RPNI peroneal EDL (C-RPNT) HA, NA
[25] Rat 60 Inlay RPNI Sciatic Adductor magnus Motor NP
26 at urrito ciatic otor ),
[26] R 22 Burrito RPNI Sciati EDL M NP, HA
Common
[11] Rat 6 Inlay RPNI peroneal EDL Motor MP, NA
[27] Rat 6 Inlay RPNI ~ Peronealand EDL Motor NA
tibial
Common
[28] Rat 4 Inlay RPNI peroneal and EDL Motor NA
tibial
. Common
[29] Rat 5 Not specified peroneal EDL Motor NA
[30] Rat Not specified ~ Inlay RPNI Cpg;gnme‘;rl‘ EDL Motor HA,NA
Flexor carpi radialis
(FCR), flexor
. . digitorum
[62] Rhesus 2 (9RPNIs in Burrito RPNI Median and superficialis (FDS), Motor MP, HA,
macaque total) radial NA
and extensor
digitorum
communis (EDC)
[13] Rat 30 Inlay RPNI Cpce);gnmec;rll Semimembranosus Motor HA, NA
. Common
[1] Rat 25 Burrito RPNI peroneal Soleus Motor NP, HA
Burrito RPNI
(without Common
[31] Rat 12 nej{rye) peroneal EDL Motor HA, NA
section
Rh 2 (7 RPNIs i Medi d Flexor digitorum
[3] maceas‘ﬁe ( total) S Burrito RPNI erggri‘afm profundus (FDP), Motor MP, NA
! FDS, and EDC
Common
[32] Rat 18 Inlay RPNI peroneal EDL Motor NA
Common
[9] Rat 16 Inlay RPNI peroneal EDL Motor HA, NA
[33] Rat Not specified Tibial Soleus Motor NA
p
[34] Rat Not specified Tibial Soleus Motor MP, NA
[35] Rat 12 Not specified Sural EDL Motor HA, NA
Common
[36] Rat 18 Inlay RPNI peroneal EDL Motor NA
Common
[10] Rat 8 Not specified peroneal and EDL Motor Ml;LI&IA’
tibial
3 at ot specifie clatic ot specifie otor
[37] R 3 Not specified Sciati Not specified M NA
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Table 2. Cont.
Reference  animal N9 0f ' RPNIDesign Nerve Muscle o Aim

[38] Rat 90 Burrito RPNI Sciatic Adductor magnus Motor NP, HA
. Common

[39] Rat 10 Not specified peroneal EDL Motor NA

[40] Rat 5 Not specified Sciatic Not specified Motor NA

[41] Rat 30 Not specified Sciatic Not specified Motor HA

Rhesus L . . FDS, FDP, and flexor
[63] macaque Not specified  Not specified Median pollicis longus (FPL) Motor MP, NA
EDL, biceps femoris,

. Common rectus femoris,

[42] Rat 20 Not specified peroneal gastrocnemius, and Motor NA

vastus medialis

[43] Rat Not specified  Not specified Tibial Soleus Motor NA
. Common

[45] Rat 5 Not specified peroneal EDL Motor NA

Tibialis anterior,
[44] Rat Not specified  Not specified Sciatic soleus, and vastus Motor NA
lateralis
[46] Rat 36 Inlay RPNI Tibial EDLfa“d biceps Motor NP, HA
emoris
[47] Rat 36 Inlay RPNI Tibial EDL Motor NP, HA
Inlay RPNI
[48] Rat 18 and Burrito Tibial EDL Motor NP, HA
RPNI

NP = Neuroma prevention, MP = Myoelectric prostheses, HA = Histological analysis, NA = Neurophysiological
analysis.

3.1.2. RPNI Construction Designs

Two distinct designs for RPNI construction are prevalent among the studies: the
Inlay-RPNI (in which the nerve is inset into the muscle graft and secured within an intact
muscle belly) in thirteen (37%) articles [9,11,13,15,25,27,28,30,32,36,46—48] and the Burrito-
RPNI (in which the muscle graft is wrapped around the distal nerve stump) in nine (26%)
articles [1,3,23,24,26,31,38,48,62]. However, fourteen articles do not specify the particular
model employed [10,29,33-35,37,39-45,63].

A different type of Burrito RPNI construction has been published [31] using a segment
of a free muscle graft wrapping an intact peripheral nerve (the muscle is placed above the
epineurium of a nerve, which is not sectioned).

3.1.3. Nerve and Muscle Selection

In constructing the RPNI, the common peroneal nerve takes precedence in seven-
teen (49%) cases [1,9-11,13,15,24,27-32,36,39,42,45], and in three of these, it is com-
bined with the tibial nerve [10,27,28]. The tibial nerve is employed in nine (26%)
studies [10,27,28,33,34,43,46—48]. Less frequently used nerves include the sciatic nerve in
seven (20%) studies [25,26,37,38,40,41,44], the sural nerve in two (6%) studies [23,35], the
median nerve in three (9%) studies [3,62,63] and the radial nerve in two (6%) instances [3,62],
both of them in conjunction with the median nerve.

The extensor digitorum longus (EDL) muscle emerges as the preferred choice for RPNI
construction in twenty (57%) instances [9-11,15,24,26-32,35,36,39,42,45-48]. Other less fre-
quently selected muscles include the soleus muscle in five (14%) studies [1,33,34,43,44], the
flexor digitorum superficialis (FDS) in three (9%) [3,62,63], and the adductor magnus [25,38],
extensor digitorum communis (EDC) [3,62], flexor digitorum profundus (FDP) [3,63], and
biceps femoris [42,46] in two (6%) studies each. Additionally, the flexor pollicis longus
(FPL) [63], flexor carpi radialis (FCR) [62], semimembranosus [13], rectus femoris [42],
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gastrocnemius [42], vastus medialis [42], vastus lateralis [44], and tibialis anterior [44] are
employed in one study each. Four articles omit the specification regarding the muscle
utilized for RPNI construction [23,37,40,41].

3.1.4. Motor vs. Sensory Model

In the realm of RPNI animal models, the motor model is featured in thirty-three (94%)
articles [1,3,9-11,13,24-48,62,63], the sensory model (DS-RPNI) in a single study [23], and
the mixed model (C-RPNI) in another study [15].

3.2. Aim of the Study
We found four main types of studies regarding the research question:

1.  Aim 1: Neuroma prevention (NP) [1,25,38,46-48]. These groups of six (17%) publica-
tions seek to assess the efficacy of RPNI in preventing the development of neuromas
and alleviating neuropathic pain.

2. Aim 2: Myoelectric prostheses development (MP) [3,10,11,34,62,63]. This set of six
(17%) studies focuses on examining and evaluating RPNI for its possible use within
myoelectric prosthetic devices.

3. Aim 3: Histological analysis (HA) [1,9,10,13,15,23,24,26,30,31,35,38,41,46-48,62]. This
series of seventeen (49%) articles primarily concentrates on assessing the muscle
viability associated with RPNI construction.

4. Aim 4: Neurophysiological analysis (NA) [3,9-11,13,15,23,24,27-37,39,40,42-45,62,63].
This research group of twenty-seven (77%) articles is dedicated to enhancing and
streamlining the acquisition and amplification of electrical signals from the RPNI
muscle, aiming to optimize their application.

3.3. Histological Analysis (Table 3)

Histological analysis was performed in eighteen studies. The assessment of tissue vi-
ability in RPNIs yielded satisfactory results in all of these -eighteen
articles [1,9,10,13,15,23,24,26,30,31,35,38,41,44,46-48,62]. It has been noted that tissue viabil-
ity diminishes proportionally with an increasing muscle graft mass surpassing 300 mg [13].
Analytical methodologies encompass direct visual examination through electron microscopy,
staining procedures using hematoxylin-eosin, Masson’s trichrome, and the deployment
of anti-desmin monoclonal antibodies (D33), as well as comparisons between the ini-
tial and final muscle graft weights and an evaluation of muscular response to electrical
nerve stimulation.

The evaluation of muscular neoangiogenesis in RPNIs reveals robust outcomes in
the fourteen studies where it was assessed through a histopathological
analysis [1,9,10,13,15,23,24,30,31,35,41,46,47,62]. The muscular neoangiogenesis deterio-
rates in direct correlation with an increase in the muscle graft mass exceeding 300 mg [13].
Various techniques employed for analysis encompass direct visual examination via elec-
tron microscopy, staining techniques, such as hematoxylin-eosin, Masson’s trichrome, and
DAPI (4,6-diamidino-2-phenylindole) protocols, and the application of anti-Pzero and
anti-RECA1 monoclonal antibodies.

Axonal regeneration was confirmed in the sixteen articles that undertook a histopatho-
logical analysis in this regard [1,9,13,15,23,24,26,30,31,35,40,41,44,46,47,62]. A noteworthy
observation underscores that axonal regeneration deteriorates with an increase in the
muscle graft mass beyond 300 mg [13]. Several techniques applied for analysis include
direct visual inspection through electron microscopy and staining techniques incorporating
hematoxylin-eosin, Toluidine blue, and acetylcholinesterase, as well as the DAPI protocol,
anti-filament antibodies, anti-alpha bungarotoxin, anti-neurofilament 200 (NF 200), anti-
neurofilament H (NF H), anti-neurofilament S100 (NF S100), anti-Pzero, and anti-RECA1
antibodies. Additionally, the muscle response to nerve electrical stimulation contributes to
the assessment.
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Neuroma formation within the RPNI was evaluated in twelve articles [1,9,13,15,23,24,
26,31,38,46—48]. Generally, neuroma formation was not evident in the RPNI; however, it
has been observed to increase proportionally with an escalation in the muscle graft mass ex-
ceeding 300 mg [13]. The rate of neuroma formation is higher when employing the targeted
muscle reinnervation (TMR) technique as opposed to RPNI and with the Burrito-RPNI in
comparison to the Inlay-RPNI [46,48]. Analytical techniques encompass direct visual exam-
ination through electron microscopy and staining procedures involving hematoxylin-eosin,
Toluidine blue, and Masson’s trichrome, as well as the use of anti-alpha bungarotoxin and
anti-neurofilament 200 (NF200) monoclonal antibodies and ultrasonography.

Fibrosis formation within the RPNI was scrutinized in sixteen articles [1,9,10,13,15,
23,24,26,30,31,35,38,40,46,47,62]. In general, fibrosis formation is not conspicuous in the
RPNI; however, it has been observed to increase proportionally with an augmentation in the
muscle graft mass beyond 300 mg [13]. Notably, the rate of fibrosis formation is higher when
the electrode is positioned intramuscularly, but lower when it is placed epimysially [10].
Analytical techniques encompass direct visual examination via electron microscopy and
staining techniques employing hematoxylin, eosin, and Masson’s trichrome, as well as the
utilization of anti-alpha smooth muscle actin (x-SMA) filament monoclonal antibodies.

The array of studies encompasses other investigations, including the quantification of
neuronal density, measurement of the apoptosis index via the Terminal Deoxynucleotidyl
Transferase-Mediated dUTP Nick-End Labeling (TUNEL) method, measurement of marker

expression (Bax, BCL-2, and NTs), and the assessment of the degree of autotomy [25,26].

Table 3. Histological analysis of studies.

Histology
Reference M |
No. Neoanlgsii)léea;esis Tissue Viability Axonal Regeneration = Neuroma Formation Fibrosis Formation
Good in all Good in all s Small neuromas in .
[23] (Hematoxylin-eosin (HE)  (Hematoxylin-eosin (HE) Yes a(rl?trlllilc; fﬂgglent control transected Noérﬁigggfersem
and trichrome stains) and trichrome stains) nerve group
[24] Good (HE stain) Good (HE stain) Yes (HE stain) No (HE stain) No (HE stain)
[15] Good Good Yes No No
[25] Not evaluated Not evaluated Not evaluated Not evaluated Not evaluated
Yes L isk No in RPNI group
[26] Not evaluated Good (Anti-neurofilament (Ul?gseééﬁd s) (-SMA immunohis-
200 antibodies) tochemistry)
[11] Not evaluated Not evaluated Not evaluated Not evaluated Not evaluated
[27] Not evaluated Not evaluated Not evaluated Not evaluated Not evaluated
[28] Not evaluated Not evaluated Not evaluated Not evaluated Not evaluated
[29] Not evaluated Not evaluated Not evaluated Not evaluated Not evaluated
[30] Good (HE stain) Good (HE stain) No d%ﬁ%‘ggﬁ? data Not evaluated No (HE stain)
Good reinnervation
[62] Good (HE stain) Good (HE stain) (Electrical Not evaluated No (HE stain)
stimulation)
. Good in group 1 and 2. Fibrosis and central
Good in group 1 and 2 . . :
[13] (HE stain, Masson’s atrcljﬂfnm?;s a;zi Cgrétr;;l d4 Best in group 1 and 2 Present in group 5 atropg}:l 1r11_IgErougs 3
; trichrome and von phy n g d p , (Toluidine blue) (Toluidine blue) M an ’(t : ﬁn
Willebrand factor (vwf)) (HE stain and Masson’s asson’s trichrome
trichrome) stain).
Good (HE stain and Good
[1] Good (HE stain) anti-desmin staining (Acetylcholinesterase No (HE stain) No (HE stain)
protocol) stain)
Yes (Anti-filament
[31] Good (HE stain) Good (HE stain) alpha-bt?ggarotoxin No (HE stain) No (HE stain)
antibodies)
[3] Not evaluated Not evaluated Not evaluated Not evaluated Not evaluated

Not evaluated

Not evaluated

Not evaluated

Not evaluated

Not evaluated
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Table 3. Cont.

Reference Histology
No. Muscular Tissue Viabili Axonal R tion N Formati Fibrosis Formati
Neoangiogenesis issue Viability xonal Regeneration euroma Formation ibrosis Formation
Good (Masson’s Good No
Good (Masson’s trichrome, RPNI (Anti-neurofilament (Anti-neurofilament No (Masson’s
[9] trichrome and electron initial/final weight 200 and anti—alpha— 200 and anti-alpha- trichrome and
microscopy) comparison, and electron bungarotoxin bungarotoxin electron microscopy)
microscopy) antibodies) antibodies)
[33] Not evaluated Not evaluated Not evaluated Not evaluated Not evaluated
[34] Not evaluated Not evaluated Not evaluated Not evaluated Not evaluated
Good Good Good rei i No
[35] (Histomorphometricand  (Histomorphometric and 00 (Efé?gif:la on Not evaluated (Histomorphometric
g immunohistochemical immunohistochemical stimulation) and immunohisto-
techniques) techniques) chemical techniques)
[36] Not evaluated Not evaluated Not evaluated Not evaluated Not evaluated
Fibrous capsule in
[10] Go1gd %\/Iasson s Good (Masson’s Not evaluated Not evaluated group 1 and f1bros1’s
richrome) Trichrome) in group 2 (Masson’s
trichrome)
[37] Not evaluated Not evaluated Not evaluated Not evaluated Not evaluated
Present in groups 2
Good (Masson’s and 3. No neuromas Lower in RPNI
[38] Not evaluated Trichrome) Not evaluated in group 1 (Masson (Anti-a-SMA
trichrome and antibodies)
Toluidine blue)
[39] Not evaluated Not evaluated Not evaluated Not evaluated Not evaluated
Good .
(Anti-neurofilament Fibrous capsule
[40] Not evaluated Not evaluated H, neurofilament Not evaluated present around the
5100, and DNA electrode
antibodies)
Good (DAPI protocol, Good (DAPI protocol, Good (DAPI protocol,
anti-Pzero antibodies, anti-Pzero antibodies, anti-Pzero antibodies,
[41] and anti-RECA1 and anti-RECA1 and anti-RECA1 Not evaluated Not evaluated
antibodies) antibodies) antibodies)
[63] Not evaluated Not evaluated Not evaluated Not evaluated Not evaluated
[42] Not evaluated Not evaluated Not evaluated Not evaluated Not evaluated
[43] Not evaluated Not evaluated Not evaluated Not evaluated Not evaluated
[45] Not evaluated Not evaluated Not evaluated Not evaluated Not evaluated
Good reinnervation
[44] Not evaluated IG C:[O.d ({{ets.porisito (Electrical Not evaluated Not evaluated
electrical stimulation) stimulation)
Good .
(Anti-neurofilament LO%NI\ZIEI;&EQIXI Eilnd
[46] Good Good 200 and Cilar & h Lower in RPNI
alpha-bungarotoxin ~ StTar between bot
antibodies) groups
[47] Good (HE stain) Good (HE stain) Good (HE stain) No in RPNI group No in RPNI group
Greater in
[48] Not evaluated Good Not evaluated Burrito-RPNI than in Not evaluated
Inlay-RPNI

3.4. Neurophysiological Analysis (Table 4)

The stimulus modality included electrical stimulation in nineteen (54%)
studies [9,10,13,15,23,24,29-32,35,36,39,40,42-45,62] and mechanical stimulation in nine (26%)
studies [1,3,11,23,27,28,33,34,63]. Of the latter, one study employed monofilaments [11,34],
three utilized a treadmill [27,28,33], and one employed nociceptive tactile stimuli [1]. In
addition, in two studies conducted on macaques, voluntary finger movements served as
the stimulus source [3,63].

In the case of the most prevalent model (Inlay RPNI using EDC and tibial / peroneal
nerve in rats) [9,11,15,27,28,30,32,36,46—48], the average stimulus intensity was 49 microam-



Int. J. Mol. Sci. 2024, 25, 1141

11 0f 18

peres (1A) with a range of 5 to 1500 pA. The mean CMAP was 11.45 millivolts (mV) ranging
from 2.79 to 7.05 mV, the mean CSNAP measured 119.47 microvolts (uV) ranging from
104.6 to 134.34 1V, and the mean latency was 2.295 milliseconds (ms) ranging from 1.05 to
4.09 ms. The maximum muscle strength was not assessed in any of these models.

In the case of another common model (Burrito RPNI using EDC and tibial / peroneal
nerve in rats) [24,31,48], the average CMAP measured 4.33 mV with a range of 0.75 to
35.3 mV, the average CSNAP was 123.3 uV with a range of 78.6 to 206.6 1V, and the mean
latency was 1.175 ms with a range of 0.8 to 1.55 ms. The mean maximum muscle contraction
strength was 2478.8 millinewtons (mN) with a range of 2226.7 to 2933.9 mN. The stimulus
intensity was not recorded in any of these models.

When considering Rhesus macaques models [3,62,63], the average stimulus intensity
in the nerve was 10.5 uA with a range of 1 to 20 uA, and in the muscle, it was 45 pA with
a range of 30 to 90 pA. The average CMAP was 500 mV with a range of 400 to 600 mV.
The maximum muscle strength was not evaluated in any of these models, and stimulus
intensity data were not recorded for these models as well.

Table 4. Neurophysiological analysis of studies.

Neurophysiology
Reference - . . Maximum Muscle
No. Principal Test Stimulus Stimulus CMAP/MUP/CSNAP Latency Contraction
y Strength
: Mechanical
Electrical and . -
- stimulation: 0.06 mV. iy iy
[23] ;ntiicl?;ligicoﬂ 0-800 A Sural nerve Electrical stimulation: Not specified Not specified
0.015 t0 0.04 mV
1—2341 +114.3,
. . 2—2398 + 143.7,
[24] Electrical stimulation gggi;?g‘g‘ﬁg‘; Peroneal nerve 3.67 + i0.15€(3)1m HY\;O 6.04 Not specified 3—2351 +290.2,
’ 4—2832 +£101.9
mN
Until reaching the 87+/—1.6mVat3
[15] Electrical stimulation maximum Peroneal nerve months and 10.2 +/— Not specified Not specified
CMAP/CSNAP 2.1 mV at 9 months
[25] Not specified Not specified Not specified Not specified Not specified Not specified
[26] Not specified Not specified Not specified Not specified Not specified Not specified
Mechanical
[11] stimulation Not specified Peroneal nerve Not specified Not specified Not specified
P P P P
(monofilament)
Mechanical P land 0.75 to 1.0 mV during
[27] stimulation (treadmill Not specified tglr)(?nea an walking and <0.1 mV Not specified Not specified
. ibial nerve .
at 8.5-9 m/min) during rest
Mechanical Peroneal and 0.75 to 1.0 mV durin
[28] Stir:tuslaSti_%n n(lt/rrerela;lll;lill Not specified tibial nerve : rﬁnning ] Not specified Not specified
The maximum
Until reaching the specific muscle
: : : maximum muscle Peroneal nerve i s force was
[29] Electrical stimulation contraction and EDL Not specified Not specified statistically greater
strength in group 1 than
group 2
[30] Electrical stimulation 400-1500 pA Per:l?gaégirve Until >4 mV Not specified Not specified
1000-20,000 pA in
[62] Electrical stimulation 30 00852‘660360 WA FCR’E%)S and Not specified Not specified Not specified
in muscle
0-15,000 p(.iA with 1—6.6 £1.3mV; 1—289.0 + 43.3 mN,
. . . iodi 2—4.7 £ 0.8 mV; . 2—257.7 £49.1
[13] Electrical stimulation incligrlfénlt(s:, of Peroneal nerve 331+ 82 QV: Not specified 3—188.8 i 737 ﬁﬁ:
30 pA 4—23+£07mV 4—116.4 £ 31.0 mN
Mechanical
[1] stimulation (painful Not specified Peroneal nerve Not specified Not specified Not specified

stimulus)
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Table 4. Cont.

Neurophysiology
Reference P . . Maximum Muscle
No. Principal Test Stimulus Stimulus CMAP/MUP/CSNAP Latency Contraction
Y Strength
3.28 mV £ 0.49 mV. 2451 + 115 mN en
[31] Electrical stimulation Not specified Peroneal nerve (CNAP 119.47 uV + 0.8-1.55 ms RPNI y 2497 £ 122
14.87 uV) mN in control
Mechanical
[3] stimulation (ftir;ger Not specified FDP’IEDDE’ and Not specified Not specified Not specified
movements
1—3.21 +0.53
[32] Electrical stimulation 5-505 pA Peroneal nerve 12:21146::;: 69'5711111\}/ ’ ms. 2—3.56 + Not specified
’ ’ 0.53 ms
. ) 1—3.52-6.05 mV,
[9] Electrical stimulation ggt;irg?g\a\g/[gg Peroneal nerve 33705138__8 1’%95313/{\] Not specified Not specified
4—10.5-11.33 mV
Mechanical
[33] stimulation Not specified Not specified Not specified Not specified Not specified
(treadmill)
Mechanical
[34] stimulation Not specified Not specified Not specified Not specified Not specified
(monofilament)
143.8 uA at3 0.68 mV, Similar to
[35] Electrical stimulation months and 99.6 Sural nerve at 3 months and 2.27 control erou Not specified
pA at 4 months mV at 4 months group
1—1.21+0.16
[36] Electrical stimulation 12__1 5410 j:t 25(? :LL‘AA’ Peroneal nerve 21:2139;;1;141'89121\/’/ ms, 2—1.2 + Not specified
’ : 0.16 ms
[10] Electrical stimulation ggg};?&hgﬁgg lj,gé?;ler?éf&d Not specified Not specified Not specified
[37] Not specified Not specified Not specified Not specified Not specified Not specified
[38] Not specified Not specified Not specified Not specified Not specified Not specified
[39] Electrical stimulation gggir;eﬁglglﬁglﬁ Peroneal nerve Not specified Not specified Not specified
[40] Electrical stimulation 200-3000 A Sciatic nerve 50-500 VvV Not specified Not specified
[41] Not specified Not specified Not specified Not specified Not specified Not specified
Mechanical
[63] stimulation (finger Not specified Median nerve 0.4-0.6 mV Not specified Not specified
movements)
[42] Electrical stimulation Not specified Peroneal nerve =67 mr\f{\?_S_l'm Not specified Zl__lsé({g;n rrl?N
. 1—1.9 £ 0.49
[43] Electrical stimulation Not specified Tibial nerve 12__5 1'84:3:30892 rrnn\\// ¢ ms; 2—2.2 + Not specified
’ ’ 0.66 ms
[45] Electrical stimulation Not specified Peroneal nerve 12__2 64 82:?:':79 14rrnn\\// ’ Not specified é:%g’g% i Zgg EN’
[44] Electrical stimulation Not specified Not specified Not specified Not specified Not specified
[46] Not specified Not specified Not specified Not specified Not specified Not specified
[47] Not specified Not specified Not specified Not specified Not specified Not specified
[48] Not specified Not specified Not specified Not specified Not specified Not specified

4. Discussion

The University of Michigan’s prominent presence in twenty-eight out of the thirty-five
reviewed articles underscores its leadership in researching the RPNI technique in animal
models. We hope that other institutions will validate and advance RPNI applications in the
near future.

Given that performing RPNIs is not technically difficult, we anticipate an increase in
the utilization of animal models and RPNI applications for pain management in humans.
A longer path is expected in the case of the RPNI and myoelectric prosthesis, as it entails
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the need for more extensive technical resources, including the prosthetic device itself and
the connection between the RPNI and the prosthesis.

4.1. Type of Model

The predominance of rat models in thirty-two instances is a common practice due
to their widespread use in biomedical research. Rhesus macaques, while representing a
different order of magnitude in complexity, were utilized in only three studies [3,62,63].
While rats provide practical advantages, such as cost-effectiveness and ease of handling,
the translation of findings to larger primates and ultimately to humans may face challenges
given the considerable biological differences.

The distinction between Inlay-RPNI and Burrito-RPNI designs provides valuable
insights into the diversity of methodologies. We have observed that the Inlay-RPNI design
is recently more often used in published articles than the Burrito-RPNI design. A recent
study has demonstrated that the Inlay-RPNI model yielded superior outcomes in prevent-
ing neuromas compared to the Burrito-RPNI [48]. In the near future, we anticipate the
identification of the most suitable RPNI model for specific applications.

The preference for the common peroneal nerve and EDL muscle in RPNI construction
is consistent across studies. We believe that the nerve and muscle selection is not so critical
to reproduce the RPNI model. However, the combination of two nerves from the same
extremity (such as peroneal and tibial nerve [10,27,28]) may induce difficulties in carrying
out some basic activities, such as walking or feeding.

It is worth noting that the RPNI technique has been assessed in various clinical studies
involving humans, showcasing promising outcomes in alleviating neuropathic pain and in
the application of myoelectric prostheses. Nevertheless, future researchers should prioritize
addressing the dearth of clinical trials that substantiate these findings [12,50,54,57,58,64,65].

4.2. Aim of the Study

We have categorized our analysis into four distinct aims based on the research ques-
tion. This offers a structured approach to understanding the multifaceted aspects of RPNI
applications. The identified aims (neuroma prevention, myoelectric prostheses develop-
ment, histological analysis, and neurophysiological analysis) encompass a broad spectrum
of RPNI applications, demonstrating the versatility and potential of this technique.

We think the use of the RPNI model for myoelectric prostheses could be the most
promising application. Being able to obtain the information from different peripheral nerve
fascicles could be a paradigm change in peripheral nerve surgery. However, we identified
only six studies focusing mainly on myoelectric prosthesis development [3,10,11,34,62,63].
One of the main limitations of RPNIs is the difficulty of getting the electrical signal from
the muscle to the prosthesis. As we have previously summarized, the low amplitude of
the electrical signal and the small size of the muscle graft are the main drawbacks. A
subcutaneous electromyographic recording could facilitate the acquisition, amplification,
and transmission of the electrical signal from the RPNI to the prosthesis.

4.3. Histological Analysis

One of the main concerns when analyzing RPNIs is the blood supply of the muscle
graft. Muscle tissue is known for its high demanding oxygen requirements [66,67]. The
combination of these high muscle metabolic rates and the absence of an established vascular
system may hinder efficient oxygen delivery, elevating the risk of complications, like
necrosis. Muscular neoangiogenesis, tissue viability, axonal regeneration, or neuroma and
fibrosis formation has been evaluated in eighteen publications. No necrosis or muscle graft
failure was reported in the animal series analyzed in this review. However, the size of the
muscle graft has been associated with the above parameters. Muscle grafts mass exceeding
300 mg presented with worse tissue viability and higher rates of complications, such us
fibrosis [13].
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Vascularized RPNIs (using vascularized muscle, but not a muscle graft) have been re-
ported, and promising results focusing on neuropathic pain have been published [56,68-70].
Despite previous studies analyzing the vascularization of muscle grafts in standard RPNIs,
we believe that vascularized RPNIs should yield more stable results. Vascularization of the
RPNI is one of our primary concerns, particularly when considering the potential use of a
needle to obtain an electric signal from the muscle graft.

One notable limitation within the examined studies lies in the deficiency of objectivity
in the histological analysis of samples across diverse research investigations. This shortfall
is attributed to the absence of standardized criteria that would facilitate the comparison
of histological findings across these studies. The inclusion of subjective terms, such as
“good”, “viable”, or “healthy” introduces inherent ambiguity, thereby impeding the ability
to conduct comprehensive comparative analyses among the various studies. Addressing
this limitation necessitates the establishment of clear and standardized criteria, which is
crucial for promoting objectivity and enhancing the reliability of histological assessments
in future research endeavors.

4.4. Neurophysiological Analysis

The inclusion of both electrical and mechanical stimulation (monofilaments, tread-
mill, and nociceptive tactile stimuli) in the studies contributes to a comprehensive
understanding of RPNI outcomes. One of our concerns is that the maximum muscle
strength [1,3,9-11,15,23,25-28,30,32—41,43,44,46-48,62,63] and the stimulus intensity [1,3,9-
11,15,24-29,31,33,34,37-48,63] were not reported in some studies. Given the relatively short
distance between the stimulation site and the RPNI, artefacts could potentially mask the
proper reinnervation of the RPNI. We believe that receiving an electrical signal in such a
small muscle is one of the major challenges in handling and transmitting that signal to a
myoelectric prosthesis. Future studies will need to demonstrate how to optimize this signal
and reliably capture the action potential despite electrical noise.

4.5. Limitations and Future Challenges

We believe that this systematic review will be very useful in aiding future researchers
to enhance surgical techniques and the application of RPNIs across various animal models.
Given the significant technical complexity involved in using RPNIs for electrical signal
acquisition and myoelectric prosthesis control, we are convinced that refining the animal
model of RPNIs could directly impact its application in human contexts. This advancement
may signify a significant step towards optimizing procedures and the future viability of
RPNIs in clinical applications.

The use of RPNI involves substantial challenges in its clinical implementation. Tissue
viability (given its nature as non-vascularized muscle grafts) or limitations in detecting
and amplifying electrical signals in RPNI directly impact their functional effectiveness.
Transitioning RPNI models from an animal to a human setting presents potential obsta-
cles, given the potential influence of physiological variations on their effectiveness and
response. Finally, configuring and adapting patients to prostheses derived from RPNI pose
challenges in terms of acceptance and optimal functionality in daily life. These aspects
underscore the complexity and potential barriers to be addressed during the development
and implementation of RPNI and their clinical applications.

5. Conclusions

To the best of our knowledge, this is the first systematic review of the RPNI technique
in animal models. Murine models of RPNIs have consistently demonstrated promising
results among several studies, particularly in the myoelectric prosthetics field and the
prevention of neuropathic pain. Histological, neurophysiological, and functional analyses
are summarized to be used in further studies. Forthcoming research should aim to vali-
date these findings and continue to improve the synergy between humans and machines,
advancing a more sophisticated interaction paradigm.
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