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One of the most sought-after applications of neuroengineering is the communication
between the arm and an artificial prosthetic device for the replacement of an amputated
hand or the treatment of peripheral nerve injuries. For that, an electrode is placed
around or inside the median nerve to serve as interface for recording and stimulation
of nerve signals coming from the fascicles that innervate the muscles responsible for
hand movements. Due to the lack of a standard procedure, the electrode implantation
by the surgeon is strongly based on intuition, which may result in poor performance of the
neuroprosthesis because of the suboptimal location of the neural interface. To provide
morphological data that can aid the neuroprosthetic surgeon with this procedure, we
investigated the fascicular topography of the human median nerve along the forearm
and upper arm. We first performed a description of the fascicular content and branching
patterns along the length of the arm. Next we built a 3D reconstruction of the median
nerve so we could analyze the fascicle morphological features in relation to the arm level.
Finally, we characterized the motor content of the median nerve fascicles in the upper
arm. Collectively, these results indicate that fascicular organization occurs in a short
segment distal to the epicondyles and remains unaltered until the muscular branches
leave the main trunk. Based on our results, overall recommendations based on electrode
type and implant location can be drawn to help and aid the neuroprosthetic procedure.
Invasive interfaces would be more convenient for the upper arm and the most proximal
third of the forearm. Epineural electrodes seem to be most suitable for the forearm
segment after fascicles have been divided from the main trunk.

Keywords: neuroprosthesis, neural interface, median nerve, human neuroscience, neuroanatomy, nerve surgery,
3D reconstruction, forearm

Abbreviations: ChAT, Choline AcetylTransferase; ET, Epitroclear muscles; FCR, Flexor Carpi Radialis; FDP, Flexor
Digitorum Profundus; FDS, Flexor Digitorum Superficialis; FPL, Flexor Pollicis Longus; nFD, normalized Forearm
Distance;PL, Palmaris Longus; PQ, Pronator Quadratus; PT, Pronator Teres.
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1. INTRODUCTION

A neuroprosthesis is an artificial system that provides direct
communication with the nervous system. Many of such devices
have been successfully used for decades in the treatment of
hearing impairment or Parkinson’s disease, for example. Every
year new applications are being validated in clinical settings
(Collinger et al., 2013; Strollo et al, 2014), but the use of
neuroprostheses to fully replace an amputated hand or recover
its function after injury is still not optimal (Borton et al., 2013).

One of most important factors that limit currently the use of
hand neuroprostheses is the poor performance. Current hand
neuroprostheses allow control for up to 6 degrees of freedom
(DoF) (Belter et al., 2013); however, a healthy hand has 23 or
more DoF (Santello et al., 2013). The hand is controlled by 27
muscles (Santello et al., 2013) which receive innervation from
three nerves: median, ulnar, and radial; each of them containing
several fascicles with hundreds of motor axons. To achieve a
natural control of the hand movement, the selective function of
these three nerves and their fascicles should be properly replaced
by the neuroprosthesis. Such selectivity is an unsolved challenge.
Communication selectivity can be improved by refining the
neural interfacing element (Navarro et al., 2005; del Valle and
Navarro, 2013) and the signal processing algorithms (Micera
et al,, 2011); generally speaking, the more invasive an electrode
is, the higher selectivity can be achieved. But undoubtedly, the
location of the interface at the end of the implantation procedure
is the factor that influences most selectivity.

Currently, the surgical technique for the implantation of a
neural interface is not standardized. Implantation of the Utah
slant electrode array (USEA) is done by means of a high-speed
insertion system that inserts the electrode shafts through the
epineurium so they reach the intraneural structures (Ledbetter
et al., 2013). Intrafascicular thin film electrodes, such as LIFE or
TIME, are manually inserted in human nerves: the electrode shaft
is placed longitudinally or transversally through the nerve aided
by a suture thread attached to a needle (Yoshida and Stein, 1999;
Lawrence et al., 2004; Boretius et al., 2010; Rossini et al., 2010). To
increase the chances to find a useful signal, several electrodes are
randomly inserted in the nerve (Raspopovic et al., 2010). Only a
recent case study describing the insertion of four tf-LIFE in the
humeral segment of the median and ulnar nerve has attempted
to improve the implantation selectivity by identifying the main
nerve trunk after a partial epineural microdissection (Di Pino
et al., 2014). Nerve mapping in amputees or in peripheral nerve
injuries is not possible using intraoperative neuromonitoring
techniques. Thus, the surgeon must exclusively rely on the
nerve topography for the implantation. After Sunderland (1945),
several studies revised his description of the intraneural fascicle
topography of the median, ulnar, and radial nerves, mainly in the
context of microsurgical nerve repair (Sun et al., 2009; Barcelo
et al., 2013). Only recently the problem has been approached
from the neuroprosthetic perspective, trying to describe the
fascicles innervating the thenar and lumbrical muscles in the
distal median nerve (Planitzer et al., 2014).

This study attempts to provide a topographical description
of the human median nerve from the proximal segment in the

upper arm to the distal part of the nerve. For this purpose, we
first performed a statistical description of the motor branches
of the median nerve. Then, we characterized the intraneural
fascicular morphology through a 3D reconstruction of different
representative histological sections of the median nerve and
mapped its correspondence with the target muscles. Finally, we
quantified the content of motor fibers in the humeral portion
of the nerve, which is a frequent location for neural interfaces
for transradial amputees (e.g., Dhillon et al., 2004; Rossini et al.,
2010; Raspopovic et al., 2014). The results will serve as guidance
for future electrode implantation in clinical settings, as well as for
neurosurgical repair of proximal injuries.

2. MATERIALS AND METHODS

Eight median nerves from 5 body donors (3 left arms and
5 right arms) were investigated at the anatomy laboratories
of Universitat Autonoma de Barcelona, and Universidad
Complutense de Madrid. While alive, all donors had given their
informed consent to the donation of their bodies for teaching
and research purposes. In all, the cause of death did not affect
the muscles or nerves in the forearm. The protocol was approved
by the Ethical Committee of our institutions.

2.1. Anatomical Dissection and

Morphological Inspection

Dissection was performed layer by layer through midline ventral
incisions in the skin from the axilla to the hand to expose the
muscles of the arm, forearm, and hand, as well as the median
nerve with its branches (Figure 1A). Branches emerging out
the main median trunk were labeled with color threads and
tracked to the destination muscle or cutaneous territories for
later identification. Nerves to the deep muscles of the forearm
were dissected after longitudinal splitting of the flexor digitalis
profundus from the fibrous arch. The dissection ended after
proper isolation of the digital cutaneous and recurrent branches
at the palmar side of the arm. The complete median nerve with
its branches was finally harvested (Figure 1B).

During the dissection, the number of primary nerve branches
or collaterals of the median nerve, the muscles innervated by
these branches and their location were noted. Two locations were
labeled on the main trunk: the crossing to a line between the
medial and lateral epicondyles at the cubital fossa (epicondylar
landmark) and crossing to a line between the radial and ulnar
styloid processes at the carpal tunnel (styloid landmark). The
length of the forearm was defined as the distance between the
epicondylar and the styloid landmarks. This distance was used
for size normalization between the subjects (normalized Forearm
Distance, nFD, values in percentage,%). The origin of each nerve
branch was measured taking the styloid landmark as origin.

To compare the branching pattern between subjects, we
calculated the branching probability Ppy(x), of a nerve branch
to a given muscle, M, at a distance x from the styloid landmark
(see Supplementary Material). It refers to the proportion of nerve
branches that have left the nerve main trunk proximal to a given
location with respect to the total number of branches providing
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FIGURE 1 | Dissection and morphological branching description of a human median nerve. (A) Dissection of the medial facet of the arm at elbow level
showing the median nerve and some of its branches. (B) Harvested median nerve from (A) showing the exiting branches to the corresponding muscles. The location
of the epicondylar and the styloid landmarks in this nerve is indicated with dashed lines.
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innervation for that muscle. Thus, its complement, 1 — Pys(x),
provides an estimate of the probability that a given nerve branch
is present in the median nerve trunk at a given location. For
neuroprosthetic applications, the complement of the branching
probability will indicate the chances for a muscle branch to be in
the neighborhood of an electrode implanted in that place.

2.2. Choline Acetyltransferase (ChAT)

Immunohistochemistry

Immunohistochemistry labeling of motor fibers by ChAT in
nerve cross-sections was done to describe the organization of
motor axons in the upper arm segment of the median nerve,
where fascicles traveling to the forearm and hand are not
segregated yet.

Samples from five nerves were embedded in paraffin and
cut on a microtome in 4-pum-thick cross-sections at two levels
(nFD = 120% and nFD = 140%). Sections were mounted on
silane-coated glass slides, dried overnight, and processed for
immunohistochemical detection of ChAT as described before.
(Lago and Navarro, 2006; Badia et al, 2010). Briefly, after
treatment with sodium citrate buffer (10.2 mM, pH 6.1) for
20 min at 95°C for antigen retrieval, the slides were incubated
with 3.3% H,O, to inhibit endogenous peroxidase and then
the nerve sections were blocked with horse serum (10%) and
BSA (3%) in Tris-phosphate buffer (TBS) with 0.3% in Triton
X-100 for 1 h at 4°C. They were incubated for 3 days with
goat anti-cholineacetyltransferase primary polyclonal antibody
(ChAT; 1/75; AB144P; Millipore), to identify motor axons. The
primary antibody was diluted in TBS containing 0.3% Triton X-
100, 5% serum. After washes with TBS containing 0.3% Triton

X-100 (7 x 10 min), sections were incubated for 24 h at 4°C
with biotin conjugated horse anti-goat IgG antibody (Vector
Laboratories, Peterborough, UK), diluted 1:200 in TBS with 0.3%
Triton X-100. To visualize the presence of ChAT the ABC-
peroxidase kit with DAB-nickel (Vector) was used. Slides were
dehydrated through a series of alcohols and mounted in DPX
(Sigma Aldrich, St. Louis, MO, USA). All the samples were
subjected to the immunohistochemical procedure in pairs, with
one sample of each pair not incubated with the primary antibody
to act as a negative control.

Images of the whole median nerve were acquired at either
4x or 10x magnification and merged to create the full section
and imported into Fiji software (Schindelin et al., 2012) for
automatic detection of axons. Structures susceptible to be
axons were labeled using the “Analyze Particles” command
on the binary mask of the image obtained by Bernsen’s local
thresholding method (Bernsen, 1986; Sezgin and Sankur, 2004)
on a previously corrected one using a contrast limit adaptive
histogram equalization (CLAHE) (Pizer et al., 1987). For ChAT*
axon identification, the binary mask was created by applying
a maximum entropy threshold on the original picture (Sahoo
et al., 1988). Structures with a pixel area higher than 5 standard
deviations of the mean pixel area of all the structures identified
in the section were considered as artifact and discarded from the
analysis.

2.3. 3D Nerve Reconstruction

Nerve reconstruction was done to represent in a 3D model the
fascicular topography of the median nerve at different regions,
and to compare its features between subjects.
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One median nerve was split into 11 blocks (detailed in
Figure 5), subsplit each into segments (block III, 6 segments;
block VII, 5 segments; all the others, 3 segments), and sectioned
in 950 slices of 25 um-thickness and 250 ;um separation to make a
3D reconstruction. The first block (I) was collected at the styloid
landmark. The following 3 blocks (II-IV, distal forearm blocks)
were obtained between the styloid landmark and the end of
the region where the main muscular branches exit, namely the
region described by the 95% confidence interval for the average
branching point of the interosseous nerve. The next blocks (V-
VIII, proximal forearm blocks) were gathered precisely in that
region, right before to the exit of each one of the main branches.
The final blocks (IX-XI, upper arm blocks) were obtained from
the upper arm trunk. 16-bit digital images of each individual
section were acquired using an Olympus C-3050 camera attached
to an Olympus microscope (BX51) at 2.0x magnification and a
resolution of 2556 x 1917 pixels. Images were then processed
using OpenCV 3.0.0. Otsu’s automated thresholding algorithm
was used to identify the individual fascicles and generate
the initial binary masks. When detection was unsatisfactory,
resulting masks were manually verified and corrected. A total
of 18,122 fascicles were identified. Masks were then imported
in Houdini Apprentice non-commercial edition 13.0.665 (Side
Effects Software, Canada) running in a Linux system (kernel
3.18.7) for producing a 3D model. Custom scripts were done in
python 2.7.10 using the software toolkit. Firstly, the binary masks
were loaded in the compositing editor. Fascicles were labeled
using the connected-component method and exported to the
“Objects context” converted into polygonal primitives to generate
the geometry masks. Next, each slice in a segment was aligned
to the previous slice using a iterative closest point algorithm.
Then, the centroid of each fascicle in the slice was connected to
the nearest centroid of the fascicles of the previous slice and the
following one through a straight line. Those lines were connected
one after the other to reconstruct the skeleton of the fascicle and
create the 3D model. An average Z-projection of the 3D model
for each segment was obtained as well.

Descriptive values for each fascicle were obtained from the
3D model. For each single fascicle, the area and perimeter,
eccentricity of the shape, position of the centroid, and the
distance between the fascicle centroid and the centroid of the
geometry mask were measured. Additionally, the area of the
ellipse best containing all the fascicles within was calculated to
represent the epineural space.

2.4. Cluster Analysis of Fascicle
Topography

In order to visualize the differences in the pattern of distribution
of the fascicles in the different nerve segments, a clustering
analysis was done using SPSS 22.0 (IBM Corp., USA). Initially, an
agglomerative clustering of the log, values of area and distance of
the fascicle to the slice centroid using a nearest neighbor method
of Euclidean distances was performed so that the number of
clusters, k, could be guessed using the Elbow criteria. k-means
clustering was performed at this particular k-value as well as other
limiting values. The k-value that provided a higher reduction

of percentage of variance was chosen. Specifically, k = 3 was
found satisfactory for both attributes, resulting in 3 categories for
fascicle area (A, B, and C) and other 3 for distance between the
fascicle centroid and the centroid of the geometry mask (0, 1, 2).
Fascicles were accordingly grouped into 9 categories (AO,...,C2).

2.5. Statistical Analysis

Statistical analysis was done using SPSS 22.0 (IBM Corp.,
USA). Values are shown as mean + S.E.M., unless otherwise
indicated. The Kolmogorov-Smirnov’s test was used to check
for normality, prior to perform ANOVA analysis. When a non-
normal distribution was found, the Mann-Whitney’s test was
used instead. p-values of 5% or less were considered as statistically
significant.

3. RESULTS

3.1. Origin and Exit Points of Median Motor

Branches

The branching pattern of the median nerve in the forearm was
analyzed in five fixed samples (three belonging to the left arm
and two to the right arm of four subjects in total, Figure 2
and Figure S1). Despite the high variability, certain similarities
were observed (see Table S1). The total length of the samples
was 71.3 £+ 1.2 cm, divided into the upper arm (29.1 £+ 0.5
cm), forearm (25.6 + 0.5 cm), and hand segments (16.6 +
0.7 cm). The forearm distance was used for normalizing the
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FIGURE 2 | Distribution of the muscle branches of the median nerve at
the forearm. Schematics showing the origin and destination of a median
nerve of the five harvested (Figure S1) with the distances from the styloid
landmark to the exit point next to it in cm. The gray area indicates the region
between the epicondilar landmark and the styloid one used for normalization
of distances (normalized forearm distance, nFD). The vertical axis on the left
shows the values of the nFD in percentage. The letter A-H on the right side
indicates the level at which the respective slice from Figure 4 was obtained.
Abbreviations in text.
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size differences between subjects (normalized forearm distance,
nFD). An average of 9.2 &+ 1.1 branches, sprouting from the
main median nerve trunk were identified. From them, 71.0 £+
4.2% (6.4 £ 0.4 branches) terminated in one muscle and were
considered muscular branches. They were tracked and found to
innervate the following seven muscles: pronator teres (PT), flexor
carpi radialis (FCR), palmaris longus (PL), flexor digitorum
superficialis (FDS), flexor digitorum profundus (FDP), flexor
pollicis longus (FPL), and pronator quadratus (PQ). All but the
recurrent branch of median nerve originated in the forearm
segment. In one sample, however, one of the muscular branches
of the PT exited together with the sensory branches for the
proximal radio-ulnar joint at the elbow (articular branches) 5
mm proximally to the epicondylar landmark. Only one sensory
branch, the palmar cutaneous branch, was identified in each
sample. Additionally, in three samples, several articular branches
innervating the proximal radio-ulnar joint (2.0 & 0.4 branches,
n = 5) were recognized. In one case the sympathetic branch
innervating the brachial artery could be identified.

In all specimens, the first muscular branches were providing
the innervation to the PT. The PT receives two branches from
the median nerve, commonly named superior and inferior nerves
of the PT. In two samples, however, the inferior nerve of the
PT was either missing or replaced by fibers coming through the
interosseous nerve. The superior nerve of the PT was found
to arise more proximal, at the level or below the epicondyle
landmark (98.4 £+ 2.5% of nFD). In one case, this branch also
served fibers to the epitroclear muscles (ET). In other single case,
the FCR and PL received innervation from the superior nerve of
the muscle PT. The inferior nerve of the PT was clearly identified
in two of the three samples as the next distal branch (88.2 £ 3.9%
of nFD, n = 3). In one of them, however, a branch targeting the
FCR originated earlier, between the superior and inferior nerve
of the PT (nFD = 87.5%, n = 1).

The interosseous nerve was identified in all cases, originating
as the next distal branch to the PT nerves (81.0 &= 3.0% of nFD, n
= 5). This nerve provided branches to the FDP, FDS, PQ, and,
in all the cases but one, to the FPL muscles. The interosseous
nerve targeted the FCR in three cases. Interestingly, innervation
originating from a more proximal branch (i.e., superior nerve of
the PT) was observed in the other two samples. Finally, recurrent
branches for the ET originating in the interosseous nerve were
identified in two cases.

After the interosseous nerve, a variable number of branches
(1.8 £ 0.4 branches, n = 5) targeting the FDS sprouted out at a
nFD of 45.80 & 4.3%, n = 5. Lastly, fibers forming the palmar
cutaneous nerve exited at a nFD of 16.5 £ 6.6%, n = 5.

In cases of transradial amputations, the median branches
present with marked atrophy, which makes it difficult the
electrode implantation procedure (Dhillon et al., 2004). A further
complication for the dissection is the high intersubject variability
of their location. Here we found that the 95% confidence interval
for the average branching point was between 76.67% and 89.32%
of nFD (n = 5) in the case of the interosseous nerve, 71.42%
and 104.98% of nFD (n = 3) for the inferior PT, and 91.45% to
105.34% of nFD for the superior PT (n = 5, see Figure 3 and
Table S1). As consequence, the surgeon has no reliable clues to
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FIGURE 3 | Branching probability for each muscular branch along the
median nerve. Average probability (N = 5) for a muscular branch of the
median nerve to exit the main trunk in relationship to the normalized forearm
distance, where 0% is the styloid landmark and 100% is the epicondylar one.
Distance is in log-scale. Color bands on the top axis represents the 95%
confidence interval for the exit position of the indicated nerve branch.

aid during the procedure and the implantation is done blindly.
In order to compare among all the samples the exit points of the
nerve branches that innervate a certain muscle, M, we calculated
the branching probability, Pp(x). As shown in Figure 3, the
branching probability rapidly increased in the most proximal
third of the forearm. The Py, . -distance, at which the chances
that a fascicle has branched out are 0.5, was 110.5 £+ 11.1%,
104.5 £ 11.4%, and 95.7 £ 3.4% of the nFD for the PL, ET, and
PT, respectively; meaning that these three nerves leave the nerve
trunk in most of the cases even before reaching the forearm.
But after this point, the branching probability for these fascicles
grew only slowly. The fascicles that leave the median trunk
within the interosseous nerve presented a Py, -distance inside
the confidence interval of this nerve (84.0 &= 4.5% of the nFD for
the FCR and 78.5 & 3.1% of the nFD for the FDP, FPL, and PQ).
The branching probability of the PQ and FDP increased abruptly
shortly before this point but the probabilities for the FPL and FCR
increased only steadily from the segments prior to the epicondyle.
Finally, for the FDS the Py, -distance was 63.6 & 8.3% of nFD.
Here the probability increased more uniform from proximal to
distal portions of the forearm.

From the defined branching probability, the complement
value, i.e.,, 1 — Pp(x), can be calculated. This value indicates
the probability for a fascicle innervating a certain nerve to be
still in the main nerve trunk, which has an important meaning
when deciding where in the nerve the electrode will be implanted.
On sight of that, we observed that from the segment defined by
the 95% confidence interval of the interosseous nerve and more
distally, it was unlikely to find fascicles for other forearm muscles
apart from the FDS. Within the region of the 95% confidence
interval of the superior nerve of the PT, fascicles innervating the
PT, PL, FCR, FPL, PQ, FDP, and FDS are likely found in the
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median nerve, which means that this segment would be the most
suitable for electrode implantation.

3.2. Intraneural Topography of the Median

Nerve

We continued by characterizing the fascicular content at different
levels to understand how the muscular branches organize inside
the median trunk. For that, we collected histological sections
of the segments immediately proximal to a branching point in
one of the nerves, noting down the location of the branch. In
such way, we mapped the fascicular groups seen in the nerve
cross-sections of a segment with the muscular destination of the
fascicle (Figure 4). We observed that the fascicles remained in a
compact configuration close to the median nerve axis practically
until they reached the exit point and branched out toward the
corresponding muscle. The division of fascicles into the final
branches did not happen until the exit point. Interestingly,
the location of the fascicles innervating the distal muscles of
the forearm and hand appeared to change during the whole
trajectory, presumably because they might accommodate to the
earlier exit of the more proximal fascicles, but they did not move
far from the central region. After the interosseous nerve and
the main core of the FDS bundles departed, the distribution of
fascicles for distal muscles remained stable. These observations
indicate that fascicles closer to the main axis are those most
likely carrying information for the intrinsic muscles of the hand.
The fascicles innervating the muscles of the forearm are mostly
located at the dorsal aspect of the median nerve surrounding
those of the hand. This distribution is important to be considered
when choosing a location for implantation of a nerve interface
for hand dexterity.

From the results, it can be hypothesized that bundles carrying
information for thenar and intrinsic muscles of the hand may be
located in the larger fascicles close to the nerve axis, since they
do not leave the main trunk until the very end. The main trunk
could be identified based on its larger caliber if a neurolysis and
fascicle dissection is performed prior to electrode implantation.
In order to verify whether fascicles can be identified based on
size and position, we next aimed at describing the intraneural
topography of the median trunk. For that, we proceeded by
sectioning a harvested median nerve embedded in paraffin. The
nerve was divided into 11 portions or blocks, each of them
subdivided in 3-6 subportions or segments, as shown in Figure 5.
The fascicles were labeled and measured according to several
morphological parameters (Figure 6). The epineurium area was
variable from block to block (mean of 8.41 + 1.01 mm?2, n
= 11 blocks). The differences were more marked, however, in
the first block (15.44 + 0.51 mm?, n = 3 segments) and those
from the upper arm (IX and X, 11.05 £ 0.34 and 13.07 £
1.19 mm?, n = 3 segments each, respectively). The eccentricity
of the nerve section was similar in all the blocks (mean of
0.65 & 0.02, n = 11 blocks). The endoneurium area, i.e., the
total area occupied by the fascicles, showed similar variability
(mean of 3.12 4 0.24, n = 11 blocks). We next calculated the
ratio between the endoneurium and epineurium area, which
indicates the compactness of the nerve and gives an estimate

A E
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FIGURE 4 | Location of the fascicles innervating the main muscles of
the forearm at different levels. Letters A-H show from proximal to distal the
different levels at which the map of one harvested nerve was obtained. These
levels correspond to the same locations as letters A-H in Figure 2. Distances,
in cm, from the styloid landmark to the level of each slice are shown besides.
Abbreviations in text.

of the relative amount of connective tissue of the section. Here
the average value was 0.42 £ 0.03, being lowest in blocks I and
IT (0.24 £ 0.01 and 0.31 =+ 0.01, respectively) as well as blocks
IX and X (0.34 £ 0.04 and 0.35 £ 0.03), and highest in block
XI (0.68 £ 0.03). These variations probably corresponded to
the looser fascicular organization at the regions before exiting
branches. Importantly, a strong difference was evident when the
different blocks were grouped into regions. Thus, the upper arm
blocks presented a significantly higher endoneurium area (4.13
+ 0.23 mm?) compared to the forearm blocks (2.46 & 0.10 and
2.73 £ 0.21 mm? for distal and proximal, respectively, p <0.01).
This would indicate a higher axonal content in more proximal
regions, such as the upper arm. The epineurium area decreased as
the nerve traveled distally, from 10.40 £ 1.75 mm? in the upper
arm blocks to 7.13 £ 0.59 mm? in the proximal forearm blocks
and finally 5.80 £ 0.10 mm? in the distal forearm blocks. The
ratio between endo- and epineurium as well as the eccentricity of
the epineurium remained unchanged (data not shown).

Next we aimed at analyzing the three dimensional
organization of the segments so we could understand how
fascicles travel inside the nerve. For that, a 3D reconstruction
of the slices was generated using a computer graphics software
(Houdini 13.0.665, SideFX, USA). The procedure was iteratively
repeated until the whole geometry of the segment could be
generated (Figures $2-S12). The model of the nerve could be
thus manipulated in 3D space for its examination. A planar
lateral projection and an average projection of the 3D stack
along the nerve axis were made for examining the changes in
the position of the fascicles (Figure 6). As described earlier,
the position of the fascicles was found to remain very constant
along the length of the segment. On average, we found 19.85 +
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FIGURE 5 | Morphometric values corresponding to the different block levels of the median nerve. (A) Photograph of the harvested nerve showing the
locations of each of the blocks in normalized distances from the styloid landmark (nFD). (B) Average area of the epineurium region (white) and the endoneurium (gray)
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1.23 fascicles per section. Interestingly, the number of fascicles
was significantly different from the forearm and the upper arm.
Whereas in the forearm, there was an average of 21.87 % 0.58
fascicles, only 12.81 £ 0.73 and 11.81 £ 0.32 were found in
blocks X and XI, respectively (p < 0.001). Next we used a cluster
analysis to characterize the fascicles according to two features:
size of the fascicle (i.e., the area) and the distance to the centroid
of the slice (i.e., nerve axis). Using a k-means procedure, the
fascicles could be satisfactorily classified into six groups: three
representing the size differences (group A, B, and C), and other
three representing the distance differences (group 0, 1, and 2)
(Figure 7). The values for each of the groups are summarized in
Table 1. The results showed that most of the fascicles belonged
to the group of smallest size (group A: 94%). In more proximal
segments, larger fascicles appeared. Fascicles belonging to group
B were rare in the forearm and more abundant in the upper arm
blocks (0.36 £ 0.03 fascicles, 1.6%, and 2.70 £ 0.40 fascicles,
18.7%). The largest fascicles, in group C, were exceptional
(0.8%) and appeared only at the upper arm blocks (0.5 & 0.3
fascicles, 3.4%). Interestingly, fascicles were homogeneously
distributed along the nerve section despite the size
(Figure 8).

These results show that fascicles cannot be characterized solely
based on their size or position within the nerve trunk after the
epicondylar landmark.

3.3. Motor Axons are Heterogeneously
Distributed in Proximal Median Nerve

Segments

Our results indicated that motor fascicles branch out the main
trunk early, in periepicondylar regions, and then they travel in the
main trunk for a short distance, occupying a constant location in
the nerve section until the corresponding exit point is reached.
Proximal to the epicondyle landmark, fascicle size differences
allow for visual identification. It is unknown whether the fascicle
caliber correlates with the type of information (sensory or motor)
carried by the fascicle. To answer the question whether the
fascicles in the supraepicondylar region of the median nerve
can be discriminated according to the information content, we
performed immunohistochemical labeling of motor axons using
ChAT at two levels of this part of the nerve (at nFD = 120%,
n = 3, and nFD = 140%, n = 2). The total number of axons
were similar in the proximal and distal segments (20,428 % 1249,
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FIGURE 6 | Fascicular morphology of the median nerve at forearm and upper arm levels. Analysis of the fascicular morphology at one segment of four
different block levels (1, Ill, VII, and X|) showing each three frames. The element on the left is a planar projection of the 3D reconstruction of the nerve segment with the
number of slices used for its calculation (vertical scale = 250 um, horizontal scale = 1 mm). The top right element represents the probability distribution of the
fascicles at each block level along the nerve using a color jet map gradient where warmer hues indicate less variation along the nerve longitudinal axis (vertical color
bar, from 0 to 1; horizontal scale bar, 1 mm width). The bottom graph shows the frequency distribution of the fascicles grouped according to the clustering parameters
of size (A, B, and C; red, green, and blue, respectively) and the distance to the nerve axis (0, 1, 2) as shown in Figure 7. Block levels are depicted in Figure 5.

n = 3, and 20,028 & 2627, n = 2, respectively). The number of = muscle fibers. Exceptionally, purely motor fascicles (only one in
ChAT™" axons was also similar for both segments (2836 + 414, n  one unique specimen in both levels) or sensory fascicles (only one
= 3, and 2333 + 179, n = 2, respectively), which indicated that  in one specimen in distal level) were identified. Fascicles with
approximately one eighth of the axons at those levels targeted  a motor axonal density over 2 times the standard error of the
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FIGURE 7 | Clustering analysis of fascicles along the median nerve. (A) Example of a non-stained slice embedded in paraffine corresponding to one of the
proximal segments of the median nerve. (B) Color map of the slice in (A) indicating the membership of each of the fascicles to the clusters corresponding to size (A, B,
and C; red, green, and blue, respectively) and distance to the nerve axis (0, 1, and 2). (C) Average number of fascicles for each of the blocks and proportion of
fascicles belonging to each of the size clusters (A, B, and C; red, green, and blue, respectively).
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TABLE 1 | Values for area and distance to the nerve axis for each of the six
different fascicle clusters.

N Area (mm2) Distance (mm)
A0 6200 (34.20%) 0.12 0.68
Al 7863 (43.40%) 0.13 1.40
A2 2948 (16.30%) 0.13 2.35
BO 330 (1.80%) 0.52 0.68
B1 341 (1.90%) 0.52 1.46
B2 288 (1.60%) 0.55 2.21
Co 42 (0.20%) 2.02 0.68
C1 98 (0.50%) 1.90 1.05
Cc2 12 (0.10%) 1.45 2.11
Total 18122 (100.00%) 0.16 1.31

mean appeared to be located in boundary areas of the nerve, but
no pattern could be determined due to the variability between
the samples. When we analyzed the motor axon location, we
observed that ChAT" axons were heterogeneously distributed
in the fascicles (Figure 9). Rather than being randomly mingled
with the rest of axons, motor axons were concentrated in patches
at certain areas. The location of these highly dense motor patches
seemed to be, however, not dependent on size or position of the
fascicle.

This result seems to indicate that a certain degree of functional
selectivity could be achieved if a neural interface is inserted
close to one of those highly dense motor patches. However,
identification of these areas is a priori not possible during a
electrode implantation procedure.

4. DISCUSSION

This study provides a topographical description of the human
median nerve for its application in neuroprosthetic surgery.

Currently, the implantation procedure for a neural interface in
patients is not standardized. Commonly, the surgeon improvises
the intervention based on previous experience in nerve repair,
microsurgical techniques, or similar procedures. From the
studies performed in animal models, particularly the rat sciatic
nerve (Badia et al., 2010), that have characterized different types
of neural interfaces, several conclusions could be extrapolated,
which together with our results might help in the planning of
the implantation procedure. Indeed, a detailed description of the
internal topography of the nerve is an essential decision-making
knowledge for the planification of neuroprosthetic surgeries.
The distribution of the fascicles inside the median nerve,
especially in the main trunk, has been a subject of debate for
years. Sunderland (1945) showed that there was no consistent
fascicular pattern for the main arm nerves. From our statistical
analysis of the median nerve, we observe that the motor fibers
traveling in the upper arm segment organize themselves within
the proximal portion of the forearm (about 50 mm from the
epicondyles) into the muscular branches responsible for wrist
and hand flexion. From the perspective of neuroprosthetic
surgery, we can then divide the median nerve based on our
description into three main regions: the proximal segment, where
the median nerve travels in the upper arm along the humerus
bone; the early distal segment, anatomically correlated with the
antecubital fossa; and the late distal segment, from the origin
point of the interosseous nerve to the entry of the median nerve
in the hand through the carpal tunnel. The proximal segment
corresponds to a region where, as demonstrated by ChAT*
immunostaining, motor axons are heterogeneously distributed
and no prediction of their destination can be established a priori.
In the early distal segments, the topography of the median trunk
starts to be defined and fascicles can be identified to a certain
probability by its distance to the epicondylar landmark and
location within the nerve bundle. This short segment seems to be
the optimal for neuroprosthetic applications since, as we show,
all the motor fibers for hand function are present and grouped in
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FIGURE 8 | Results of the clustering analysis for the fascicles composing a median nerve. (A) Scatter plot of the values of area (in mm? and distance to the
nerve axis (in mm) for each of the fascicles (n = 18,122). Each of the six different colors corresponds to the combinations of membership to the clusters for size (A, B,
and C; red, green, and blue, respectively) and distance (0, 1, and 2). Both axis are in a logarithmic scale. (B,C) Box-plot showing the statistical values for area and
distance to the nerve axis for each of the six different fascicle clusters. Y-axis is in a logarithmic scale.
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fascicles. Noticeably, the nerve fibers of the muscles that generate
control signals for myoelectric prostheses (Ison and Artemiadis,
2014) exit the main trunk precisely at this level. The distal
segment contains small fascicles, which provide innervation to
the intrinsic muscles of the hand. Our description shows that no
major muscular groups of the forearm receive innervation from
this part of the nerve. It is then presumed that these fascicles
contain fibers coming from the hand touch receptors and are
a suitable target for closed-loop prostheses (Raspopovic et al.,
2014).

It is considered that a higher selectivity implies a greater
invasiveness (Navarro et al., 2005). From all the neural interfaces,
cuff electrodes are considered the least invasive since they are
placed around the nerve without penetrating it. Conversely, they
have a low signal-to-noise ratio (SNR) because the neural signals
must travel from the inner of the nerve to the outer epineural
surface where the active contacts are located. The geometry of
the nerve makes it difficult to access the inner signal sources and
make fascicle discrimination more computationally intensive and
complicated (Zariffa et al., 2011). Based on this, cuff electrodes
are more suitable for thin nerves, where signal degradation due
to distance is minimal. From our description, the distal region
of the median nerve, in the forearm, seems to be the most
appropriate location for these kind of electrodes. Here the nerve
is organized in several individual small fascicles aiming at well
defined targets, mostly responsible for selective hand and wrist
movements, which eases the signal processing. In a hypothetical
scenario, the surgeon might perform a careful microdissection to
expose these bundles and implant a microcuft electrode around
each one of them.

A particularly interesting design of cuff electrode is the
flat interface nerve electrode (FINE). This electrode forces a
reshaping of the nerve so the bundles lie flat (Caparso et al.,
2008). Although commonly flatten nerve as the femoral (Schiefer
et al., 2010) are the main targets, FINEs have been implanted in
the median nerve in the context of hand prostheses (Tan et al.,
2014). Our study shows that the ratio between the epineurium
and endoneurium is particularly high in distal forearm regions
and that here size differences between the fascicles are minimal.

This would imply that an orderly translocation of fascicles could
be effectively achieved without compression or damage. The
resulting advantage that this would offer is that, in the case of
FINE implantation in the distal part of the median nerve, fascicle
exposure by microsurgical neurolysis might not be needed.

Intrafascicular electrodes (such as LIFE and TIME) are
invasive electrodes, which are implanted along or across the
nerve, providing a high selectivity without significant damage
(Lago et al, 2007; Badia et al., 2011). These electrodes seem
to be especially suitable in situations where a certain degree of
segregation is present among the fascicles, even though they are
not physically separated. Accordingly, the region where the major
motor branches are expected to exit, i.e., the 95% confidence
interval or the average branching point of the interosseous nerve,
appears to be the best location for intrafascicular electrodes. Our
observations show that here the fibers targeting the lower arm
muscles are well organized in fascicles. However, the presence
of axonal collaterals and anatomosis among fascicles makes
dissection risky. Furthermore, we show that the size relation
between the main trunk and the rest of the branches starts to be
noticeable here, and therefore shape remodeling of the nerve by
a FINE might not be optimal. Intrafascicular electrode appears
to be, however, ideal for these situations: the flexible shaft can be
easily inserted through a small epineural window aiming at one
or more fascicles to gain fascicle selectivity.

The USEA is a neural interface with high selectivity and
good quality of signal recording. However, the risk of damaging
the nerve after implantation is also higher. This electrode
is a modification of the microarray electrodes used in the
brain cortex (Branner et al., 2001). However, opposite to this
location, the nerve is not enclosed in a fixed compartment but
attached to mobile structures such muscles, bones, and joints.
This constantly creates a relative movement between the rigid
electrode shafts and the soft nerve tissue, which with time may
produce damage. For this reason, the implantation of USEA
in the nerve must assure that the electrode is properly fixed.
According to our model, the proximal part of the median nerve
appears to be the best location. Here the median nerve travels
alongside the humerus bone, so its movement is minimal. In this
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FIGURE 9 | Heterogeneous distribution of motor fibers in the proximal median nerve. (A) Example of a merge of four pictures obtained at 4 x magnification of
the ChAT staining in the median nerve. Red box indicates the region of interest for (B). (B) Region indicated in the red box of (A) showing the hetereneous pattern of
ChAT* axon fibers. (C) Overlayed color map on top of the same image as in (A) showing the average ratio between ChAT* and total number of axons in an area of
radius 45 pixels (corresponding in this case to 3-5 axons). Color map shows in black/blue the lowest values and in red/white the highest ones. Red box indicates the
region of interest for (D). (D) Region indicated in the red box of (C) showing the hetereneous pattern of ChAT* axon fibers with the overlayed ratio map as in (C).

portion, most of the nerve space is occupied by a main trunk,
where fascicle organization is still undefined, but big enough to
accommodate the implant. Additionally, the axonal density is
high, meaning that the chances for an axon to be close enough to
an electrode shaft are high. Therefore, if an USEA is implanted
in the main trunk after neurolysis and dissection and fixed in
such way that the relative movement between the electrode and
the nerve is minimal, a good and precise communication with
the nerve could be achieved, as shown in similar experiments in
non-human primates (Ledbetter et al., 2013).
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SUPPLEMENTAL DATA
Calculation of the Branching Probability

To describe the branching pattern of a median nerve of at the
forearm segment of length I, we first counted the number of
branches, B, that exited at a certain distance, i, from beginning
of the nerve at the styloid landmark and that innervate a certain
muscle, M:

(1)

In this study, we used I = 100% of the nFD to indicate the
full length of the forearm. The total number of branches from
the median nerve that innervates a muscle M can be then
calculated as:

By(i)=0,1,...5i€[0,]]

1

> Bu(i) 2)
i=0

For inter-subject comparison of the branching pattern of the
median nerve, we next defined the branching probability, P, for a
muscle, M, at a distance x from the beginning of the nerve as the
probability of a branch of the median nerve to exit the main trunk
within the region between x and the total length of the nerve, L,
so it provides innervation to the muscle:

L
> Buli)

Puy(x) = ’7"7

> Buli)
i=0

;xe[0,L] (3)

For our calculations, L represents the full length of the median
nerve, from the styloid landmark to the brachial plexus, and,
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