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Amputated hand, and paralyzed hand, are diseases not on the
conventional list of the hand surgery world, but now have gradu-
ally become the new direction for hand surgeons. A good example
is the advancements in treating amputations after traumatic injury
of the upper limb. Targeted muscle reinnervation combined with a
highly functional bionic arm can greatly compensate for the miss-
ing part of the amputated arm [1], which in general satisfies the
need for strength and dexterity in daily life. According to the clas-
sic cortical homunculus first drawn by Penfield, the hand area
occupied nearly-one-third of the sensorimotor cortex [2]. Thus,
interventions with the hands enable the modulation of brain func-
tion, providing a solution for brain disorders through skillful uti-
lization of brain plasticity. With the recent advancements in
neuroscience and biomedical engineering technology, hand sur-
geons find themselves entering an era with a bigger performance
stage than ever before. For paralyzed hand, the most common
cause is central neurological diseases such as stroke or cerebral
palsy, or paraplegia. Although it is more challenging since surgeons
should balance spasticity and motor function at the same time,
efforts have been made by hand surgeons around the world, such
as hyper selective neurectomy, tendon lengthening or transfer to
reduce the spasticity and reconstruct the motor function [3]. Con-
sidering the fact that the number of patients with paralyzed hands
is over 10 million, which far exceeds the traditional nerve injury
entity, this area is the potential further direction of hand surgery.
In this article, we will discuss the opportunities and pitfalls in
the combination of hand surgery techniques and brain-com-
puter-interface (BCI) in treating paralyzed hands from the perspec-
tive of hand surgery development.

The mainstream concept of noninvasive BCI for patients with
the paralyzed hand is to collect and analyze the electroencephalo-
graph (EEG) signal pattern of the cortex in order to assist in the
rehabilitation of the paralyzed hand. This concept has achieved
great success combined with exoskeleton devices in paraplegia
patients due to spinal cord injury or subcortical stroke patients,
as reported by Wandelt et al. [4]. For patients with cortical injury
due to stroke or other cortical injury diseases, the most straightfor-
ward signal source is the perilesional cortex (PLC), which shows
compensational plasticity for the motor function of the paralyzed
limb part with sophisticated mechanism [5]. However, these com-
pensational signals are usually noisy and unstable, which cannot
meet the demand for dexterous and flexible demand for hand func-
tion in daily life [6]. Inadequate signal of the lesioned hemisphere
has become a bottleneck for the current development of BCI
devices for paralyzed hand treatment, and thus it is urgent to look
for a clean, stable, and accessible signal source to make significant
progress for functional replacement or assistance in daily life for
hemiplegic patients. Luckily, with the advancements in implanted
multichannel electrodes and exoskeleton devices, this has become
possible as long as we have a new theoretical model for the signal
source.

Because of the uncertainty of the lesioned hemisphere, some
researchers have focused on the ‘‘other side”, the contralesional
hemisphere. Previous studies have shown that movement signals
of both hands can be detected simultaneously in the primary
motor cortex (M1) and premotor cortex of one hemisphere, includ-
ing kinematic indexes and feedbacks during motor planning and
execution [7]. Moreover, the contralesional hemisphere is deeply
involved in the post-stroke functional plasticity which is important
for the compensation of the paralyzed hand [8]. A team from the
United States has already developed an exoskeleton device, called
‘‘Ipsihand”, which is based on the signal of the contralesional hemi-
sphere and can assist in the rehabilitation and daily use of the par-
alyzed hand [9]. This is the first device approved by the US Food
and Drug Administration (FDA) that utilizes the signal of the con-
tralesional hemisphere, and still has a large space for improve-
ment. The recent research of Ipsihand has discovered some
patterns of brain functional reorganization on the network level
in the contralesional hemisphere through EEG evaluations [10].
However, the main problem is that the contralesional hemisphere
is not able to spontaneously reorganize to independently control
the bilateral hands. Therefore, Ipsihand cannot separate the two
hands from the signals collected, and thus can only realize the
movement of the paralyzed hand but not the coordinate move-
ment of bilateral hands. However, it has made an important step
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Fig. 1. The concept of BCI driven exoskeleton arm using the signals from the
contralesional hemisphere. For patients with unilateral cortical injury (yellow
explosive shape) due to stroke, traumatic brain injury, or other diseases, the signal
from the contralesional motor cortex is extracted with an implanted multichannel
electrode array, and the control of the paralyzed hand (green) and intact hand (red)
can be separated through signal analysis to provide stable driving of the
exoskeleton arm for the paralyzed hand.
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in using the signal from the contralesional hemisphere and was
appraised as a ‘‘breakthrough device” by the US FDA.

We previously established a strategy to exploit the potential of
the contralesional hemisphere through peripheral nerve transfer
surgery in unilateral spastic arm paralysis patients due to central
neurological injuries including stroke, traumatic brain injury, or
cerebral palsy. By building an ipsilateral pathway that connects
the paralyzed hand with its ipsilateral hemisphere—the contrale-
sional hemisphere—through a peripheral nerve surgery, the ‘‘con-
tralateral C7 nerve (CC7) cross transfer” surgery, the paralyzed
arm function can be significantly improved [11,12]. A randomized
clinical trial study with 18 patients who underwent CC7 cross
transfer surgery showed 15.1 points better functional improve-
ment compared to 18 patients who received rehabilitation alone
[11]. Recently, a multicenter cohort study in a real-world setting
including over 400 patients from China and Republic of Korea ver-
ified the safety, effectiveness, and long-term stability of CC7 cross
surgery in clinical practice. This study also significantly extended
the indications of this surgery in a more inclusive hemiplegia pop-
ulation aged from 4 to 69 years old, male or female, and with
chronic cerebral injuries over 1 year or longer [12]. This is an
important practical guideline for hand surgeons who want to
attempt this surgery around the world.

The research into the mechanism of CC7 cross transfer surgery
showed a very special central plasticity pattern corresponding to
the recovery of the paralyzed hand. Dynamic functional magnetic
resonance imaging (MRI) data from presurgical evaluation to
12 months after the surgery showed that this ipsilateral pathway
could induce large-scale functional reorganization in the contrale-
sional hemisphere, including M1, premotor and other areas. A new
representational area of the paralyzed hand emerged in the con-
tralesional M1, and established functional control of the paralyzed
hand around 10–12 months after the surgery. After large-scale
functional reorganization, the contralesional hemisphere estab-
lished simultaneous control of the paralyzed and intact hand even-
tually. Their representational areas both appeared in the
contralesional hemisphere, although partially overlapped, but can
realize the independent and coordinated movement of bilateral
hands verified by functional evaluation and daily life activities
[11]. These results indicated a new direction in brain plasticity
study and provided a new concept for exploiting the potential of
the contralesional hemisphere, which was essential for the further
study of BCI innovation for the paralyzed hand (Fig. 1).

In the era of intelligence, what is the opportunity for hand sur-
gery development in the innovation of new BCI devices for the par-
alyzed hand? Here are a few thoughts from a perspective of a hand
surgeon.

First, it is important to enrich the knowledge of brain regions
from the bilateral hemisphere and their plasticity mechanism that
participated in the compensatory control of the paralyzed hand
after stroke. It will provide new ideas for surgical innovation. Pre-
vious research about the role of the contralesional hemisphere in
the control of the paralyzed hand points out a potential direction
for BCI research, further research needs to focus on how different
movements of the bilateral hand are coded by neuron population
and the key brain regions participated in [5]. After understanding
these mechanisms so can we simulate the neuron activity patterns
to provide a calculating model for BCI devices with flexible control
under different contexts. To accomplish this, we need to collect
more signals directly from the neurons at a population level in
the motor cortex. Implantable multichannel electrodes and elec-
trocorticogram in epilepsy patients have provided valuable evi-
dence for elucidating the motor coding in M1 and premotor
cortex [13]. Further, understanding the different plasticity mecha-
nisms after CC7 cross transfer surgery will provide more valuable
indications on how to exploit the potential of the contralesional
1933
hemisphere. The key difference after CC7 cross transfer surgery is
that the control of the paralyzed hand is established by the con-
tralesional hemisphere and separated from the intact hand. The
functional MRI in patients and neural circuit tracking in disease
animal models including monkeys and rodents are both needed,
while the former can provide information about key brain regions
participated in this process, and the latter can give insights on how
these regions accomplish the process through functional
reorganization.

Second, cooperation between hand surgeons and engineers will
greatly accelerate the development and clinical use of BCI devices.
Iteration of new devices and intervention techniques focuses on
the efficiency and accuracy of the movements. As hand surgeons
have a deeper and more systematic understanding of patients’
demands for hand function, we can look into new surgical tech-
niques that rebuilt more signals in the brain and the peripheral
pathway to facilitate the signal needed for driving BCI devices.
On the other hand, optimizing algorithm of the neural dynamics
is still a popular research field for computing science. Hand sur-
geons can also make the signals more approachable by performing
peripheral nerve transfer surgery such as TMR. For collection
devices, a higher signal-to-noise ratio, more portable, and less
invasive is still needed for the large patient population, considering
their physical condition and willingness to wear the electrodes.
Besides the devices, cooperation with therapists is also very impor-
tant. According to previous studies, appropriate rehabilitation is
related to better functional improvement after CC7 cross transfer
[12,14]. Therefore, it is hopeful that developing a BCI-driven reha-
bilitation mechanical arm combined with an interactive interface
can provide an immersive training experience and visual feedback,
which can further improve the motor function of the paralyzed
hand [15].

Finally, to more precisely induce the plasticity of the contrale-
sional hemisphere, more selective peripheral nerve transfer surg-
eries can be supposed, such as CC7 nerve root to C5 to improve
should function, CC7 to C8 for hand function, or combination with
nerve branch transfer. These surgeries aim to induce central plas-
ticity of a certain area of the limb representation more selectively
in the motor cortex, therefore establishing the motor control of the
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paralyzed limb. These explorations should be done with caution
not to damage the residual motor function of the upper limb.
Besides surgical innovation, developing interventions directly
applied to the brain to facilitate plasticity is also very important.
Current noninvasive interventions including transcranial magnetic
stimulation, and electrical stimulations can be based on the new
concept. Invasive cortical stimulation can provide more specific
stimulation to the brain. For example, as sensory feedback plays
an important role in motor recovery [16], direct cortical electrical
stimulation makes it possible to construct artificial sensory feed-
back, and implantable electrodes to the sensory cortex can simu-
late the sensory feedback of the upper limb. This provides a
better opportunity for the development of a closed-loop bidirec-
tional brain-computer interface.

The diagnosis and treatment of central and peripheral nerve
injury have been well developed in the field of nerve repair, and
further direction needs to fully embrace the brain-computer inter-
face. As a hand surgeon, mastering these latest frontier technolo-
gies and understanding the relevant principles of brain plasticity
related to exercise control is an important part of maintaining a
leading industry. The application of brain-computer interface in
hand surgery, starting from the new continent of the ‘‘contrale-
sional hemisphere”, will provide a particular opportunity for the
large number of patients with paralyzed hands.

To sum up, the scope of hand surgery is expanding, and a new
‘‘hand-brain” era is coming. By exploiting this hand-brain connec-
tion, hand surgeons will be wiser in dealing with medical puzzles
about the brain, by ‘‘changing the hand”.
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