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ARTICLE INFO ABSTRACT

Every fracture requires immobilization following surgery; however, immobilization 
impairs tactile perception and consequently diminishes cortical somatosensory maps. 
To minimize this adverse phenomenon, we developed a prototype device (development 
code: Ghost) for post-operative use of patients who underwent surgery for distal radius 
fracture (DRF). Ghost consists of a combination of a visualizer paired with a head-
mounted display to provide visual stimuli for enhance motor imagery and a vibration 
motor to provide pallesthetic feedback on the extensor carpi ulnaris tendon of the intact 
side. This study reports on the mechanism and theoretical foundation on which the 
operation of Ghost is currently built.
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Introduction 
Each fracture requires immobilization following surgery. 

However, this immobilization impairs tactile perception and causes 
diminishing of cortical somatosensory maps [1]. This adverse event 
occurs not only among patients with undergoing immobilization for 
fracture, but also among their healthy counterparts [1,2]. Decreased 
limb use can lead to changes in the cortical representation of 
involved muscles [3]. These changes represent a disuse-dependent 
type of plasticity [4]. Because of the adverse effect arising from 
immobilization, we observed that some patients with distal radius 
fractures (DRFs) complained that prior sensation was not restored 
in the affected limb or that they forgot how to move the affected 
limb following immobilization phase, postoperatively. These 
patients are encouraged to further engage these limbs in active 
motion. Figure 1 illustrates the disuse-dependent plasticity from 
wrist fixation in the acute phase of patients with DRF.

The process on the left illustrates insufficient coding. When 
joint movement of an upper limb is restricted for a certain 
period of time, brain activity is correspondingly reduced. As the 
illustration on the right shows, reduced brain activity precipitates 
a disuse-dependent type of plasticity that causes encoding failure, 
resulting in failed cerebral activation of pathways involved in the 
target movement or delayed recall of such movement pathways. 
To minimize such negative consequences of disuse-dependent 
plasticity during the immobilization phase, and to maintain tactile 
perception and somatosensory cortical maps, we developed a 
prototype device (development code: Ghost, Patent No. 6425355) 
that may be applicable to patients with DRF in the postoperative 
period.
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Figure 1: Disuse-dependent plasticity caused by wrist immobilization.

Ghost: Out Prototypical Device
Ghost was developed to synchronously provide both visual and 

vibration feedback. Ghost employs a head-mounted VR display for 
viewing videos and a vibrating motor to elicit pallesthesia. 

Figure 2 shows the Ghost system as it synchronously stimulates 
visualization and vibratory sense among patients with DRF. The 
visual stimuli are implemented with a visualizer, which is expected 
to enhance motor imagery of limb motion. The device was built 
using

(1) A head-mounted display (Oculus virtual reality (VR); 
Irvine, California, USA), 

(2) A control unit (MacBook Pro; Apple Inc., Cupertino, 
California, USA), and 

(3) An originally developed three-dimensional video 
application. The vibratory stimuli were applied through a 
vibration motor with an operating frequency of 70 to 80 Hz 
(Daito Electric Machine Industry Co., Ltd., Osaka, Japan, 2015).

Figure 2: The Ghost system synchronously implements visualization and vibration stimuli to prevent disuse-dependent 
plasticity in the acute phase for patients with distal radius fracture.
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This vibration motor was placed on the extensor carpi ulnaris 
tendon on the contralateral, intact side. The vibratory stimulus 
was accordingly applied concurrently with three-dimensional 
visualization. The combined stimuli were programmed to last for 
30 s, with a 10-s interval allocated for rest. A patient on whom 
Ghost was tested reported perception of palmar flexion of the wrist 
upon application of vibratory stimulus with the vibration motor. 
This perception occurred despite the joint not engaging in any 
motion [5]. Upon repeat testing, concurrent application of vibratory 
stimulus on both the injured hand and the contralateral healthy 
hand, yielded a sensation that corresponded with non-dorsiflexion 
of the fractured hand. [6]. In the head-mounted display, a parallax 
image of a hand in dorsiflexion and palmar flexion was concurrently 
shown. Upon visualization of each parallax image, the participants 
felt ownership of the hand as it moved in a three-dimensional movie. 
A sense of ownership of one’s limb is essential for effective visual 
stimuli [7,8]. In this implementation, Ghost provided concurrent 
visual and vibration stimuli. When multiple stimuli for different 
senses are elicited, humans perceive the experience as more “real” 
than if only a single stimulus were implemented [9].

The Mechanism and the Theoretical Foundations of 
Ghost

The novelty of Ghost is in the synergistic effect of visual and 
vibration stimuli for patients recovering from DRF while in the 
immobilization phase. We expected that vibration stimuli would 
amplify the effects of motor imagery over merely providing 
exclusively visual stimuli, based on previous studies [9]. The 
combination of vibration stimuli and visual stimuli was examined in 
healthy participants, showing the importance of carefully selecting 
specific visual feedback to improve the illusion of movement 
induced by tendon vibration. Moreover, the illusion was enhanced 
by adding VR cues congruent with the illusion of movement [10]. 
Motor imagery practice using VR is used for various patients. It 
was found to be beneficial for patients with stroke, to improve 
their activities of daily living [11]. A systematic review and meta-
analysis showed that the use of specialized VR and VR gaming can 
be advantageous for the treatment of the upper extremity; however, 
this does not have the same effect for hand dexterity and gait, for all 
pathologies considered [12].

Motor imagery practice is beneficial for healthy people during 
arm immobilization [13]. Key to the success of practice with motor 
imagery is whether participants were able to experience ownership 
[7]. Moreover, vibration stimuli have the potential to enhance 
illusory hand movement and corresponding activity of the primary 
motor cortex [14,15]. Using Ghost, its effectiveness was tested 
among postoperative patients who were treated for DRF. Clinical 
applications for Ghost are still under the experimental phase. 
Frenkel, et al. reported that motor imagery declined temporarily 

when the wrist joint was temporarily fixed [16]. Images should 
be improved to allow patients with DRF to experience body 
ownership, such that they would feel as if they were moving their 
very own limbs. In addition, three-dimensional visual stimuli 
cause visual fatigue [17]. Therefore, duration of practice must 
accordingly be considered. Diabetes and peripheral neuropathy 
often diminish vibratory sensation. Patients with DRF who have 
such comorbidities do not experience proprioception in the same 
way as healthy subjects. For patients with DRF and somatosensory 
impairment, it is worth considering to increase vibration intensity.

Conclusion
In the immobilization phase for the treatment of DRF, the wrist 

joint must be immobilized. Consequently, a disuse-dependent 
plasticity occurs from non-use of the injured hand. Because of such 
disuse-dependent plasticity, some patients with DRF may not be 
able to use the affected hand properly for an unspecified period 
of time following the immobilization phase. If Ghost is used for 
patients with DRF in the acute phase, the risk of disuse-dependent 
plasticity may be further reduced, and tactile perception and 
somatosensory cortical maps may be maintained. Further studies 
will verify whether this intervention can be effective for patients 
with DRF. In addition, there are issues that hound its practical 
application, such as the effective optimization of the combined 
multisensory stimulations, the individualization of stimulation 
intensity and frequency for each patient, and the feasibility of 
utilization for both the acute and convalescent phases.
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