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Case study of an amputee regaining sensation and muscle
function in aresidual limb after peripheral nerve stimulation by
intense focused ultrasound
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Standard amputation surgery places the distal transected nerve ending in soft tissue to
minimize pain from external pressure. Despite this, nerve-related pain often occurs due to a
variety of peripheral and central sources [1]. Targeted muscle reinnervation (TMR) connects
the distal transected nerve to a neuromuscular junction in the residual limb during
amputation surgery in order to facilitate myoelectric prosthesis use and to reduce the
incidence and severity of neuroma-related pain [2]. During a study to determine the relative
sensitivity to external stimulation of transected nerves after standard amputation versus
TMR, we encountered a single participant who recovered motor and sensory function of
their tibial nerve after TMR surgery during ultrasound stimulation of the nerve.

We used intense focused ultrasound (iFU), delivered under real-time ultrasound image
guidance, to stimulate at or near the distal tip of major transected nerves in amputated limbs
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following a previously described protocol [3,4]. In this way we determined the minimum
iFU intensity capable of generating a first discernable sensation through use of a ramp-up
paradigm that started at low intensity values and increased until we achieved that aim or
reached the maximum intensity value of our device.

We obtained University of Washington Institutional Review Board (IRB) and military
Human Research Protection Office (HRPO) approvals for our study. All participants in the
study provided informed consent. The participant in question had a below-knee amputation
in March of 2003 due to posttraumatic arthritis, then a surgical revision in February of 2016
using TMR to address three painful neuromas in his residual limb, one for each of the
peroneal, tibial and sural nerves. Prior to his participation in our study in February of 2017,
our participant reported his inability to contract his lateral gastrocnemius muscle to which
the tibial nerve was connected via the lateral motor branch of the gastrocnemius nerve using
the TMR procedure (Fig. 1a). He also could not detect sensations from the posterior portion
of his leg — that associated with the site of tibial nerve implantation. This lack of motor and
sensory function of the tibial nerve persisted for the entire twelve months after TMR surgery
until the day of our study. Together, this impaired his ability to effectively use his standard,
below-knee prosthesis. The participant reported normal motor and sensory function
associated with the other transected nerves. We verified these self-reports through palpation
of muscle during voluntary movement by the patient and our formal, single-blinded
cutaneous stimulation of the residual limb.

iFU stimulation of his non-functioning tibial nerve under ultrasound image guidance (Fig.
1b) with sufficient spatial peak temporal average intensity (71.5 W/cm?2, 2.0 MHz, for each
of five individual pulses of 0.1 second in duration, spaced 1—2 seconds apart) produced
corresponding transient pulses of phantom limb sensations, the first time the participant had
felt sensations of any sort associated with his tibial nerve since his TMR surgery. We
continued the study but, because of his surprise, we used a lower iFU intensity value (66.5
W/cm?2), doing so within 1 min of the previous stimulation that generated phantom limb
sensations. By the third of five iFU pulses at that intensity, we directly observed with
ultrasound imaging involuntary movement of the lateral gastrocnemius muscle. Within
approximately 10 s and without additional stimulation, there followed voluntary movement
of that muscle by the participant that we directly observed along with his reported ability to
detect cutaneous stimulation which we verified as above. During the next 45 minutes we
continued the study, for example successfully stimulating his transected peroneal nerve at a
comparable intensity value as for the tibial nerve (66.5 W/cm?2). Up to and including the
time the participant left our facility, he reported voluntary control of and sensations
associated with his lateral gastrocnemius muscle. Regrettably we have lost the participant to
follow up, so do not know the long-term outcome of this apparent reanimation of his tibial
nerve.

Several published reports document the ability of ultrasound to stimulate already functioning
peripheral nerves [3-7] and activate (as well as inhibit) brain with ultrasound [8]. One case
study [9] reported substantial activation of a patient’s brain associated with ultrasound
application after prolonged minimal consciousness. Specifically, Monti et al. [9] directed
transcranial ultrasound to the thalamus of a patient whose traumatic brain injury led to 19
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days of prolonged loss of consciousness. At the time of ultrasound delivery the patient had
attained a minimally conscious state [10]. Three days after ultrasound delivery, the patient
demonstrated significantly increased voluntary behavior consistent with emergence from a
minimally conscious state; by five days post-ultrasound the patient tried to walk. In our case
and theirs, at most minimally functional but structurally connected nervous system tissue
started to function after delivery of ultrasound. In our case, this occurred moments after
delivery of sufficient ultrasound to a major peripheral nerve, which feeds via the thalamus
into the motor and sensory cortices. In their case, this occurred days after delivery of
sufficient ultrasound directly to the thalamus. Monti et al. [9] may have derived inspiration
for their effort by Yoo et al. [11], who observed acceleration out of an anesthetized state by
rodents caused by ultrasound delivered to the rodent’s thalamus. Yoo et al. [11] and Monti et
al. [9] directly stimulated thalamus using non-invasively delivered ultrasound with results
analogous to those achievable by deep brain stimulation of the thalamus of patients with
disordered consciousness, as discussed in Yoo et al. [11]. Referring to the mesocircuit
hypothesis of Schiff [10] and the discussion of Yoo et al. [11], we hypothesize that we
activated a previously dormant thalamus/cortex circuit via our stimulation with iFU of the
mixed motor/sensory tibial nerve.

We report here the first observation known to us of ultrasound stimulation causing a non-
functioning peripheral nerve to recover its function. Through direct activation of a major
peripheral nerve with iFU we hypothesize that we stimulated the thalamic/cortical circuit
thereby entraining central function that supported tibial nerve function. Our observation may
therefore have conceptual overlap with that of Monti et al. [9] and of Yoo et al. [11] in that
all three studies demonstrated activation of a previously non-functioning nervous system
circuit, through direct (as in Monti et al. [9] and Yoo et al. [11]) or indirect (our case)
stimulation of the thalamus.

Our case report joins a burgeoning field demonstrating that ultrasound can activate the
peripheral as well as the central nervous systems, with clinical applications of this
phenomena in the early stages of exploration.

Acknowledgements

This work received financial support from CMDRP award #W81XWH-15-1-0291 and NIH award #
5R21EY027557-02. We thank Lucas Chen, Nels Schimek, Annamarie Lahti, and Brian MacConaghy for their
discussions of this interesting case.

References

[1]. Reiber GE, McFarland LV, Hubbard S, Maynard C, Blough DK, Gambel JM, et al.
Servicemembers and veterans with major traumatic limb loss from Vietnam war and OIF/OEF
conflicts: survey methods, participants, and summary findings. J Rehabil Res Dev 2010;47:275
10.1682/JRRD.2010.01.0009. [PubMed: 20803399]

[2]. Valerio IL, Dumanian GA, Jordan SW, Mioton LM, Bowen JB, West JM, et al. Preemptive
treatment of phantom and residual limb pain with targeted muscle reinnervation at the time of
major limb amputation. J Am Coll Surg 2019;228:217-26. 10.1016/j.jamcollsurg.2018.12.015.
[PubMed: 30634038]

Brain Stimul. Author manuscript; available in PMC 2021 May 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ezeokeke et al.

Page 4

[3]. Mourad PD, Friedly JL, McClintic AM, Olmstead TA, Loeser JD. Intense focused ultrasound
preferentially stimulates transected nerves within residual limbs: pilot study. Pain Med 2017
10.1093/pm/pnx188.

[4]. Bobola MS, Ezeokeke CK, Kuznetslova K, Lahti AC, Loeser JD, Olmstead TA, et al. A pre-
clinical study of the response threshold of intact and transected nerves to stimulation by
transcutaneous intense focused ultrasound. Ultrasound Med Biol 2019;45:2094-103. 10.1016/
j.ultrasmedbio.2019.04.014. [PubMed: 31153718]

[5]. McClintic AM, Dickey TCTTC, Gofeld M, Kliot M, Loeser JD, Richebe P, et al. Intense focused
ultrasound preferentially stimulates subcutaneous and focal neuropathic tissue: preliminary
results. Pain Med 2013;14:84-92.10.1111/j.1526-4637.2012.01510.x. [PubMed: 23137045]

[6]. Downs ME, Lee SA, Yang G, Kim S, Wang Q, Konofagou EE. Non-invasive peripheral nerve
stimulation via focused ultrasound in vivo. Phys Med Biol 2018;63 10.1088/1361-6560/aa9fc2.

[7]. Cotero V, Fan Y, Tsaava T, Kressel AM, Hancu |, Fitzgerald P, et al. Noninvasive sub-organ
ultrasound stimulation for targeted neuromodulation. Nat Commun 2019;10 10.1038/
s41467-019-08750-9. [PubMed: 30602777]

[8]. Bobola M, Chen L, Ezeokeke CK, Kuznetsova K, Lahti AC, Lo W, et al. A Review of recent
advances in ultrasound, placed in the context of pain diagnosis and treatment. Curr Pain
Headache Rep 2018 10.1007/s11916-018-0711-7.

[9]. Monti MM, Schnakers C, Korb AS, Bystritsky A, Vespa PM. Non-Invasive ultrasonic thalamic
stimulation in disorders of consciousness after severe brain injury: a first-in-man report. Brain
Stimul 2016;9:940-1. 10.1016/j.brs.2016.07.008. [PubMed: 27567470]

[10]. Schiff ND. Recovery of consciousness after brain injury: a mesocircuit hypothesis. Trends
Neurosci 2010;33:1-9. 10.1016/j.tins.2009.11.002. [PubMed: 19954851]

[11]. Yoo S-S, Kim H, Min B-K, Franck E, Park S. Transcranial focused ultrasound to the thalamus
alters anesthesia time in rats. Neuroreport 2011;22:783-7. 10.1097/WNR.0b013e32834b2957.
[PubMed: 21876461]

Brain Stimul. Author manuscript; available in PMC 2021 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ezeokeke et al.

Medial | . Tibial N.

Sural N. =5 transferred to
1-ansferred | Lateral
to \ motor branch
Gastroc-

Medial

motor nemius N.

branch Common

Gastroc- Peroneal N.

nemius N. rmnsfem to
Motor branch
Soleus N.

Fig. 1. Experimental target and setup.
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(A) Schematic of the test subject’s major peripheral nerves in his residual limb. We targeted

the distal aspect of the tibial nerve for stimulation by intense focused ultrasound. This
schematic also shows the other nerves that had undergone the TMR procedure, with a

neuroma at the distal end of the common peroneal nerve. (B) Schematic of the experimental
procedure using an ultrasound system (#1 {iFU transducer}, 2 {gel pad, which couples the
transducer to skin}, 3 {mounting system}, 4 {diagnostic ultrasound scan head}) that puts the
ultrasound focus (#5) on the tibial nerve (#6) below the skin (#7) using ultrasound image

guidance (#8).
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