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Methods for long-term recording of peripheral nerve activity via intrafascicular electrodes have not been optimized. We compared the long-
term functionality of custom-made 95%Pt/5%Ir intrafascicular electrodes containing a proximal spring-like structure to that of conventional
straight electrodes. The modified electrode was implanted into the sciatic nerve fascicle of a random hind limb in 14 rabbits for 9 months.
A conventional electrode was implanted in the opposite hind limb as a control. Orthodromic and antidromic nerve potentials were sampled
and analyzed monthly. Latency, amplitude, and nerve conduction velocity of electrical signals were generally similar within the modified
group and straight control group at different time intervals (P > 0.05). However, at the conclusion of the study period, the modified elec-
trode group had a greater number of functioning electrodes (P < 0.05) and a greater total functioning electrode time (P 5 0.006). Intrafas-
cicular electrodes with a spring-like structure demonstrated superior potential for long-term electrophysiological monitoring over straight
electrodes. VVC 2008 Wiley-Liss, Inc. Microsurgery 28:173–178, 2008.

Many different kinds of commercial upper limb prosthe-

ses1–6 are available in the world, but the cosmetic and

functional results are inconsistent and the rate of rejection

of prostheses still remains unacceptably high (22–

50%).4,7–12 Use of neural signals for prosthesis control

has great potential because this method harnesses nervous

system plasticity and neural signals accurately reflect

motor nerve commands from the CNS.13 Neural signals

are also highly stable, reproducible, and detectable.14

Interfacing peripheral nerve signals with intrafascicular

electrodes in the nerve stump has become an exciting

focus of prosthesis control research.14–23

Straight intrafascicular electrodes have already been

developed24–29 to record peripheral nerve signals in ani-

mal models as well as clinical experiments.18,20,23 Previ-

ously, implantation of straight longitudinal intrafascicular

electrodes was guided with the aid of a 50 lm diameter

tungsten needle, which was chemically bonded to the

leading end of the intrafascicular electrode using cyanoa-

crylate adhesive. In this method, the needle and electrode

are passed through the perineurium and then along within

the endoneurium for 6–10 mm. The needle and electrode

are then passed back out of the perineurium, allowing the

experimenter to cut off the adhesive and remove the nee-

dle, leaving the electrode in proper placement and align-

ment.18,20,23,29 However, the conventional straight longitu-

dinal intrafascicular electrodes are difficult to keep in a

fixed position, and can be easily dislodged during implan-

tation surgery or electrophysiological experiment, making

them a poor candidate for long-term implantations.

Recent clinical studies with peripheral nerve signal con-

trolled prostheses were performed using intrafascicular

electrodes during a short time.18,20,23 The use of long-

term implantable intrafascicular electrodes to record

peripheral nerve activity has not yet been developed.

We developed intrafascicular electrodes with a spring-

like structure 8 mm from the proximal end. When

implanted using direct microsurgical technique, we found

that it stably and reproducibly recorded the instant electri-

cal signal of the peripheral nerves after implantation30–32

and demonstrated the feasibility of nerve signal-controlled

artificial limbs for amputees.14–17 In this study, we com-

pared these two electrodes in rabbits to evaluate their

long-term electrophysiological properties and to provide

evidence for the future long-term study of these electrodes.

MATERIALS AND METHODS

Fourteen adult White New Zealand rabbits (3.0–3.5

kg) were used in this electrophysiology study. In each

animal, one hind limb was randomly assigned to the

straight electrode control group and the other to the

modified implantation group (n 5 14 per group). The ex-

perimental protocol was approved by the Fudan Univer-

sity Animal Care and Use Committee and all procedures

were compliant with institutional guidelines for the care

and use of laboratory animals. The rabbits had free

access to food and water before and after the experi-

ments, and were subjected to a 12 hour day/night cycle

in a quiet environment.

Electromyelogram and nerve conduction velocity

(NCV) measurements were made using a 4-channel

1Department of Orthopedic Surgery, Zhong Shan Hospital, Fudan University,
Shanghai, People’s Republic of China
2Department of Biomedical Engineering, Johns Hopkins University School of
Medicine, Baltimore, MD
3ACCM, Johns Hopkins University School of Medicine, Baltimore, MD

Grant sponsor: National Natural Science Foundation of People’s Republic of
China; Grant number: 39930070.

*Correspondence to: Xiaofeng Jia, M.D., Ph.D., Biomedical Engineering
Department, Johns Hopkins University School of Medicine, Traylor 710B,
720 Rutland Avenue, Baltimore, MD 21205. E-mail: xjia1@jhmi.edu

Received 10 August 2007; Accepted 16 October 2007

Published online 19 February 2008 in Wiley InterScience (www.interscience.
wiley.com). DOI 10.1002/micr.20475

VVC 2008 Wiley-Liss, Inc.



Haishenhao type 1 Paseidon NDI 500 (EMG) machine

developed by the Navy Medical Institute of P.R. China.

Electrode Fabrication

All intrafascicular electrodes were fabricated from 80

mm of 60 lm 95% platinum/5% iridium alloy wire

coated with 5 lm of Teflon. The modified electrodes had

a spring-like structure fashioned 8 mm from the proximal

end31 (diameter 0.5 mm and 10 cycles) (Fig. 1A) in order

to ensure firm fixation with micro-sutures. Approximately

1 mm of insulation at the proximal end of the electrodes

was removed to prepare for implantation in the fascicle

and 10 mm of insulation at the distal ends was removed

for future attachment to the EMG instrument.30,32 A simi-

lar 120-mm alloy wire was made as a reference electrode

after removing the insulation at the proximal and distal

ends in the same way.

Microsurgical Implantation of

Intrafascicular Electrode

The animals were anesthetized with an intravenous

injection of 3% sodium pentobarbital (3.5 mg/kg), and

supplementary injections were given as needed to main-

tain anesthesia. Aseptic surgical procedures included

shaving the hair from hind legs and dorsal feet, iodine

sterilization of the skin, use of sterile drapes around the

surgical field, and steam sterilization of all surgical

equipment. Normal body temperature was maintained

with a heating pad.

Animals were then fixed in the prone position. An

incision was made along the thigh from the hip to the

knee. The biceps femoris muscles were separated and

retracted to expose the sciatic nerve over a length of 3–4

cm. The sciatic nerve was carefully isolated from the sur-

rounding soft tissue for about 3 cm and kept moist with

sterile saline. Under a 103 surgical microscope (Leica

MC-1, Leica Microsystems, Switzerland), the largest fas-

ciculus was chosen and �2 mm of the epineurium was

carefully teased open longitudinally with microsurgery

equipment. Special attention was paid to ensure the peri-

neurium remained intact. A nerve retractor was used to

keep the nerves under moderate tension. Unlike other

studies,18,20,23,29 our electrodes were inserted only by

microsurgical technique and were not attached with an

extra hard tungsten needle in order to lessen the damage

to the surrounding nerve tissue. Without separating the

fasciculus, an intrafascicular electrode, held with a micro-

needle-holder near the proximal end under a slight

amount of tension, was carefully inserted under micro-

scope at 608 oblique to the fasciculus until the tip pierced

through the perineurium. The proximal end was threaded

into the fasciculus for about 4 mm, and then advanced in

a direction parallel to the nerve fasciculus until the whole

length of the recording area was inside the fascicle. Con-

trol electrodes were sutured to the epineurium by using

eight evenly-spaced sutures of 11-0 silk. In the modified

group, electrodes were fixed at the point of the spring-

like structure with the epineurium using three sutures of

11-0 silk and the rest of the electrode was secured with

five sutures along the epineurium. Another wire was

placed outside the epineurium of the sciatic nerve and

parallel to the longitudinal direction of the nerve as a ref-

erence electrode, with its recording area aligned to that

of the intrafascicular electrode. It was fixed to the epineu-

rium by micro-sutures. (The intrafascicular electrodes

implanted in the animal are shown in Figs. 1B and 1C).

Electrophysiologic Study

Recording orthodromic (type A) evoked potentials.

Two concentric pin electrodes were fixed through a wood

bar at a distance of 10 mm. After interfacing the ends of the

electrodes to the EMG machine, two concentric pin stimulus

Figure 1. Modified intrafascicular electrodes (?) with spring-like structure 8 mm from the proximal end (A, B) and straight intrafascicular

electrode (C, ?) were surgically implanted in the sciatic nerve.
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electrodes were inserted at a point proximal to the intrafas-

cicular electrode (which served as recording electrode) and

the surrounding tissue was grounded. With the stimulus in-

tensity of 9.6 mA, stimulus time of 2 ms, and sensitivity of 1

mV per division, the signal was recorded and the onset la-

tency, interpeak amplitude and NCV were detected. Record-

ing was repeated for four times and average latency, ampli-

tude, and NCV were calculated.

Recording antidromic (type B) evoked potentials.

Using two stimulus electrodes inserted at a point distal to

the intrafascicular electrode (recording electrode), the an-

tidromic nerve signal was recorded with the stimulus in-

tensity of 10.7 mA, stimulus time of 2 ms, and sensitivity

of 0.6 mV per division. The average latency, amplitude,

and NCV were calculated with the same methods.

Recording somatosensory-evoked potentials. Sti-

mulating with paired superficial ringed electrodes at the

depilated first toe (stimulus intensity 22.0 mA, stimulus

time 2 ms, sensitivity 3 lV per division, average overlap

80), sensory nerve action potentials (SNAP) were

detected through the intrafascicular electrode. The aver-

age latency, amplitude, and NCV were calculated with

the same methods.

The ends of electrodes attached with a silastic column

were anchored to the subcutaneous tissue. After electro-

physiological study was completed, the wound was irri-

gated and closed by layers. The surgical site was bound

up with compression dressings. The rabbits fed as usual

in the animal room after regaining consciousness. The

sutures were removed about 10 days following the im-

plantation.

The electrophysiological tests were repeated after 1

month via limit incision exploring the ends of electrodes

and repeated every month until no signal was elicited for

both hind limbs or for a total of 9 months. Isobody com-

parison was performed between the modified electrode

and straight control electrode groups at different time

intervals: the differences of type A, B, and C signals, the

functional individual number and the functional period of

intrafascicular electrodes were compared. The electric

signals of type A, B, and C were compared, respectively,

during different intervals after implantation of electrodes.

Statistical Analysis

Data are presented as mean 6 standard deviation.

Paired-sample T-test was used between control group and

modified group. Univariate analysis was performed for

parametric data with the use of the Student’s t-test for

continuous variables and the v2 test for categorical varia-

bles. Mann-Whitney test was used for nonparametric

analysis of variance. Multivariate General Linear Model

was used for advanced comparison of aggregate data to

control for influencing factors. The mortality rate was

analyzed by Fisher’s exact test (crosstabs) and functional

period was analyzed by a Kaplan-Meier test. Statistical

significance was set at P < 0.05. All statistical analyses

were performed with SPSS 12.0 for Windows software

(SPSS, Chicago, IL).

RESULTS

Real-time electric nerve signaling was reliably

detected by intrafascicular electrodes when electrophysio-

logical tests were made. Related muscle groups con-

tracted simultaneously distal to the implantation site

when rectangular wave electric stimulation was applied.

These signals were displayed on the EMG instrument

(see Fig. 2). The signals of type A had the characteristics

of the motor nerve signals with mono or double peak and

broad shape of the peak. The signals of type B and C

Figure 2. Orthodromic evoked action potentials (A), antidromic evoked action potentials (B) and sensory nerve action potentials (C) were

recorded by intrafascicular electrode in a rabbit sciatic nerve.
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had the characters of the sensory nerve: type B has mono

sharp peak and type C has multiphase wave.

Postimplantation Instant Stability and

Electrophysiologic Characteristics

All intrafascicular electrodes in the modified group

had good intra- and post-operative stability and none of

these electrodes were dislodged. Electric signal was eli-

cited reliably by modified intrafascicular electrodes for

all type A and B electrophysiological tests and 6 of 14

rabbits also had type C successfully elicited (Table 1).

For the remaining 8 of 14 rabbits, type C signal could

not be elicited, although stimulus intensity was increased

and the surrounding muscles contracted at the same time.

For the control electrodes, 12 of 14 intrafascicular

electrodes had good intra- and post-operative stability for

type A and B signal. Muscle contraction by electric simu-

lation during postimplantation instant electrophysiological

test caused two electrodes to dislodge. Type C signals

were successfully elicited in 4 of 12 rabbits (Table 1).

The amplitude, latency, and NVT of type A and B

postimplantation instant signals were similar between

control and modified electrodes (P > 0.05). No compari-

son in type C was analyzed due to a limiting number in

both groups.

Long-Term Characters of

Intrafascicular Electrodes

Type A and B signals were stably elicited by

modified intrafascicular electrodes until the end of the

electrophysiological experiment. No broken or separated

electrodes were found in modified group. For the control

electrodes, seven rabbits did not complete the electro-

physiological study due to broken or dislodged electrodes.

There were significant differences in the number of func-

tional electrodes (P < 0.05) and electrode functional peri-

ods (P 5 0.006) between the modified and control elec-

trodes.

Long-Term Electrophysiologic Characteristics

The shape of the elicited signals were similar between

control and modified group and the character of electric

signals was generally similar among the two groups (all

P > 0.05). The differences of their latent period, ampli-

tude, and NCV within modified group and straight group

at different intervals were not significant (all P > 0.05).

The waveform of electric signals in group A, B was

generally stable during different period and the differen-

ces in the latent period and NCV were not significant (P
> 0.05). The difference of amplitude was significantly

decreased after 1 month (P 5 0.035), but later recovered

after 2 months (P > 0.05), and became higher than the

instant signals after 6 months (P 5 0.012).

DISCUSSION

Intrafascicular electrodes reliably and reproducibly

capture instant peripheral motor nerve signals, making

them suitable for a bionic prosthesis control.14–17 This

method is preferable to myoelectric methods because it

allows for closed-loop feedback,2 it circumvents the phe-

nomenon of muscle fatigue,1 and it does not limit control

to one movement at a time.33

Our experiment demonstrated that our custom-made

modified intrafascicular electrode can provide long-term

monitoring of nerve activity. Instead of 90% Pt/10% Ir

wire, we used a more flexible 95% Pt/5% Ir wire and

manufactured a spring-like structure near the end. This

structure secured against shearing or stretching forces

imposed by surrounding soft tissues during limb move-

ments31 and protected the electrode from the dislodge-

ments by intra-operation longitudinal traction or intra-

stimulation muscle contraction, and from breakages by

the activity of surrounding soft tissue seen in the straight

control electrodes. This modified spring-like structure did

not change the electrophysiological signature of the elec-

trodes. Thus, the modified design increased the functional

individual number of intrafascicular electrodes for long-

term study.

Instead of an implantation guided with an extra tung-

sten needle which doubles the effective diameter of elec-

trodes, makes another hole throughout the perineurium

and epineurium, and creates a second exposure at the dis-

tal end the electrode,18,20,23,28,29 we use direct microsurgi-

cal implantation. This technique decreased injury to

Table 1. Comparison of Electric Signals After Implantation

Between Modified Group and Control Group

Control group Modified group P value

Type A

amplitude (lV) 5,991 6 5,059 4,356 6 1,988 0.497

Type A

latency (ms) 2.373 6 0.813 2.337 6 0.788 0.936

Type A

NCT (m/s) 55.939 6 12.987 50.364 6 11.714 0.249

Type B

amplitude (lV) 797.25 6 712.19 1023.6 6 1136.4 0.526

Type B

latency (ms) 2.275 6 1.044 2.002 6 0.692 0.525

Type B

NCV (m/s) 17.493 6 8.882 22.202 6 9.096 0.245

Type C

amplitude (lV) 1.872 6 2.822 5.201 6 5.975 NA

Type C

latency (ms) 4.356 6 1.770 4.870 6 0.660 NA

Type C

NCT (m/s) 48.679 6 17.037 42.238 6 6.168 NA

NA, No comparison in type C was analyzed due to limit number in both
groups.
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fascicles, avoided possible external interference, and pro-

vided relatively better insulation.30–32,34

Our experiment showed SNAP could be harvested by

the intrafascicular electrodes. That SNAP could not be

elicited in all the animals may be due to the selective

conduction of the intrafascicular electrode. We only

implanted the intrafascicular electrode in the largest fasci-

culus and it may not have contained axons involved in

the specific pathway we stimulated. The relatively lower

amplitude (5.021 lV in the modified group and 1.872 lV
in the control group) of SNAP stimulus may not have

excited the fasciculus with the intrafascicular electrode

through contact conduction via insulated perineurium.

The nerve signal was reliably recorded by the intra-

fascicular electrode throughout the valid functional peri-

ods. The shape of waveform of type A and B signals was

similar and the differences of the latent period and NCV

were not significant during different periods (P > 0.05),

which demonstrated the good performance of the custom-

made intrafascicular electrode. The change of amplitude

of the nerve signal reflects the reaction of surrounding

tissue. Although more flexible material was chosen (95%

Pt-5% Ir), it was still more rigid than the surrounding

fascicle. The decreased amplitude after 1 month post-

implantation may be due to nerve injury from slow micro-

movements of the electrode between unmatched surround-

ing soft tissue and relatively more rigid intrafascicular

electrode which start after the implantation, reach a peak

after 1 month, and then abate by month 2 as tissue reac-

tions fix the electrode in place. The body healing process

from the injury of implantation and electric stimulation

made the amplitude gradually recover and reach the normal

level (higher than the signal immediately postimplantation)

after 6 months. This preliminary exploration provides use-

ful information for further establishment and development

of the artificial limb controlled by nerve signals.14–17

REFERENCES

1. Lake C, Dodson R. Progressive upper limb prosthetics. Phys Med
Rehabil Clin N Am 2006;17:49–72.

2. Scott RN. Feedback in myoelectric prostheses. Clin Orthop Relat
Res 1990;256:58–63.

3. Chen ZW, Hu TP. A reconstructed digit by transplantation of a sec-
ond toe for control of an electromechanical prosthetic hand. Micro-
surgery 2002;22:5–10.

4. Silcox DH III, Rooks MD, Vogel RR, Fleming LL. Myoelectric
prostheses. A long-term follow-up and a study of the use of alternate
prostheses. J Bone Joint Surg Am 1993;75:1781–1789.

5. Vinet R, Lozac’h Y, Beaudry N, Drouin G. Design methodology
for a multifunctional hand prosthesis. J Rehabil Res Dev 1995;32:
316–324.

6. Schwartz AB, Cui XT, Weber DJ, Moran DW. Brain-controlled
interfaces: Movement restoration with neural prosthetics. Neuron
2006;52:205–220.

7. Datta D, Ibbotson V. Prosthetic rehabilitation of upper limb ampu-
tees: A five year review. Clin Rehabil 1991;5:311–316.

8. Datta D, Selvarajah K, Davey N. Functional outcome of patients
with proximal upper limb deficiency—Acquired and congenital. Clin
Rehabil 2004;18:172–177.

9. Postema K, van der Donk V, van Limbeek J, Rijken RA, Poelma
MJ. Prosthesis rejection in children with a unilateral congenital arm
defect. Clin Rehabil 1999;13:243–249.

10. Wright TW, Hagen AD, Wood MB. Prosthetic usage in major upper
extremity amputations. J Hand Surg [Am] 1995;20:619–622.

11. Datta D, Kingston J, Ronald J. Myoelectric prostheses for below-
elbow amputees: The Trent experience. Int Disabil Stud 1989;11:
167–170.

12. Heger H, Millstein S, Hunter GA. Electrically powered prostheses
for the adult with an upper limb amputation. J Bone Joint Surg Br
1985;67:278–281.

13. Zhang XW, Yang YP, Xu XM, Hu TP, Gao ZH, Zhang J, Chen TY,
Chen ZW. Clinical detection and movement recognition of neuro
signals. J Zhejiang Univ Sci B 2005;6:272–279.

14. Jia X, Koenig MA, Zhang X, Zhang J, Chen T, Chen Z. Residual
motor signal in long-term human severed peripheral nerves and fea-
sibility of neural signal-controlled artificial limb. J Hand Surg [Am]
2007;32:657–666.

15. Jia X, Chen T, Chen Z, Zhang J, Zhang X, Si Y, Hu T, Gao Z,
Yang Y. The original report of the first experimental study on elec-
tric prosthesis controlled by signals of nerves in amputation stump
of human. Chin J Phys Med Rehabil 2004;26:20–23.

16. Jia X, Chen Z, Chen T, Zhang J, Zhang X, Si Y, Hu T. Experimen-
tal study on harvesting nerve-signals in the human amputation stump
of the upper arm. Chin J Orthop Trauma 2003;5:165–167.

17. Jia X, Chen Z, Chen T, Zhang J, Zhang X, Si Y, Hu T. Harvesting
the signals of nerves in the remaining limb of human by intrafascic-
ular microelectrodes. Chin J Microsurg 2004;27:24–26.

18. Dhillon GS, Horch KW. Direct neural sensory feedback and control
of a prosthetic arm. IEEE Trans Neural Syst Rehabil Eng 2005;13:
468–472.

19. Kovacs GT, Storment CW, Rosen JM. Regeneration microelectrode
array for peripheral nerve recording and stimulation. IEEE Trans
Biomed Eng 1992;39:893–902.

20. Dhillon GS, Lawrence SM, Hutchinson DT, Horch KW. Residual
function in peripheral nerve stumps of amputees: Implications for
neural control of artificial limbs. J Hand Surg [Am] 2004;29:605–
615; discussion 616–608.

21. Kovacs GT, Storment CW, Halks-Miller M, Belczynski CR Jr,
Della Santina CC, Lewis ER, Maluf NI. Silicon-substrate micro-
electrode arrays for parallel recording of neural activity in peri-
pheral and cranial nerves. IEEE Trans Biomed Eng 1994;41:567–
577.

22. Dario P, Garzella P, Toro M, Micera S, Alavi M, Meyer U, Valder-
rama E, Sebastiani L, Ghelarducci B, Mazzoni C, Pastacaldi P. Neu-
ral interfaces for regenerated nerve stimulation and recording. IEEE
Trans Rehabil Eng 1998;6:353–363.

23. Dhillon GS, Kruger TB, Sandhu JS, Horch KW. Effects of short-
term training on sensory and motor function in severed nerves of
long-term human amputees. J Neurophysiol 2005;93:2625–2633.

24. Branner A, Normann RA. A multielectrode array for intrafascicular
recording and stimulation in sciatic nerve of cats. Brain Res Bull
2000;51:293–306.

25. Lawrence SM, Dhillon GS, Horch KW. Fabrication and characteris-

tics of an implantable, polymer-based, intrafascicular electrode.

J Neurosci Methods 2003;131:9–26.
26. Lawrence SM, Dhillon GS, Jensen W, Yoshida K, Horch KW. Acute

peripheral nerve recording characteristics of polymer-based longitu-
dinal intrafascicular electrodes. IEEE Trans Neural Syst Rehabil Eng
2004;12:345–348.

27. McDonnall D, Clark GA, Normann RA. Selective motor unit recruit-
ment via intrafascicular multielectrode stimulation. Can J Physiol
Pharmacol 2004;82:599–609.

28. McNaughton TG, Horch KW. Metallized polymer fibers as leadwires
and intrafascicular microelectrodes. J Neurosci Methods 1996;70:
103–110.

29. Malagodi MS, Horch KW, Schoenberg AA. An intrafascicular elec-
trode for recording of action potentials in peripheral nerves. Ann
Biomed Eng 1989;17:397–410.

Long-Term Intrafascicular Electrode 177

Microsurgery DOI 10.1002/micr



30. Jia X, Chen Z, Chen T, Zhang J, Zheng X, Zhu Y, Han R, Qiu Z.
The real-time signal recording of sciatic nerve of rabbits
after acute implantation of self-made intrafascicular electrode.
Chin J Clin Rehabil 2002;6:3366–3367; Figure page 3322–
3363.

31. Jia X, Chen Z, Zhang J, Chen T, Zhu Y, Han R. The application
of modified intrafascicular electrodes in recording the electric
signal of sciatic nerve of rabbits. Shanghai Med J 2003;26:243–
245.

32. Jia X, Zhang J, Chen T, Chen Z, Zhu Y, Han R, Qiu Z. Experimental
study on harvesting the electric signal of peripheral nerve at rabbits by
intrafascicular microelectrodes. Chin J Hand Surg 2002;18:245–247.

33. Atkins DJ, Heard DCY, Donovan WH. Epidemiologic overview of
individuals with upper-limb loss and their reported research prior-
ities. J Prosthet Orthot 1996;8:2–11.

34. Jia X, Chen Z, Zhang J, Chen T, Zhu Y. The experimental study on
harvesting information of sensory nerve with intrafascicular electro-
des. Chin J Pract Med 2004;4:1153–1155.

178 Jia et al.

Microsurgery DOI 10.1002/micr


