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Abstract Ultrasound imaging of peripheral nerves is increasingly used in the clinic for a

wide range of applications. Although yet unapplied for experimental neuroscience, it also

has potential value in this research area. This study explores the feasibility, possibilities

and limitations of this technique in rabbits, with special focus on peripheral nerve regen-

eration after trauma. The peroneal nerve of 25 New Zealand White rabbits was imaged at

varying time intervals after a crush lesion. The ultrasonic appearance of the nerve was

determined, and recordings were validated with in vivo anatomy. Nerve swelling at the

lesion site was estimated from ultrasound images and compared with anatomical param-

eters. The peroneal nerve could reliably be identified in all animals, and its course and

anatomical variations agreed perfectly with anatomy. Nerve diameters from ultrasound

were related to in vivo diameters (p < 0.001, R2 ¼ 77%), although the prediction interval

was rather wide. Nerve thickenings could be visualized and preliminary results indicate

that ultrasound can differentiate between neuroma formation and external nerve thicken-

ing. The value of the technique for experimental neuroscience is discussed. We conclude

that ultrasound imaging of the rabbit peroneal nerve is feasible and that it is a promising

tool for different research areas within the field of experimental neuroscience.
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Introduction
Since the introduction of high-frequency linear

array transducers in the mid 90s, ultrasound imaging

of peripheral nerves is widely gaining application as a

diagnostic tool. Indications include diagnosis of nerve

compressions (Beekman and Visser, 2003), nerve

lesions (Peer et al., 2003), perineural fibrosis (Quinn

et al., 2000), nerve tumours (Stuart et al., 2004), and

hereditary neuropathies (Beekman and Visser, 2002).

In carpal tunnel syndrome, nerve diameters have

been proven to relate to electromyography (Lee

et al., 1999).

Although often applied clinically, no studies have

been published on ultrasound imaging of the much

smaller nerves of the rabbit, although this animal is

frequently used as an experimental model in

neuroscience. This technique could be very useful in,

for example, studies on nerve regeneration, nerve

thickening neuropathies and tumour formation.

In nerve regeneration studies, ultrasound imaging has

a potential value for determining the quality of the

lesion site (neuroma formation) and quantifying

regeneration.

This study was designed to evaluate the feasibility

of ultrasound imaging of the rabbit peroneal nerve and

to explore its possibilities and limitations for experi-

mental neuroscience, with special focus on regenera-

tion after nerve trauma. We determined the ultrasonic

appearance of the nerve and compared its course, its

diameter and the presence of anatomical variations
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and of nerve enlargement at the lesion site with in vivo

anatomy.

Materials and Methods
Animals

For this study, 25 male New Zealand White rabbits

weighing 3.0–5.6 kg were used. The experimental

protocol was approved by the Animal Experiments

Committee according to the National Experiments on

Animals Act and conducted according to this law that

serves the implementation of Directive 86/609/EC of

the Council of Europe.

Surgery

Surgery and measurements were performed under

general anaesthesia (1–2% isofluorane in a mixture of

O2/N2O), preceded by Hypnorm injection (0.23 mL/kg,

IM [intramuscular]). The right peroneal nerve was

lesioned 1 cm distal to the trochanter major of the

femur by crushing the nerve for 30 s with a 2-mm-wide

surgical needle holder. Such a lesion destroys axonal

continuity while leaving the epineurium intact. Animals

received Baytril (10 mg/kg) from 1 day before to 2 days

after surgery and Temgesic (0.03 mg/kg) for 2 days after

surgery. Nerves were left to regenerate for varying per-

iods ranging from 4 to 13 weeks. After this period, ultra-

sound imaging was performed on the lesioned nerve.

After performing the measurements, animals were

sacrificed through intravenous injection of an overdose

of pentobarbital.

Ultrasound imaging

The right hind leg was shaved. The animal was

positioned on its left side with both knees at a 90�

angle and the feet in a natural position. In this position,

the skin between the trochanter major and the knee lay

quite flat, simplifying nerve scanning. The legs were

taped to the operating table at the distal crease to

keep the legs in position. The location of the trochanter

major was marked on the skin as a reference for dis-

tance measurements. The skin was then wetted with

70% alcohol because this improved acoustic coupling,

and a generous amount of ultrasound gel was applied.

Ultrasound imaging was performed on an Aloka

SSD-3500 system with a UST-5542 High Frequency

Linear Array probe (Aloka Co.). Settings used for

nerve visualisation are given in Table 1. These settings

were used as a fixed preset for all recordings. A beam

frequency of 13 MHz was used to enable good resolu-

tion of the nerve interior. Acoustic power was kept low

to avoid masking of the fine image details through

saturation of the ultrasound intensity. The receiver

gain was set at 60 dB because a higher gain blurred

the image details.

The common peroneal nerve was imaged by scan-

ning in transversal and longitudinal directions from the

trochanter major to where the cranial portion of lateral

head of the gastrocnemius muscle is perforated.

Proximally, the peroneal and the tibial nerves lay next

to each other, enclosed by an epineural sheet. To avoid

confusing these nerves on longitudinal scanning, we first

checked the course of the larger tibial nerve and then

directed the ultrasound beam more anteriorly to find the

peroneal nerve. To differentiate between nerves and

two adjacent muscle fascias, the probe was moved

back and forth in lateral direction while scanning long-

itudinally. Because the nerve is small and elliptical in

form, lateral probe movement should result in decay of

the observed diameter, which is not the case with the

distance between two adjacent muscle fascias.

From transversal recordings, the diameter of the

inner nerve border was measured at four locations: (1)

at the trochanter major, (2) where the nerve first

touched the gastrocnemius muscle, (3) where it perfor-

ated the lateral head of this muscle and (4) 1 cm prox-

imal to site 3. In transversal images, we only measured

the inner nerve diameter because the outer nerve bor-

der was less well defined in the transversal images.

This is partly because an area of high or mixed echo-

genicity was often present around the nerve.

Appearance of the lesion was assessed from long-

itudinal recordings. Here, we measured both inner and

outer nerve diameters at the lesion site because the

outer nerve border is more easily delineated on long-

itudinal images. Similar longitudinal measurements at

4 cm distal to the trochanter major served as a refer-

ence to define local nerve thickening. Accuracy of the

on-screen measurement tool was 0.1 mm.

Anatomical measurements

The peroneal nerve was dissected free along its

entire length. In vivo nerve diameters were measured

at the same sites of the ultrasound measurements.

Diameters were measured with a calliper gauge (accu-

racy 0.1 mm) underneath a dissection microscope,

before and after removing extraneural fat. The pre-

sence or absence of anatomical variations or abnor-

malities was assessed visually.

Analysis and statistics

A confidence level of 95% was used throughout

the study. We estimated the predictive value of ultra-

sound diameters with regard to anatomical diameters

through linear regression analysis after taking the nat-

ural logarithm of both diameters to obtain near-normal
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distributions. From this, the 95% prediction interval and

the percentage variability explained by the relation

(Pearson R2) were calculated. Local thickening at the

lesion site was defined as an increase of more than

0.5 mm in nerve diameter compared with that at 4 cm

distal to the trochanter major, for both ultrasound and

anatomy. After applying this cut-off, the positive and nega-

tive predictive values (PPV and NPV) of the ultrasound

estimates were calculated for inner and outer diameters.

Results
Ultrasonic appearance

The peroneal nerve was found in all animals.

Scanning and measuring the entire nerve in both long-

itudinal and transversal directions was accomplished in

70 min on average. Retrospective analysis of the

images showed that, only on longitudinal scanning, in

one case, the proximal part of the nerve was confused

with the tibial nerve. Figures 1 and 2 show the ultraso-

nic appearance of the peroneal nerve in longitudinal and

transversal aspects. The nerve consisted of a hypoe-

choic interior, surrounded by a hyperechoic rim. Often,

an area of mixed or high echogenicity was found sur-

rounding the nerve. Proximally, the nerve lay at its

maximal depth and then moved superficially because it

coursed distally. In this area, the larger tibial nerve could

clearly be seen lying posterior to the peroneal nerve

before they separated. The peroneal nerve then crossed

a branch of the popliteal artery and emerged across the

gastrocnemius muscle. Distally, it lay very superficial

and clearly flattened. It then perforated the muscle

and submerged again (Fig. 1). More distally, the nerve

could not be followed reliably.

Because of its superficial course and characteristic

flattened form distally, the nerve was best found at

about 1–2 cm proximal to the knee. It could then be

followed over its entire length in most animals up to

about 0–1 cm distal to the trochanter major.

Transversally, the nerve was sometimes difficult to

image at the lesion site. In addition, around the tro-

chanter major and at about 5–6 cm distal to this joint,

the nerve borders were often less clear. Furthermore,

a few animals had local skin areas of intensive hair

growth, which were very echodense, resulting in

acoustic shadowing. The latter problem could often

be overcome by pulling the skin sideways, so that

the region of interest became shadow free.

Ultrasound vs. anatomy

The concordance between ultrasonic and anatomi-

cal observations of nerve morphology was good. In all

cases where the nerve course appeared normal on

ultrasound, it was also normal anatomically. In two

animals, the course of the peroneal nerve was abnor-

mal. It crossed the tibial nerve and remained posterior

to this nerve for some distance. In both the cases, this

was clearly detected with ultrasound. Intraneural fas-

cicles could normally not be seen. However, in one

animal in which the peroneal nerve consisted of two

separate branches and in another in which the tibial

nerve had two clearly separate fascicles, these were

well detectable on transversal scanning. In all other

animals, transversal ultrasound did not reveal separate

bundles, and they were also not seen upon anatomical

exploration. On longitudinal scanning, however, there

was one animal in which there seemed to be a sepa-

rate bundle that was not present anatomically.

Figure 3 shows the relation between nerve dia-

meters from ultrasound and those measured anatom-

ically, together with the 95% prediction interval.

Table 1. Machine settings used for nerve imaging.

Value used Available range

Frequency (MHz) 13 7^13
Gain (dB) 60 30^90
Acoustic power (%) 19 0^100
Contrast 4 0^15
Relief 0 0^3
Ac. gain compensation 2 0^15
Scan depth (cm) 2 2^24
Line density 3 1^3
Smoothing 4 1^8
Horizontal smoothing 1 0^2
Frame correlation 5 0^15

Right column shows the range of values available on our equipment. Ac.,
acoustic.

Proximal

L

BF

SM

PA

GN

Distal

Figure 1. Ultrasonic appearance of the peroneal nerve in longitudinal aspect (L, lesion site; BF, biceps femoris muscle; SM,
semimembranosus muscle; GN, gastrocnemius muscle; PA, branch of popliteal artery).
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The regression equation was estimated as

ln(dA) ¼ 0.57 ln(dUS) þ 0.11 mm (slope: p < 0.001,

paired sample t-test, n ¼ 56), in which dA is the anato-

mical diameter (excluding fat) and dUS the diameter

from ultrasound (inner nerve diameter). The percen-

tage explained variability (R2) was 77%.

Nerve thickening

Nerve thickening could be well visualised. In most

animals, the hypoechoic nerve interior was clearly

enlarged (Fig. 4), while in others, only the nerve border

appeared thickened (Fig. 5). The predictive values from

ultrasound regarding nerve swelling are summarized in

Table 2. The one animal, in which the proximal part of

the nerve was confused with the tibial nerve on longi-

tudinal images, was excluded from this analysis.

Discussion
Ultrasonic appearance

This study shows that the rabbit peroneal nerve

can be imaged well with ultrasound. In agreement with

human studies, the nerve appeared as a hypoechoic

structure with a hyperechoic border, both on transver-

sal and longitudinal images (Silvestri et al., 1995;

Beekman and Visser, 2003). In human nerves, gener-

ally, multiple fascicles can be seen. Equivalently, in our

study, the peroneal and tibial nerves, which together

form the sciatic nerve, were clearly detectable as separ-

ate fascicles, even at the most proximal sites. This was

best seen on transversal images.

In the majority of animals, the nerve could be

followed in distoproximal direction from where it per-

forates the gastrocnemius muscle to at about 0–1 cm

distal to the trochanter major. Near the trochanter

major and at about 5–6 cm distal to this joint, visualisa-

tion was often decreased. Retrospective analysis of

the images showed that this was caused by the obli-

que course of the nerve with regard to the ultrasound

beam, which reduces the amount of ultrasonic energy

reflected back to the probe. Consequently, the echo-

genicity of the nerve borders is reduced, hampering

differentiation of the nerve from the surrounding mus-

cles. More particularly, this appeared to happen when

the angle between the ultrasound beam and the nerve

was less than 70–75�. In future studies, this problem

can therefore easily be avoided by rotating the probe,

BF

PN TN

SM

PosteriorAnterior

F

Figure 2. Ultrasonic appearance of the peroneal and tibial
nerve in transversal aspect at 4 cm distal to the trochanter
major of the femur. In this animal, the tibial and peroneal
nerves have just split at this site (PN, peroneal nerve; TN,
tibial nerve; BF, biceps femoris muscle; SM, semimembra-
nosus muscle; F, femur). Dotted line – area of increased
echogenicity, which was often found surrounding the nerves.
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Figure 3. Relation between nerve diameters from ultrasound
and those measured anatomically with 95% prediction inter-
val. Data are ln-transformed to obtain near-normal sample
distributions. n ¼ 56.

Figure 4. Enlargement of inner nerve diameter at the lesion
site (neuroma formation).
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so that the ultrasound beam gets more perpendicular

to the nerve.

Ultrasound vs. anatomy

Ultrasound images were in good agreement with

anatomy. The course of the nerve and its relation to

the tibial nerve and surrounding structures matched

perfectly with that seen upon anatomical exploration

and as described in literature (Barone et al., 1973;

Schmitz and Beer, 2001). Also, when the course of

the nerve was abnormal, this was clearly seen on

ultrasound in agreement with Peer et al. (2003) who

detected twisting of fascicles around each other in a

surgically reconstructed median nerve. Diameters

from ultrasound were significantly related to anatom-

ical diameters. However, the scatter in this relation

limits strong predictions of anatomical nerve dimen-

sions from transversal ultrasound. Several factors

play a role in this scatter. First, from ultrasound, we

measured the diameter of the hypoechoic inside of the

nerve because the outer border is usually less well

defined in transversal images (Nakamichi and

Tachibana, 2002), while anatomically, only the outer

nerve diameter could be measured. Besides resulting

in a negative offset of the ultrasound diameter with

regard to the anatomical diameter, this also adds vari-

ability in the relation because of variations in thickness

of the nerve border and in the amount of extraneural

scarring. Second, in vivo anatomical measurements,

although performed underneath a microscope, will

also have measurement errors because of errors in

positioning of the calliper gauge and because surgical

exposure was needed. The latter could have resulted

in altered nerve dimensions because of changes in the

mechanical forces of the surrounding structures acting

upon the nerve whereas ultrasound measures in vivo

dimensions in the undisturbed situation.

Because the proximal part of the peroneal nerve

was confused with the tibial nerve in one case, on long-

itudinal scanning, it is advisable to always perform

recordings in both longitudinal and transversal directions.

Nerve thickening

Ultrasound was able to show local nerve thicken-

ing at the lesion site. More interestingly, it seems to be

able to differentiate between neuroma formation (intra-

neural swelling) and external diameter enlargement

(epineural swelling). This potentially is of great value

in the clinical situation where visual nerve inspection

cannot differentiate between internal and external

enlargement of nerve diameter, and both causes

require a different treatment regimen. Nerve compres-

sion because of a swollen epineurium often requires

another treatment than neuroma formation. Further

study is required to determine the predictive value of

ultrasound in differentiating between these situations

through comparison with nerve histology.

With ultrasound, nerve enlargement was meas-

ured from longitudinal images. Consequently, the

nerve diameter was measured in the sagittal body

plane. Anatomically though, diameters could only reli-

ably be measured in the medial–lateral direction (cor-

onal body plane) because diameters were measured

underneath a dissection microscope. This microscope

could not be used to measure dimensions in the direc-

tion perpendicular to the viewing plane. We therefore

could have missed nerve thickenings that extend

Figure 5. Thickening of the nerve with no evident neuroma
formation.

Table 2. Predictive values for nerve enlargement from ultrasound with regard to in vivo anatomy after applying a cut-off of a
0.5-mm increase in nerve diameter for both ultrasound and anatomy.

Ultrasound inner diameter
anatomy diameter � fat

Ultrasound outer diameter
anatomy diameter þ fat

Positive predictive value 0.83 0.85
Negative predictive value 0.17 0.50
Number of nerves (n) 18 19

Values are shown for ultrasound inner nerve diameter against anatomical diameter excluding fat (left column) and for ultrasoundouter diameter against
anatomical diameter including fat (right column).
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predominantly in the medial–lateral direction. This

might explain the relatively poor PPV and NPV,

although this could also partly be explained by the

factors mentioned above. The predictive value of ultra-

sound regarding diameters including fat is of limited

value, although it might be of use in the evaluation of

fat grafts, which are commonly used for compression

and traction neuropathies (Botte et al., 1996).

Further applications

An interesting application of nerve ultrasound would

be the non-invasive evaluation of the progress of nerve

regeneration. Peripheral nerves undergo structural

changes after trauma; because axons distal to the lesion

degenerate, their endoneurial tubes collapse. Upon

regeneration, proximal axons send off sprouts, which

invade the distal segment. These structural changes

might alter the overall echogenicity of the nerve interior

during the course of degeneration and regeneration. If it

were possible to measure these changes, this would

have large value for both neuroscience and clinical man-

agement of nerve lesions, because the progress of

regeneration can presently only be measured reliably in

an invasive way before the target organs are reinner-

vated, a process that can take many months. To assess

the potential of ultrasound for this application, we retro-

spectively measured the echogenicity (mean value of

grayscale histogram) of a 5-mm-long segment of the

nerve interior at about 3 cm distal to the lesion

(n ¼ 11). We compared these values with electrically

evoked compound nerve action potentials (CNAPs)

from these nerves (which were recorded for different

purposes). Because the size of these potentials is roughly

proportional to the number of excitable nerve fibres pre-

sent, the CNAP can be seen as a measure of the extent

of regeneration. Unfortunately, we found no useful cor-

relation between these measurements (Spearman

r ¼ 0.31, p ¼ 0.36). It therefore seems that the dimen-

sions of the structural changes are too small to change

the echogenicity of the nerve interior upon regeneration.

Because local nerve thickenings could be detected

in our study, ultrasound could also be of use in experi-

mental studies on nerve-thickening neuropathies and

nerve sheet tumours. The ultrasonic appearance of the

latter is very similar to the neuromas encountered in

this study (Lin and Martel, 2001).

Other possible applications include ultrasound-

guided injection of topical medications (e.g., neural

growth factors) and monitoring the status of neural

implants like nerve cuffs, implantable microstimulators

(Peng et al., 2004) and microelectrode arrays (Branner

et al., 2004).

In conclusion, ultrasound imaging of the rabbit

peroneal nerve is very feasible. Like in humans, local

nerve thickening can be detected. Preliminary data

indicate that ultrasound can differentiate between

true neuromas on one hand and epineural swelling

and external nerve enlargement on the other.
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