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ABSTRACT

Objectives: This study aims to assess the sciatic nerve (SN), common peroneal nerve (CPN), and tibial nerve (TN) by ultrasound in patients
with traumatic lower limb amputation (LLA) and to examine the possible relationship between ultrasonographic and clinical findings.

Patients and methods: This cross-sectional study included a total of 33 male patients (mean age: 36.6+8.7 years; range, 21 to 48 years) who
had LLA due to traumatic injury between May 2019 and April 2020. Amputation and prosthesis use and functional K level of activity were
recorded. Ultrasound examinations were performed to measure the cross-sectional areas (CSAs) of the SN, CPN, and TN bilaterally at the
same levels. The values from the normal sides were accepted as controls.

Results: The CSA values were greater on the amputated sides than the non-amputated sides for SN (p=0.001), TN (p=0.001), and CPN
(p=0.015), regardless of the activity level. The amputated side SN (p=0.001), TN (p=0.001), and CPN (p=0.016) were thicker in patients
with level of K4 activity than the non-amputated side. For the patients with K3 activity level, larger TN CSA values were determined on the
amputated side, compared to those at the K4 level (p=0.035). The SN was found to be greater in patients using microprocessor-controlled
knee prosthesis (p=0.032) and TN was larger in hypobaric sealing membrane users on the amputated sides (p=0.041).

Conclusion: The SN, CPN, and TN were found to be larger in all patients on the amputated sides and in patients with K4 activity level.
Based on these findings, the K3 activity level and the use of hypobaric sealing membrane seems to affect the CSA values of TN. Additionally,
the use of microprocessor knee prosthesis affects the CSA values of SN. We believe that these results may be essential for the analysis or
prediction of lower extremity nerve involvement according to the K activity level and the use of prosthesis in patients with traumatic LLA.
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Lower limb amputation (LLA) commonly affects
young and active individuals who have a long life
expectancy. It is a major surgery causing many
functional deficiencies which can impair overall
health quality and physical condition of the patients
and necessitating a multidisciplinary rehabilitation
program.!" Pain, psychological illness, insulin
resistance, blood hypercoagulability, and metabolic
syndrome are the most frequent drawbacks after
LLA.®

High-frequency ultrasonography is useful in
the evaluation of peripheral nerves, as it has many

advantages over other techniques. It has high
resolution and does not contain ionizing radiation.
In addition, dynamic and real-time visualization is
possible.’! Ultrasound has been shown to have the
same specificity and sensitivity as magnetic resonance
imaging in assessing peripheral nerves.!

In the literature, there are studies evaluating
peripheral nerves in entrapment disorders, immune-
mediated neuropathies, traumatic injuries, and
neuromuscular disorders.”! The cross-sectional area
(CSA) of a peripheral nerve is the most accepted
parametric quantity as a reference for the size of
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a peripheral nerve, and increased CSA evaluates
pathology. Sonographic imaging of the sciatic nerve
(SN) after LLA due to malignant causes has been
presented.’) The SN has been also examined in patients
with LLA" and unilateral sciatica® using ultrasound
to determine whether ultrasonographic findings are
related to clinical characteristics.

However, there is no study in the literature
investigating the CSA of the SN, common peroneal
nerve (CPN), and tibial nerve (TN) sonographically
combined with functional activity levels reflecting the
clinical condition of patients with traumatic LLA. In
the present study, we, therefore, aimed to assess the SN,
CPN, and TN by ultrasound in patients with traumatic
LLA and to examine the possible relationship between
ultrasonographic and clinical findings.

PATIENTS AND METHODS

This cross-sectional study was conducted at
Health Sciences University, Gaziler Physical Therapy
and Rehabilitation Training and Research Hospital,
Department of Physical Medicine and Rehabilitation
between May 2019 and April 2020. A total of 33 male
patients (mean age: 36.6+8.7 years; range, 21 to 48
years) who had LLA due to traumatic injury and
were followed in the amputee clinic were included.
All patients had completed stump healing. Those
with any disease affecting the peripheral nerves
(e.g., diabetes mellitus, infections, metabolic
problems, inherited causes, and exposure to toxins)
were excluded. A written informed consent was
obtained from each patient. The study protocol was
approved by the Health Sciences University, Giilhane
Education and Research Hospital Ethics Committee
(May 14, 2019/19-198). The study was conducted in
accordance with the principles of the Declaration of
Helsinki. Demographic and clinical characteristics
of the participants including age, sex, amputation
findings (etiology, time since amputation, level, and
side), prosthesis use findings (time since prosthesis
use, daily use time, type, type of liner, prosthetic
foot type), and functional K level of activity after
amputation were recorded. The K levels are mostly
used to classify the type of ambulation. The level
ranges from 0 to 4, where 0 refers to the patient who
does not have the ability or potential to ambulate
or transfer safely, with or without assistance, and a
prosthesis does not enhance their quality of life or
mobility, and level 4 has the ability or potential for
prosthetic ambulation that exceeds basic ambulation
skills, exhibiting high impact, stress, or energy levels.
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The presence, etiology, and duration of pain were
questioned, and the intensity of pain was assessed by
Visual Analog Scale (VAS). The Leeds Assessment of
Neuropathic Symptoms and Signs (LANSS) was used
to evaluate neuropathic pain for the residual limb. The
patient’s satisfaction with the current prosthesis was
evaluated numerically between 0 (not satisfied at all)
and 10 (completely satisfied).

All ultrasonographic examinations
were performed by a single physiatrist experienced
in musculoskeletal sonography. A 5 to 12 MHz
linear transducer (Logiq E portable; GE Healthcare,
China) was used. To optimize image quality,
minimal pressure was applied to the transducer.
Each examination was performed bilaterally while
the patients were in the prone position. The full
course of the SN, TN, and CPN was assessed in a
craniocaudal direction starting from the subgluteal
fold to the popliteal fossa. The probe was placed
axially on the nerves (perpendicular to the nerve)
and the CSA was measured at the same level proximal
to the bifurcation for the SN (Figure 1), and at a
point distal to the bifurcation of the SN for the CPN
and TN (Figure 2). The values from the normal
sides were accepted as controls. The presence of a
neuroma was also evaluated throughout the nerve,
particularly at the distal ends.

As previously described by Kara et al.,®! when the
mean CSA of the SN was accepted as 43.3+£12.5 mm?,
the power of the study was calculated as 80% with a
type-1 error of 0.05. Accordingly, a total of 34 patients
were planned to be recruited.

Statistical analysis

Statistical analysis was performed using the SPSS
for Windows version 16.0 (SPSS Inc., Chicago, IL,
USA). Continuous variables were expressed in mean
+ standard deviation (SD) or median (min-max).
Categorical variables were expressed in number
and frequency. The Kolmogorov-Smirnov test was
used to confirm that the data showing normal
distribution. The Student t-test and Wilcoxon tests
were performed to compare SN, CPN and TN CSA
values between amputated versus non-amputated
sides, K3 versus K4 level activity, microprocessor-
controlled knee prosthesis versus other types, and
hypobaric sealing membrane versus silicone liners.
The Spearman correlation was used to examine the
relationship between demographic, clinical, and
ultrasound parameters. A p value of <0.05 was
considered statistically significant.
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Figure 1. Axial sonographic images obtained from the proximal level of bifurcation of sciatic
nerve. (a) White arrows indicate hyperechoic oval-shaped sciatic nerves under thigh muscles.
(b) The sciatic nerve appears wider and thicker on the amputated side than on the normal side.
Small figure at the bottom right illustrates the probe position.

RESULTS

Demographic and clinical characteristics of the
patients are summarized in Table 1. Sixteen patients
reported pain in the amputated extremities. The mean
VAS score was 5.0+1.6. Of 16 patients, the most
common causes of pain were neuropathic (n=6) and
prosthetic use-related pain (n=5). The mean LANSS
score for neuropathic pain was 16+4.3.

The CSA values were greater on the amputated sides
than the non-amputated sides for SN (p=0.001), TN
(p=0.001), and CPN (p=0.015), regardless of activity
level. Similarly, the amputated side SN (p=0.001),
TN (p=0.001), and CPN (p=0.016) were thicker than
the non-amputated side in patients with level of K4
activity. There was no significant difference in CSA
values between amputated and non-amputated sides in
K3 level patients (Table 2).

Figure 2. Axial sonographic images obtained from the distal level of bifurcation of sciatic nerve.
The tibial nerves (arrows) and common peroneal (arrowheads) nerves are visualized in
hyperechoic oval-shape. (a) The nerves appear wider and thicker on the amputated side than on
the normal side. (b) Small figure at the bottom right illustrates the probe position.
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TABLE 1
Demographic and clinical characteristics of patients (n=33)
n %  Mean+SD Median Min-Max

Age (year) 36.6+8.7
Time since amputation (month) 132 5-360
Time since prosthesis use (month) 123.9 1-360
Daily prosthesis use time (h) 10.6 1-19
Etiology of amputation

Mine 15 45.5

Hand-made explosive 8 24.2

Gun 5 15.2

Rocket 2 6.1

Traffic accident 2 6.1

Other 1 3.0
Side of amputation

Right 16 485

Left 17 51.5
Level of amputation

Above knee 7 20.6

Knee disarticulation 3 8.8

Below knee 20 58.8

Chopart 4 11.8
Type of prosthesis

Microprocessor-controlled knee prosthesis 9 27.3

Hydrolic knee prosthesis 1 3.0

Active vacuum system modular below-knee prosthesis 18 54.5

Passive vacuum system modular below-knee prosthesis 1 3.0

Chopart prosthesis 4 12.1
Type of liner

Hypobaric sealing membrane 18 54.5

Silicone liner 11 333
Prosthetic Foot

Carbon 21 63.6

Hydrolic 8 24.2

Chopart 4 12.1
Satisfaction with prosthesis 7.0+2.8
Activity level

K3 3 9.1

K4 30 90.9
SD: Standard deviation.

TABLE 2
Comparisons of the CSA values of nerves on amputated and non-amputated sides

All patients K3 level K4 level

Non-amputated Amputated Non-amputated Amputated Non-amputated Amputated
side side side side side side
Mean+SD Mean+SD p Mean+SD Mean+SD p Mean+SD Mean+SD P
Sciatic nerve (mm?) 49.5+7.1 53.1+£7.0 0.001 53.3+3.1 58.3%£1.2 0.109 49.2+7.4 52.6+7.2 0.001
Common peroneal nerve (mm?) 17.5+3.5 18.6%3.5 0.015 17.6+2.1 16.5+0.7 1.0 17.5+3.6 18.8+3.7 0.016
Tibial nerve (mm?) 25.8+3.9 27.6%3.6 0.001 28.6%1.5 32.5+0.7 0.180 25.5+4.0 8885 0.001
CSA: cross-sectional area; SD: Standard deviation; Wilcoxon test was used.
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TABLE 3

Comparisons of CSA values of the nerves according to K activity level

Non-amputated side Amputated side
K3 K3 K4
Nerves Mean+SD Mean+SD p Mean+SD Mean+SD p
Sciatic nerve (mm?) 53.3+3.1 49.2+7.4 0.258 58.3£1.2 52.6£7.2 0.132
Common peroneal nerve (mm?) 17.6+2.1 17.5+£3.6 0.925 16.5+0.7 18.8+3.7 0.324
Tibial nerve (mm?) 28.6+1.5 25.5+4.0 0.116 32.5+0.7 27.3£3.5 0.035
CSA: cross-sectional area; SD: Standard deviation; Student t-test was used.

TABLE 4

Comparison of CSA values of the nerves between patients using microprocessor-controlled knee prosthesis and other prostheses

Non-amputated side Amputated side
Micropressor-controlled Other Micropressor-controlled Other
Nerves Mean+SD Mean+SD p Mean+SD Mean+SD p
Sciatic nerve (mm?) 51.8+5.2 48.6+7.6 0.240 57.2+5.5 51.6%7.0 0.032
Common peroneal nerve (mm?) 17.4+2.8 17.5+3.7 0.984 19.2+3.2 18.6+3.7 0.630
Tibial nerve (mm?) 27.1+£3.7 25.3£3.9 0.239 30.4%4.0 27.1+3.3 0.124
CSA: cross-sectional area; SD: Standard deviation; Student t-test was used.

According to the activity level, only the mean values
of TN CSA were higher in the amputated side in patients
with K3 activity level compared to those at the K4 level
(32.5+0.7 vs. 27.3+3.5, respectively) (p=0.035) (Table 3).

When the CSA values of the nerves were
compared according to types of prosthesis and liner,
the amputated side SN was found to be thicker
in patients using microprocessor-controlled knee
prosthesis (p=0.032) (Table 4). The TN was greater in
hypobaric sealing membrane users on the amputated
sides (30.0+3.6 vs. 26.5+3.2, respectively) (p=0.041).

The correlation analyses for demographic and
clinical parameters including age, sex, amputation
etiology, time since amputation, level, and side, time
since prosthesis use, daily use time, type, type of liner,
prosthetic foot type, activity level and ultrasound
findings revealed only a negative mild correlation
(r=-0.415, p<0.05) with the CSA values of the TN on
the amputated sides and daily prosthesis use time.

DISCUSSION

The present study results clearly demonstrated that
the CSA of the SN, CPN, and the TN were larger on
the amputated sides in all patients. Furthermore, we
observed that the SN was found greater in patients
using microprocessor-controlled knee prosthesis and
TN was greater in hypobaric sealing membrane users

on the amputated sides. We also identified a slightly
negative correlation between the CSA values of TN
on the amputated sides and the duration of daily
prosthesis use.

Axotomy in peripheral nerves leads to reduced
demyelination and atrophy in neurofilaments
and eventually loss of motor neurons. After nerve
transection, distal axons undergo Wallerian
degeneration, while proximal axons undergo
functional and morphological changes called
axon reaction or retrograde effect.”) In an animal
experiment, permanent axotomy resulted in axonal
atrophy in adult cats, but axonal development
continued in kittens but never reached to adult
size.'” Kerimoglu and Canyigit!'! who conducted
research on nerve diameter found SN hypertrophy on
amputated side not only in the young patient, but also
in the adult patient, consistent with the results of Hill
et al.¥ in case series involving seven patients with
osteosarcoma under the age of 19. There are some
animal experiments showing that local application
of insulin-like growth factor-I (IGF-I) to the SN
stimulates regeneration.'*'! It was thought that
trophic factors such as IGF-I and cytokines secreted
by osteosarcoma could be the cause of hypertrophy,
but still the etiology has not been fully elucidated, yet.
In these two studies, the nerve diameters increased
in a direct proportion to the amputation time, and
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the reason for this increase could be the longer
exposure to trophic factors secreted by sarcomas.®!!
In our study, no significant correlation was found
between the amputation time and the CSA values of
the nerves. This can be attributed to the fact that all
patients were traumatic amputees and not exposed to
trophic factors.

Peripheral nerve measurements can be helpful in
monitoring and preventing problems, such as neuroma
that we often see in amputees in rehabilitation clinics.
Goktepe et al.”! examined the thickness and width
of the SN nerve in patients with LLA and found that
the SN on the amputated side was wider and thicker,
and was also thicker in above-knee amputees than in
below-knee amputees. They showed that amputation
level and duration and presence of neuroma affected
the nerve diameter. Therefore, it is thought that the
underlying pathogenesis of SN enlargement (proximal)
and neuroma formation (distal) may have common
determinants However, no neuroma samples were
found in our study.

In the nervous system, some substances are
transported from the center to the periphery and
from the periphery to the center. In antegrade
transport, all the substances that the axon needs
for survival and function are produced in the nerve
cell body and transported from the axon to the
periphery. These axonal transport substances in
neurons include proteins, neurotransmitters, lipids,
mitochondria and ribonucleic acid (RNA).!>¢ The
function of retrograde transport is the recycling of
materials initially transported from the cell body
to the axon terminals, as well as the transfer of
information to the center by neuro-trophic factors
about the axon status, terminals, target cells and
general environment.'®"”! Impingement or axotomy
in peripheral nerves may affect the circulation of the
nerve root and the metabolism of neurotransmitters
flowing in the axons by disrupting the axonal flow,
resulting in neural edema and, therefore, the amount
of endoneural tissue increases and the size of the nerve
may eventually grow." In our study, the increase in
all CSAs on the amputated side indicates the increase
in endoneural tissue as a result of the interruption of
axonal transport.

Since we believe that the prosthesis and its
components may affect the peripheral nerve diameter
in amputees, we found it necessary to investigate all
these parameters. The prostheses used by amputees
have many components. Socket and liner are important
parts of prosthesis due to their interfaces between
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stump and socket.® Liner is in direct contact with
the stump in the socket and plays an important role
in transferring the load and distributing the interface
pressure over the stump.?***! A comfortable liner and
socket are important for patients using prosthesis
to avoid skin problems in their daily activities.?>2¢
Recently, it has been shown that superior quality liners
provide better suspension, are more comfortable and
cause less dermatological problems than previous
prosthetic designs.?”?® While the silicone liner
suspension is based on the shuttle lock system, the
hypobaric sealing membrane has five seals around the
liner and the socket inner wall that form an airtight
seal for proper suspension. Silicone liners adhere to
the patient's stump, strengthening the contact surface
with the socket and providing a comfortable cushion
between the prosthetic socket and the stump. Sadeeq
Ali et al.?® compared the satisfaction level in patients
using pelite liner, silicone liner and hypobaric sealing
membrane and showed a higher level of satisfaction
with silicone liner. A higher level of disappointment,
pain, and skin irritation were observed in patients using
hypobaric sealing membrane liners. Since the seals in
hypobaric sealing membrane liners have the potential
to exert additional pressure on the stump, they can
be a source of trouble for amputees with sensitive
stumps. In another study supporting this concept, it
was attempted to measure and evaluate the interface
pressure in silicone and hypobaric sealing membrane
liners during normal walking. While walking on a
flat surface of both liners, the interface pressure in
the anterior, posterior, medial and lateral regions was
measured. As a result, all pressure measurements of
the hypobaric sealing membrane liner were found to
be higher than the silicone liner. The silicon liner has
been shown to provide greater comfort in the socket
than a hypobaric sealing membrane.?” In our study, a
comparison was made between the liner types in terms
of the CSA of the nerves. The CSA values of the TN on
the amputated side were greater in users of hypobaric
sealing membrane compared to silicone liner users.
The reasons for this were considered as the seals
applying more pressure on the stump and the vacuum
effect resulting in more recurrent skin problems and
trauma effect in hypobaric sealing membrane liner
users.

The CSA values of the SN were found to be larger
in patients using microprocessor prostheses compared
to other prosthesis users. We believe that it is caused
by edema formation due to the high burden on the
amputated limb, as the microprocessor prostheses
are heavier and the patients who use them are more
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active, this may affect the CSA values. To the best of
our knowledge, there is no study on this subject in the
literature.

Many studies have shown that ultrasonographic
measurement is a useful diagnostic tool for evaluating
nerve disorders.**!l Ultrasonography provides clear
information about the anatomy and morphology
of structures. In this context, it is a guide while
revealing the treatment plan or prognosis.”” For
instance, in the presence of an intraneural ganglion
cyst requiring surgical procedure, ultrasonography
alone detects the etiology that cannot be determined
by electrophysiological study, leading to a more
accurate prognosis.®’” As a result, peripheral nerve
measurements and follow-up of these parameters may
contribute to clinicians’ tracking and selection of
the most accurate prosthesis and prosthetic parts.
Additionally, peripheral nerve measurements are
helpful to analyze and predict lower extremity nerve
involvement according to the K activity level.

The main limitations of this study are its small
sample size and heterogeneous patient distribution
according to the K activity levels. However, the main
strengths include the evaluation of the prosthesis and
liner types clinically, examination of the K activity
levels functionally, and scanning of three nerves
together sonographically.

In conclusion, the SN, the TN, and the CPN were
found to be larger in all patients on the amputated
sides and in patients with K4 activity level. Based
on these findings, the K3 activity level and the
use of hypobaric sealing membrane seem to affect
the CSA values of the TN. Additionally the use
of microprocessor knee prosthesis affects the CSA
values of the SN. We consider that these results may
be essential for the analysis or prediction of lower
extremity nerve involvement according to the K
activity level and the use of prosthesis in patients with
traumatic LLA.
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