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MR Imaging in the Differential Diagnosis of
Neurogenic Foot Drop

Martin Bendszus, Carsten Wessig, Karlheinz Reiners, Andreas J. Bartsch,
Laszlo Solymosi, and Martin Koltzenberg

BACKGROUND AND PURPOSE: Prolonged T2 relaxation time of denervated muscle has
been described in several clinical and experimental studies. The purpose of this study was to
evaluate the utility of MR imaging in the diagnosis of neurogenic muscle disorders compared
with that of clinical and electrophysiologic examination.

METHODS: In a prospective study, 40 consecutive patients clinically presenting with a foot
drop were included. MR imaging of the lower leg included axial T1-weighted and axial turbo
inversion recovery magnitude (TIRM) sequences. Two readers blinded to clinical data evaluated
T1-weighted images for anatomic localization of affected muscles and TIRM images for patterns of
signal intensity increase. After MR imaging, a detailed neurophysiologic examination was per-
formed. Cause of foot drop was independently determined on the basis of MR and electrophysiologic
data.

RESULTS: Clinical examination and electromyography (EMG) disclosed 20 peroneal nerve
lesions, nine cases of L5 radiculopathy, and 11 nerve lesions extending beyond neural structures.
MR imaging revealed three distinct patterns of signal intensity increase on TIRM images: peroneal
nerve pattern, L5 pattern, and unspecific pattern. MR imaging and EMG findings were in agree-
ment in 37 (92%) of 40 patients. In three patients, MR imaging revealed a more widespread
involvement than did EMG. In one of these patients, denervation in the corresponding muscle was
validated by follow-up EMG. No false-negative diagnoses were made by use of MR imaging as
compared with use of EMG.

CONCLUSION: MR imaging improves accuracy in the differential diagnosis of peripheral nerve
lesions compared with that of EMG and can supplement EMG in the diagnosis of denervated
muscles.

As a supplement to clinical examination, electromyogra-
phy (EMG) is considered the reference standard in the
evaluation of denervated muscle. Nevertheless, the di-
agnosis of an underlying nerve lesion in affected muscles
made on the basis of EMG findings is not always un-
equivocal. MR imaging has been introduced in the di-
agnosis of denervated muscles. MR alterations are char-
acterized by a prolongation of T1 and T2 relaxation
times (1). The feasibility of MR imaging to reveal de-
nervated muscles has been shown in several experimen-
tal and clinical studies (2–4). Nonetheless, whether MR
imaging is a scientifically interesting but otherwise un-
necessary investigative tool in neuromuscular disorders

or whether it has the potential to improve the differen-
tial diagnosis of peripheral nerve lesions remains a ques-
tion. In the present study, we compared MR and EMG
findings in the evaluation of neurogenic foot drop as an
example of a frequently encountered problem in the
clinical and routine electrophysiologic examination to
assess the clinical utility of MR imaging in neurogenic
muscle disorders.

Methods

A prospective study comprised 40 consecutive patients
(mean age, 41 years; age range, 17–81 years; nine female
patients, 31 male patients [Table]) who clinically presented
with a foot drop (muscle strength, �3/5 [Medical Research
Council scale]) to the clinical neurophysiology laboratory of the
department of neurology. These patients were referred by neu-
rologists or neurosurgeons or were seen as part of the neuro-
muscular consultation service of the university hospital. The
study was approved by the local ethics committee, and in-
formed consent was obtained from every patient. After neuro-
logic examination, patients underwent MR imaging of the prox-
imal lower legs on a clinical 1.5-T system (Vision; Siemens,
Erlangen, Germany) with a round surface coil covering an area
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from the knee joint to 20 cm below. The MR protocol consisted
of a turbo inversion recovery magnitude (TIRM) sequence
(TR/TE/TI, 6250/60/150; field of view [FOV], 300 mm2) and a
T1-weighted spin-echo sequence (TR/TE, 460 ms/14 ms; FOV,
300 mm2). All MR sections were obtained in the axial plane
with a section thickness of 6 mm. The electrophysiologic ex-
amination was performed within 1 week after MR imaging to
avoid possible artifacts arising from multiple needle insertions.
The examination was performed by staff of the electrophysiol-
ogy laboratory and included nerve conduction studies and
EMG of muscles, depending on the clinical presentation of the
patient. On MR images, denervated muscles were readily dis-
tinguished from unaffected muscles by a signal intensity in-
crease on TIRM images. The anatomic localization of the
affected muscles was determined on T1-weighted images. The
films were independently evaluated by two investigators (M.B.,
A.J.B.) blinded to each other’s results and the results of the
clinical and electrophysiologic examination.

Results

Three Distinct Lesion Patterns: MR Findings
Peroneal nerve pattern.—Peroneal nerve lesions

(Fig 1) were characterized by a restricted involvement
of the anterior tibial and extensor digitorum muscle
(if the deep ramus of the nerve was affected), the long
peroneal muscle (if the superficial branch was dam-
aged), or a combination of both branches. Lesions
outside these three muscles precluded the diagnosis
of an isolated peroneal nerve lesion. Electrophysi-
ologic studies typically demonstrated conduction fail-
ure or conduction slowing of the peroneal nerve at
the fibular head and acute or chronic neurogenic
changes in the corresponding muscles (Fig 1C and D).

L5 radicular pattern.—In L5 nerve root radiculop-
athy (Fig 2), increased signal intensity was present in
the posterior tibial and popliteus muscle in addition
to the three muscles involved in common peroneal
nerve lesions. Typically, conduction studies of the per-

oneal nerve would not show conduction failure at the
fibular head, but a significant reduction of the amplitude
of the compound muscle action potential and acute or
chronic neurogenic changes in the anterior and poste-
rior tibial, extensor digitorum, long peroneal, and pop-
liteus muscle (Fig 2C and D) could exist.

Unspecific pattern.—A third pattern (Fig 3) repre-
sented a more widespread lesion that included at least
one of the muscles innervated by L5 or the peroneal
nerve and portions of the gastrocnemius or soleus mus-
cle. Electrophysiologic investigations typically showed
neurogenic changes in these muscles, and nerve conduc-
tion studies revealed abnormalities in the sural or tibial
neurography that were unaffected in both L5 radiculop-
athies and isolated peroneal nerve lesions.

Electrophysiologic Evaluation
Electrophysiologic examination revealed 20 lesions

of the peroneal nerve, nine L5 radiculopathies, and 11
nonspecific lesions extending the sole innervation of the
peroneal nerve or the L5 nerve root. Of the nonspecific
lesions, eight had a partial or complete lesion of the
sciatic nerve, and in one patient each a lesion of the
lumbosacral plexus, the cauda equina, and the L5 and
S1 nerve root in combination was diagnosed.

Correlation between MR and
Electrophysiologic Results

MR findings were compared with those of electro-
physiologic studies and clinical evaluation. MR find-
ings were in agreement with those of electrophysi-
ologic study in 92% (37/40) of patients. There was
disagreement in two (10%) of the 20 cases of isolated
peroneal nerve palsies and in one (11%) of the nine
cases of L5 radiculopathies, whereas no discrepancies
were found for the diagnosis of the 11 cases involving

Comparison of MR and EMG findings

Electrophysiologic
Findings MR Findings N Age (y) Duration of Symptoms Cause

Atrophy
(N)

Additional Confirmation
of Diagnosis

Concordant Findings

Peroneal nerve palsy Peroneal nerve
lesion

18 18–72
(median, 42)

3 days–12 months
(median, 3 months)

Spontaneous, n � 11;
trauma, n � 7;
iatrogenic, n � 2

6 Surgery, n � 3

L5 radiculopathy L5 lesion 8 34–81
(median, 58)

2 weeks–2 months
(median, 4 weeks)

Disk herniation, n � 8;
spinal stenosis, n � 1

0 Surgery, n � 7; lumbar
CT or MR, n � 8

Sciatic nerve lesion Unspecific 8 17–69
(median, 35)

2 weeks–12 months
(median, 6 months)

Trauma, n � 4;
iatrogenic, n � 3;
mononeuritis, n � 1

6 None

L5 and S1 radiculopathy Unspecific 1 44 2 months Disk herniation No Spinal CT, surgery
Lumbosacral plexus

lesion
Unspecific 1 57 1 month Iatrogenic (surgery for

rectal carcinoma)
No EMG

Cauda equina lesion Unspecific 1 34 3 months Spinal adhesions Yes Surgery

Discordant Findings

L5 radiculopathy Unspecific 1 35 2 months Disk herniation No Lumbar CT, surgery
Peroneal nerve palsy L5 lesion 1 40 5 weeks Disk herniation No Lumbar CT, surgery
Partial peroneal nerve

palsy
Complete distal

peroneal
nerve lesion

1 42 5 months Traumatic peroneal
nerve lesion

No Follow-up EMG
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a more extensive lesion. No disagreement in MR find-
ings existed between the two independent neuroradiolo-
gists. Two of the three patients in whom a discrepancy
between neurophysiologic and MR diagnosis occurred
are discussed in detail below; the third patient revealed
a similar underestimation of the extent of denervated
muscles on EMG recordings as compared with extent
revealed by MR imaging. These examples show that the
addition of MR imaging to the diagnostic procedure
improved the accuracy of the diagnosis.

Case 1.—A 35-year-old male patient presented
with a 2-month history of left-sided sciatica. Two
weeks before presentation, he had noticed a sudden
onset of foot drop and hypoesthesia on the dorsum of
the foot. On examination, he showed weakness of
foot extension (3/5), extension of the great toe (4/5),
and supination (4/5). The ankle jerk was reduced on
the left, and there was hypoesthesia corresponding to

L5 dermatome and pain radiating into the L5 and S1
dermatomes. CT of the lumbar spine revealed a large
left mediolateral disk prolapse affecting the L5 nerve
root and a caudally sequestered disk herniation com-
pressing the left S1 nerve root. EMG showed the
typical signs of acute muscle denervation, such as
positive sharp waves, fibrillation potentials, and re-
duced interference pattern in the extensor hallucis
muscle, but the vastus medialis muscle and the medial
head of the gastrocnemius muscle appeared unaf-
fected. MR findings were normal on T1-weighted
images (Fig 4A), but increased signal intensity was
present on the TIRM image in the anterior and pos-
terior tibial muscle, the extensor digitorum muscle,
the peroneal muscle, and the lateral but not the me-
dial head of the gastrocnemius muscle (Fig 4B). Thus,
although EMG and MR imaging showed congruent
results of the examined muscles, MR imaging re-

FIG 1. Electrophysiologic and MR changes in common peroneal nerve palsy.
A, Axial T1-weighted image localizes affected muscles. TA indicates the anterior tibial muscles; ED, the extensor digitorum; and PL,

the long peroneal muscle. No abnormalities are shown.
B, Axial TIRM image depicts increased signal intensity in the TA, ED, and PL muscles, a pattern compatible with a common peroneal

nerve lesion.
C, EMG recording shows spontaneous activity in the TA and PL muscle; in the posterior tibial (TP), there is normal insertional activity.
D, On stimulation of the distal peroneal nerve, no compound muscle action potential (CMAP) can be recorded in the extensor

digitorum brevis muscle of the foot.
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vealed a more extensive denervation than did EMG.
Intraoperatively, large disk herniation compressing
both the left L5 and S1 root was verified, and symp-
toms remitted postoperatively. In this patient, there
was clear involvement of an S1-innervated muscle
that had not been detected by the EMG recording
because only one of the two heads of the gastrocne-
mius muscle had been studied.

Case 2.—A 42-year-old female patient presented
with a 5-month history of a left foot drop and hypoes-
thesia on the dorsum of the foot. She had worn a
splint that was fixed around the proximal third of the
lower leg for several days. On examination, she re-
vealed a palsy of the large toe, toe, and foot weakness
extension and pronation (3/5). Hypoesthesia corre-
sponded to innervation territory of the common per-
oneal nerve. Nerve conduction studies showed an

absent response of the extensor digitorum muscle
after stimulation of the deep branch of the peroneal
nerve at the ankle and a reduced amplitude of the
anterior tibial muscle after stimulation of the com-
mon peroneal nerve above (6.9 mV) and below the
fibular head without evidence for a conduction block
at a normal conduction velocity (45 m/s). Needle
EMG of the proximal lower leg did not reveal active
denervation in the anterior tibial muscle. MR imaging
of the proximal lower leg was normal (Fig 5A and B),
but further distally, the TIRM sequence revealed an
increased signal intensity in all muscles of the anterior
compartment (Fig 5C and D). Additional follow-up
EMG confirmed absence of positive sharp waves and
fibrillation potentials in the proximal portions of the
anterior tibial and long peroneal muscle, which were
nonetheless present further distally. Thus, in this case

FIG 2. Electrophysiologic and MR changes in L5 nerve root lesion.
A, Axial T1-weighted image localizes affected muscles. No abnormalities are evident.
B,Axial TIRM image reveals a signal intensity increase in the TA, ED, PL, TP, and popliteus (P) muscles. This pattern was consistent

with an L5 nerve root lesion.
C, EMG shows spontaneous activity in the TA, extensor hallucis longus (EHL), and TP muscles; as with MR results, these findings are

consistent with a lesion of the L5 root.
D, Nerve conduction studies of the peroneal nerve show normal CMAP after stimulation of the peroneal nerve, at the level of the ankle,

distal and proximal to the fibular head (amplitude, 9 mV; nerve conduction velocity, 50 m/s). In this patient, a lumbar disk herniation was
confirmed at surgery.
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MR imaging helped detect denervation in a part of the
anterior tibial muscle that had escaped from routine
EMG diagnosis and perfectly pointed to the actual le-
sion (peroneal nerve damage by fixation of the splint).

Discussion
MR signal intensity changes in denervated muscle

were first decribed in 1986 by Polak et al (1), who
reported a prolongation of both T1 and T2 relaxation
times in denervated muscle after transection of the
sciatic nerve. Both a widening of the extracellular

space (1) and increased blood perfusion (5) in dener-
vated muscles have been suggested as the underlying
pathomechanism. By now, several clinical reports ex-
ist on the application of MR imaging of denervated
muscle (2–4, 6). Most of these reports describe the
feasibility of MR imaging to depict denervated mus-
cle (2–4). More recently, a correlation between the
signal intensity increase on T2-weighted images and
the extent of denervation revealed by EMG has been
reported (6). Apart from a scientific point of interest,
however, MR imaging is not yet used to diagnose the
pattern of muscle denervation.

FIG 3. MR images obtained in a patient who had partial sciatic nerve damage of nonspecific pattern after a motorcycle accident.
A, Axial T1-weighted localizes affected muscles.
B, Axial TIRM image shows high signal intensity in the TA, ED, and medial head of the gastrocnemius (GM) muscles.

FIG 4. MR images obtained in a 35-year-old male patient who presented with a 2-month history of left-sided sciatica due to lumbar
disk herniation. MR imaging revealed a more widespread involvement of muscles of nonspecific pattern than did routine EMG (not
shown).

A, Axial T1-weighted image localizes affected muscles.
B, Axial TIRM image not only shows signal intensity increase in the TA, ED, PL, P, and TP muscles (L5 radicular pattern), but also in

the lateral head of the gastrocnemius (GL) muscle.
EMG studied only the medial head of the GL; no neurogenic changes were found, and the diagnosis of an L5 nerve root compression

was made. CT of the lumbar spine revealed a large disk herniation compressing both the L5 and S1 nerve root (not shown) that were
subsequently confirmed at surgery.
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Electrophysiologic examination remains the refer-
ence standard in the diagnosis of neuromuscular dis-
orders because, until now, no data were available on
the value of MR imaging compared with that of clinical
and electrophysiologic examination. In the present
study, distinct patterns of affected muscles on MR im-
ages were applied to discover the affected nerve. Inde-
pendently, EMG and MR imaging revealed an overall
agreement rate of 92% (37/40 patients) in the diag-
nosis of an acute foot drop. The three patients with
discordant findings exhibited a more extensive in-
volvement of muscles on MR images than on EMG
recordings. In two patients, follow-up EMG was not

performed. Although intraoperative findings during
lumbar spine surgery supported the MR diagnosis in
both cases, this was not verified by the reference
standard of needle EMG; therefore, these cases could
conceivably represent false-positive findings. In one
patient, involvement of the distal part of the anterior
tibial muscle on MR images was validated by fol-
low-up EMG examination.

In this patient series, no false-negative diagnoses
were made on the basis of MR findings as compared
with EMG findings. There were, however, no cases of
chronic denervation, which may not reveal high signal
intensity on TIRM images and thus may lead to false-

FIG 5. MR images obtained in a 42-year-old female patient who presented with a foot drop after splint fixation around the proximal
lower leg. This case exemplifies that MR imaging is capable of demonstrating the entire muscle, whereas EMG can only study parts of
a muscle.

A, Axial T1-weighted image obtained just below knee level localizes affected muscles.
B, Axial TIRM image obtained at the level of A does not show signal intensity abnormality.
C, Axial T1-weighted image obtained approximately 4 cm below knee level localizes affected muscles.
D, Axial TIRM image obtained approximately 4 cm below knee level shows marked signal intensity increase in the TA, ED, and PL,

findings consistent with a peroneal nerve lesion.
Initial needle EMG (not shown) obtained just below the knee level did not reveal denervation; however, follow-up examination further

distally showed marked denervation in the TA, ED, and PL muscles.
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negative diagnoses. These results suggest that in se-
lected patients with acute and subacute denervation,
MR imaging may be more accurate in the differential
diagnosis of peripheral nerve lesions as compared
with EMG. Beyond that, MR imaging has several
additional advantages. First, it is noninvasive, which is
especially valuable in the examination of children or
patients with coagulation disorders in whom needle
EMG is either difficult to perform or would require
alteration of medical treatment. Second, the entire
cross-section of the leg or arm can be visualized in
contrast to the interpretation of EMG data being
restricted to the number of muscles under study.
Figure 4 clearly demonstrates that, if denervation is
present in muscles that are clinically not affected,
these muscles probably will not be part of the EMG
examination. Figure 5 also shows that denervation
may be present only in parts of one muscle and that
needle EMG examination in one or two locations of
the muscle may not be representative of the whole
muscle. Third, the electrophysiologic examination is a
challenging technique that is observer-dependent and
of limited reproducibility, whereas MR imaging does
not have these disadvantages. Fourth, apart from
demonstrating denervation, MR imaging can show
altered muscle tissue (ie, atrophy, fatty replacement
of muscle fibers [7], hypertrophy). In this study, we
did not look for the nerve lesion site on MR images,
because the study focused on pattern recognition of
denervated muscle groups; however, MR imaging
may also depict the nerve lesion (8–10). By demon-
strating both the nerve lesion and the subsequently
denervated muscle, MR imaging is a promising addi-
tional diagnostic tool for peripheral nerve disorders
(11). Finally, experimental data indicate that MR
imaging can show denervated muscle as early as 24
hours after the nerve lesion forms (12, 13). In a
similar experimental setting, needle EMG depicts
spontaneous activity after 3 days, at the earliest (14).
In a clinical setting, spontaneous activity is found by
use of needle EMG as early as 7 to 14 days after the
denervation. Thus, MR imaging may narrow this di-

agnostic gap between occurrence of a nerve lesion
and the earliest detection of denervated muscle.

Conclusion
MR imaging is an accurate tool in the differential

diagnosis of peripheral nerve lesions by pattern rec-
ognition of denervated muscles. It may be a valuable
additional test to EMG in the differential diagnosis of
peripheral nerve lesions.

References
1. Polak JF, Jolesz FA, Adams DF. Magnetic resonance imaging of

skeletal muscle: Prolongation of T1 and T2 subsequent to dener-
vation. Invest Radiol 1988;23:365–369

2. Fleckenstein J, Watumull D, Connor R, et al. Denervated human
skeletal muscle: MR imaging evaluation. Radiology 1993;187:213–
218

3. Uetani M, Hayashi K, Matsunaga N, et al. Denervated skeletal
muscle: MR imaging. Radiology 1993;189:511–515

4. West GA, Haynor DR, Goodkin R, et al. Magnetic resonance
imaging signal changes in denervated muscles after peripheral
nerve injury. Neurosurgery 1994;35:1077–1085

5. Hayashi Y, Ikata T, Takai H, et al. Effect of peripheral nerve injury
on nuclear magnetic resonance relaxation times of rat skeletal
muscle. Invest Radiol 1997;32:135–139

6. McDonald CM, Carter GT, Fritz RC, et al. Magnetic resonance
imaging of denervated muscle: comparison to electromyography.
Muscle Nerve 2000;23:1431–1434

7. Bendszus M, Koltzenburg M. Footdrop after peroneal nerve lesion.
J Neurol Neurosurg Psychiatry 2002;72:42

8. Maravilla KR, Bowen BC. Imaging of the peripheral nervous sys-
tem: evaluation of peripheral neuropathy and plexopathy. AJNR
Am J Neuroradiol 1998;19:1011–1023

9. Bendszus M, Reiners K, Perez J, et al. Peroneal nerve palsy caused
by thrombosis of crural veins. Neurology 2002;58:1675–1677

10. Moore KR, Tsuruda JS, Dailey AT. The value of MR neurography
for evaluating extraspinal neuropathic leg pain: a pictorial essay.
AJNR Am J Neuroradiol 2001;22:786–794

11. Quencer RM. The next frontier in neuroradiology: imaging the
peripheral nervous system. AJNR Am J Neuroradiol 1998;19:1001

12. Bendszus M, Koltzenburg M, Wessig C, Solymosi L. Sequential MR
imaging of denervated muscle: experimental study. AJNR Am J
Neuroradiol 2002;23:1427–1431

13. Bendszus M, Koltzenburg M. Visualization of denervated muscle
by gadolinium-enhanced MRI. Neurology 2001;57:1709–1711

14. Arancio O, Cangiano A, De Grandis D. Fibrillatory activity and
other membrane changes in partially denervated muscles. Muscle
Nerve 1989;12:149–153

AJNR: 24, August 2003 NEUROGENIC FOOT DROP 1289


