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Electrophysiological signs of arteriovenous
malformations of the spinal cord
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SUMmARY A characteristic pattern of electrophysiological changes was found in 24 patients with
confirmed spinal cord arteriovenous malformations (AVMs). The AVMs were limited to the thoracic
cord in seven, involved the conus and the cauda equina in 10, and involved all levels in six. Of the
patients, 88% had at least one definite electrophysiological abnormality: nerve conduction studies
showed abnormal results in 43% (10 of 23), needle electromyography in 77% (17 of 22), and tibial
somatosensory evoked potentials in 88% (7 of 8). The pattern of involvement was of scattered,
multiple, bilateral thoracolumbosacral radiculopathies, consistent with axonal or neuronal destruc-
tion, associated with paraspinal fibrillations or abnormal activation of motor unit potentials.
Electrophysiological abnormalities were seen in most patients with lower motor neuron clinical
deficit. These abnormalities depended on the caudal extension of the AVM, on an arterial supply at
T-10 or below, and on the duration of symptoms. In addition to the expected abnormalities in the
distribution of the AVM location, four patients had electrical changes at a distance, which may have
been due to venous stasis.

The present understanding of spinal cord arterio-
venous malformations (AVMs) is based on the know-
ledge of the normal'2 and abnormal3 spinal vascular
anatomy. This understanding has been enhanced by
the analysis of their pathology4 and by the description
of the dural type of AVM.5 In particular, it has been
established that dural AVMs are more common6 than
those with significant intramedullary components.7
Recent reviews"" summarise the classification,
pathophysiology, clinical presentation, investigation,
and treatment of AVMs, but do not describe electro-
physiological testing; no previous reports of such
evaluations could be found in the English language
literature. Preoperative testing of patients before
surgical monitoring showed a significant number of
abnormalities; we therefore reviewed an experience at
the Mayo Clinic with spinal cord AVMs. Our purpose
was twofold: first, to determine ifthere were character-
istic electrical changes an electromyographer could
recognise, and second, to determine if the pattern of
abnormalities could increase our understanding ofthe
pathophysiology and natural history ofAVMs.
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Methods

We reviewed the records of 114 patients in whom a diagnosis
of spinal cord AVM was made or considered and a formal
neurological examination had taken place at the Mayo Clinic
between 1977-87. Fourteen of these patients had cervical
AVMs and were not electrophysiologically tested. Of the 100
patients in whom thoracolumbar AVM was considered, 65
had the diagnosis confirmed by angiography or surgery, or
both. Thirty six of these 65 patients had electrophysiological
studies done at the time of or before their AVMs were
treated. Of these 36, 12 were excluded because of the
following: diabetes (3), peripheral neuropathy (3), lumbo-
sacral root disease or other pathological conditions over-
lapping the distribution of the AVM (7), myelopathy at a
higher level (1), or local radiation treatment (1). None of the
patients showed signs of a lumbosacral plexopathy, a poly-
radiculopathy outside the thoracic or lumbosacral distribu-
tion, or motor neuron disease. The clinical histories, the
findings on neurological examination and the results of
electrical testing, myelography, angiography, and surgery in
the remaining 24 patients were abstracted and compared with
one another;

Electrophysiological testing was performed in 12 patients
as a baseline for surgical monitoring. The other patients were
tested as part of their clinical evaluation. Nerve conduction
studies used standard surface stimulating and recording
techniques.'" Findings on electromyography were recorded
and summarised in a semiquantitative manner. Fibrillation
potentials were graded 0 to 4 (0, none; 0O5, equivocal; 1,
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Arteriovenous malformations
minimal and scattered; 2, present in all areas; 3, moderate
numbers in all areas; 4, filling the baseline). Motor unit
potential changes were also graded 0 to 4 (0, none; 0 5,
equivocal; 1 to 4, severity ofthe maximal abnormality among
increased duration, increased amplitude, and decreased
recruitment). The poorest results were recorded for a muscle
examined bilaterally. Poor or irregular activation of motor
unit potentials (a sign of upper motor neuron disease) was

also recorded. Tibial somatosensory evoked potentials (ankle
stimulation) were recorded over the low back (L- 1 to iliac
crest-N22), the neck (C-5 to Fi-N30), and the scalp (C. to
FZ-P38). Electromyographic changes in individual muscles
were grouped together to give an aggregate for those
innervated by one nerve root and also for the entire limb by
calculating the means of definite changes. For this calcu-
lation, muscles with equivocal findings were considered
normal.

Discrete distributions of variables of interest were com-

pared using the chi-squared test, with Yate's correction for 2
x 2 tables. Means of subgroups were compared using
Student's t test (one-tailed). Correlations between contin-
uous or quasi-continuous variables were performed by linear
regression analysis. The effects of AVM location were
evaluated statistically by subdivision and comparison of the
patients with the AVM at T-9 or above with those whose
AVM was at T-10 and below, with or without involvement of
the cauda, and with those in whom the AVM extended over
both cord and conus. The effect of the arterial supply was
assessed by comparison of patients with a supply at vertebral
level T-9 and above with those with a supply at T-10 and
below. Additional analyses compared patients by the loca-
tions of the upper and lower limits and the midpoint of the
AVM and by the specific level of the arterial supply. Mean
values are followed by the standard error of the mean, except
when standard deviation (SD) is indicated.

Results

Clinical
Nineteen men and five women took part in the study.
Their ages ranged from 36 to 74 years (58-0, SD 10-6).
The duration of their symptoms before electrophysio-
logical testing ranged from 3 months to 12 years (30 8,
SD 36 8 months). The diagnosis of AVM was made
between 3 months and 12 years after the onset of
symptoms (33-5, SD 37-1 months). All the patients
experienced weakness, 88% had sphincter distur-
bance, 79% had numbness and 71% reported pain.
Symptoms progressed slowly in 23 patients and were

remitting and relapsing in one. Upper motor neuron

signs were present in 16 of24 patients (67%) and lower
motor neuron weakness in 17 of23 (74%). The sensory
loss was proprioceptive in 14 of 23 patients (61 %) and
nociceptive in 17 of 23 (74%). Rectal tone or anal
reflex was abnormal in 10 of 16 patients examined
(63%). In 12 (50%) of the patients, the diagnosis of
AVM was made or considered by the examining
clinician at the initial presentation and before electro-
physiological studies. Other diagnoses considered
were myelitis, demyelinating disease of the spinal cord
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(multiple sclerosis), spinal stenosis, polyradiculo-
pathy, polyneuritis, peripheral neuropathy, myas-
thenia gravis or myopathy.
AVM was identified on myelography in 21 of the 24

patients (88%). Among the three others, a second
myelogram identified AVM in one, myelography
showed an extradural mass that was found at surgery
to be an AVM in one, and the negative myelogram was
followed by diagnostic angiography in one; AVM was
visualised on angiography in 20 of the 22 patients
(91 %) in whom it was performed, one ofthem had had
a negative myelogram. One patient with an intradural
AVM on myelography did not have angiography
before surgery.
The upper limits of the AVM ranged from T-3 to

L-l and the lower limits from T-6 to the cauda equina.
None of the AVMs involved the cervical cord. The
levels of the AVMs are listed in table 1. The source of
arterial blood supply to the AVM is also shown in
table 1. It ranged from as high as a T4-5 intercostal
artery down to a sacral feeder from the internal iliac
artery.
Nine AVMs were treated with embolisation only, 12

with surgery only and two with embolisation and
surgery later; one was not treated. In 1985, embolisa-
tion became the treatment of choice, with surgery
reserved for patients in whom embolisation had failed
or who had repeated recurrences of the AVM after
embolisation.

Electrophysiological
The results of nerve conduction studies (NCS) are
shown in table 2. Seven patients had abnormal results
in the peroneal conduction studies, and seven had
abnormal findings on the tibial conduction studies.
One patient with a low amplitude tibial/abductor
hallucis compound muscle action potential (CMAP)
and an absent peroneal/extensor digitorum brevis
CMAP also had a low peroneal/anterior tibial CMAP
with a normal conduction velocity. The mean peroneal
and tibial CMAPs and conduction velocities were
lower and the mean tibial distal latency was longer
than normal (P < 0-01). The greatest changes were in
the CMAP amplitude, with more modest changes in

Table 1 Arteriovenous malformation levels in 24 patients

Number ofmalformations

Anatomic Arterial
Vertebral level location supply

T-9 and above 7 11
T-lO and below 16 11
Conus only 7
Conus and cord 6
Conus and cauda 3

Not specified 1 2
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Table 2 Nerve conduction studies in 23 patients with spinal arteriovenous malformations

Amplitude, mV or y V* Conduction velocity, m/s Distal latency, ms F latency, ms
Number

Nerve tested Mean (SD) Range Mean (SD) Range Mean (SD) Range Mean (SD) Range

Peroneal 23 3-6 (2 8)t 0-105 44-1 (3 5)t 389-51 3 4-5 (11) 30-7 9 52 2 (10-1) 440-72-0
Tibial 20 6-7 (48)t 0-185 449 (36)t 396-500 44 (0 8)1 3-1-68 52-3 (6-3) 440-63 0
Sural 22 13 2 (76) 0-29-0 49-2 (6 1) 420-610 3-7 (0 3) 3 142 - -

*Sural nerve.

tSignificantly lower than the mean for age-matched normals (P < 0-01
ISignificantly longer than the mean for age-matched normals (P < 0-0

the velocities and latencies. Twenty two patients had
normal results of sural sensory conduction studies;
one patient who did not have the sural nerve tested had
normal results in the superficial peroneal and medial
plantar studies.

In seven of the eight patients who had tibial
somatosensory evoked potentials (SEPs) recorded, the
P38 (scalp) response was present, its amplitude rang-
ing from 0 3 to 2 pV. Its mean was 0 8 pV (SD 0.22),
significantly lower than the normal of 2-4 pV (P <
0-01). The mean P38 latency (range, 42-53 ms) was

48-4 ms (SD 1 58), significantly longer than the normal
of 38-0 ms (P < 0-01). Seven of eight patients (88%)
had either an abnormal P38 amplitude or latency. The
N22 (lumbar) responses were present with either
unilateral or bilateral tibial stimulation in only three of
eight patients and all ofthem had normal or borderline
latencies (23 2-28 4 ms). In these three patients with
N22 responses, the N22-P38 interpeak latency was
prolonged at 20 2-23 8 ms (normal, 12 2-20 0 ms);
absent N30 (cervical) responses prevented further
localisation of the slowing.

Electromyography (EMG) was performed in 22
patients. Seven patients had poor activation, one had
"irregular" activation, and the remaining 14 had
normal activation. Table 3 summarises the abnormal-
ities on EMG, according to root level. For each level,
motor unit potential changes were more prevalent
than fibrillation potentials and the prevalence of both
fibrillation potentials and motor unit potential

changes was greater in the distal than in the proximal
muscles. Abnormal findings were least prevalent in the
paraspinal muscles.
Comparisons of frequency of abnormalities on the

electrophysiological studies can be summarised as
follows: SEPs were abnormal in seven ofeight patients
tested (88%) and were the only abnormality in one
patient. EMG findings were clearly abnormal in 17 of
22 patients tested (77%) and were the only abnor-
mality in eight. In four additional patients, minimal
paraspinal irritability was the only EMG abnormality,
and in two of the four, it was the only electro-
physiological abnormality. NCS results were abnor-
mal in 10 of the 23 patients tested (43%) and were
always associated with other electrophysiological
abnormalities.
Among the 17 patients who had definite EMG

abnormalities, there were nine in whom the diagnosis
of AVM was neither known nor considered by the
referring physician. However, the abnormalities were

milder in those in whom the diagnosis was not made;
mean total limb fibrillation potentials were 0-76 SD
0-22 compared with 1 57 SD 0-36, and motor unit
potential changes were 1 12 SD 0 21 compared with
2 12 SD 0-43. In summary, 21 of 24 (88%) patients had
at least one definite electrophysiological abnormality.
In two other patients, the only abnormality was

minimal paraspinal irritability. Only one patient with
spinal AVM below T-1 had no abnormal electro-
physiological findings.

Table 3 Extent ofabnormalities on needle electromyography in 22 patients with spinal arteriovenous malformations

Fibrillation potentials Motor unit potential changes

Abnormalities Maximal abnormalities
Muscle or Number % %
muscle group tested abnormal Range Mean (SD) abnormal Range Mean (SD)

Iliopsoas 6 33 3 0 5 05 (00) 33-3 05-20 1 I (06)
L3-4 22 27 3 03-20 1-3 (08) 500 0-5-3 0 1-8 (08)
Anterior tibial 22 54-5 05-3 0 1-7 (0-9) 68-2 1 0-4 0 2-3 (11)
Proximal L-5 20 35 0 20-3 0 2-4 (0-5) 700 0-540 1 9 (1I1)
Distal L-5 15 600 05-30 1-8 (1I1) 800 0540 18 (1I1)
Proximal S-1 12 250 10-3 0 1 7 (1-2) 500 10-20 1 5 (06)
Distal S-1 21 714 10-30 19 (09) 762 10-40 22 (12)
Paraspinal 21 23 8* 10-20 1-4 (04) - --
Total limb 22 68-2 01-2-4 1 1 (09) 77-3 0-1-3-8 1 6 (1 1)

*Four additional patients (19%) had only minimal irritability in a single paraspinal muscle.
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Arteriovenous malformations

Correlations
Comparisons were made among the variables
measured to help identify the significance of the
electrophysiological changes. As expected, the loca-
tion of the AVM was related to the clinical findings.
Lower motor neuron weakness was present in all 10
AVMs involving only the conus, in two of six that
involved only the cord and in five of six that involved
both the cord and the conus. The mean lower extent of
AVMs in patients with lower motor neuron weakness
was T-1 1-2 (SD 0-49) (14 patients) and was signifi-
cantly lower (P < 0-01) than that of those without
lower motor neuron weakness, T-8-67 (SD 0 76) (six
patients). Similar correlations with lower motor
neuron weakness were found for the midpoint of the
AVM but not for its upper limit. Pain, upper motor
neuron weakness, abnormal rectal findings, and
proprioceptive or nociceptive impairment were un-
related to the location of the AVM. Upper motor
neuron weakness was found in five of seven patients
with AVMs involving only the cord, in five of six with
AVMs involving both cord and conus and in five of 10
with AVMs involving only the conus and cauda.
The level of the blood supply to the AVM showed

correlations similar to those of the level of the AVM
itself. The mean level of arterial supply was lower in 16
patients with lower motor neuron weakness than in six
without (T-10-6, SD 0-95, compared with T-7-8, SD
1 2, P < 0-1) and was also lower in 13 patients with
proprioceptive impairment than in eight without
(T-11-4, SD 1 1, compared with T-7-7, SD 0-88, P <
0 025).

Unexpectedly, both lower motor neuron weakness
and the level ofAVM were found to be correlated with
the time to diagnosis. Lower motor neuron weakness
in 17 patients correlated with a shorter time to
diagnosis (20-8, SD 3-3, compared with 53 3, SD 214,
months; P < 0-025) and with a shorter time to
presentation (20 5, SD 3 4, compared with 41-7, SD
22-5, months; P < 0 1). The lower the AVM extended
to involve the conus, the shorter these time intervals
were. When the vertebral level of the lower limit of the
AVM was used as a co-ordinate, the correlation of
time to diagnosis to the lower limit of the AVM in 21
patients was - 0-61 (P < 0 005) and that of the time to
presentation was - 0 49 (P < 0-025).

Significant correlations were noted between the
electrophysiological findings and the level of the
AVM. As the AVM extended further down, the
peroneal CMAP was lower (r = -0 51, P < 0-025,
n = 20) and there were more motor unit potential
(MUP) changes (r = 0-41, P < 0 05, n = 19).

It is important to note that despite these correla-
tions, NCS or EMG abnormalities were present in
four of the seven AVMs that were limited to the
thoracic cord; they were not present in AVMs that did
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not extend below the T-6 vertebra. As might be
expected, among the AVMs that involved the conus, a
lower extension of the AVM was associated with a
lowertibialCMAP (r = - 0-51, P < 0-05, n = 12) and
with more MUP changes in distal L-5-innervated
muscles (r = 0 53, P < 0-1, n = 10).

Tibial SEP findings did not correlate with the level
of the AVM but did correlate with the level of arterial
supply. The tibial N22 (lumbar) response was present
with unilateral stimulation and with normal amplitude
and latency in three patients with arterial supply at
T-7, T-10, and Tl 1-12; it was absent with unilateral
stimulation and present with bilateral stimulation, but
with prolonged latency, in one patient with arterial
supply at L- 1; it was absent even with bilateral
stimulation in three patients with arterial supply at
L-2, at L-3 and from a sacral feeder. One additional
patient with arterial supply at L-l had an absent N22
response on unilateral stimulation but did not have
bilateral SEPs performed. The P38 (scalp) latency was
abnormal in four of six patients with arterial supply at
T-10 or below and in one patient with arterial supply
atT-7.

Electrophysiological findings also showed correla-
tions with some ofthe clinical data. Five of six patients
with proprioceptive loss who had tibial SEPs per-
formed had prolonged P38 latencies. An additional
patient without proprioceptive loss had a normal P38
response. The mean tibial CMAP, but not the pero-
neal CMAP, was lower in patients with abnormal
rectal findings. In patients with AVMs involving only
the conus and cauda equina, a longer duration of
symptoms was associated with a lower peroneal
CMAP (r = -0 57, P < 0 1, n = 9) and a lower tibial
CMAP (r = -0-60, P < 005, n = 9). No other
significant electrophysiological and clinical correla-
tions were found, but there were correlations among
some of the electrophysiological variables themselves,
such as between tibial and peroneal CMAPs and
between MUP changes in L-5 innervated muscles and
peroneal CMAP.
Four patients who had upper motor neuron find-

ings on clinical examination with no signs of lower
motor neuron disease had clear abnormalities on
EMG and NCS. In these patients, the electrical testing
suggested unsuspected damage and additional diag-
noses. Eight ofnine other patients with both upper and
lower motor neuron findings and all six patients with
only lower motor neuron findings also had abnormal-
ities on EMG and NCS.

Discussion

Clinical
The age and sex distribution and clinical findings in
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the 24 patients in this study are similar to those in
previous reports.36 Patients with acute presentations
were not represented in our series, most likely because
electrophysiological studies were not requested.
Changes in terminology and classification of spinal
cord AVMs make comparisons between the series
difficult. Most of the patients in this study would be
considered to have a "dural" rather than an
"intramedullary" AVM.6'
The electrophysiological findings in this fairly

typical series of patients with AVM were much more
prominent than expected or previously reported. We
found motor neuronopathy at multiple lumbosacral
levels in 21 of the 24 patients (88%) and this provided
the only evidence of lower motor neuron involvement
in four of the patients. NCS were abnormal in 43%,
needle EMGs in 77% and tibial SEPs in 88%. NCS
showed the reduction in CMAP amplitudes with little
change in conduction velocities, typical of a neurono-
pathy. The distribution of EMG changes was that of
scattered, bilateral, multiple radiculopathies. The
greater prevalence of abnormalities in distal than in
proximal muscles and the predominance of MUP
changes over fibrillation potentials are typical of
chronic disorders. The abnormal activation of MUPs
seen in one third of the cases suggested additional
upper motor neuron disease. Normal peripheral sen-
sory studies in 100% of patients tested and abnormal
tibial SEPs in 88% of those tested are consistent with
involvement at the spinal cord level. The most
prevalent abnormality was a delayed or reduced scalp
response; in three patients with an abnormal scalp
response in whom a lumbar response could be pro-
duced, slowing of conduction was localised to a site
between the lumbar and the scalp levels. The lumbar
response was absent or delayed in AVMs with a low
level of arterial supply.
These findings are similar to those of Koenig et al 16

showing that spinal AVMs have a consistent pattern
ofelectrophysiological abnormalities that can alert the
electromyographer to an intraspinal disorder. To
examine this hypothesis, we reviewed the records of26
additional patients suspected of having spinal AVM
who did not have the diagnosis confirmed by angio-
graphy or surgery. The electrophysiological changes
characteristic of spinal AVM were present in 16 of 22
patients with myelographic findings of AVM; these
changes were not seen in the four patients without
signs of AVM on myelography. A comparison with
the electrophysiological findings caused by other
intraspinal processes would be required to determine
the specificity of these findings. It is possible that an
intraspinal glioma or multiple sclerosis at T-9 with
secondary loss of trophic factors from upper to lower
motor neurons might produce the same EMG
changes. However, the correlation of the changes with

Armon, Daube
the level of vascular supply to the AVM and their
presence in patients without upper motor neuron signs
make loss of trophic factors a less likely cause.
The combination of upper motor neuron findings

and sensory findings clinically and lower motor
neuron findings on electrophysiological studies, al-
though not specific, should strongly suggest AVM.
This pattern was seen in four of seven patients with
only upper motor neuron signs on clinical examina-
tion and in the patients with negative myelograms.
Electrophysiological testing should therefore be con-
sidered in patients suspected of having lower thoracic
and lumbar cord disease, even if there are few or no
lower motor neuron findings. In an AVM already seen
on myelography, tibial SEP can be of help, since the
absence of the N22 response suggests that the arterial
supply to the AVM is at the lumbar level or lower.
The correlations between the electrophysiological

studies, the location of the AVM, and its time to
presentation and diagnosis suggest pathophysio-
logical mechanisms by which AVMs may produce
deficits. A lower extension oftheAVM was associated
with a shorter course, with lower motor neuron
findings at presentation, and with more electro-
physiological abnormalities, indicating direct damage
to the cord at the level of the AVM. In addition, for
seven patients the AVM did not extend below the T-l 1
cord level and there was definite EMG evidence of
conus involvement (all radicular arteries were injected
on angiography in a search for all possible sources of
arterial supply). These findings demonstrate that
AVMs can produce lower motor neuron abnormal-
ities at a distance from their anatomic location and are
consistent with the current view that venous hyper-
tension leads to cord ischaemia that extends beyond
the site of the AVM.

In summary, spinal AVMs have a consistent pattern
ofelectrophysiological abnormalities that suggests the
diagnosis but may not be specific for it. Electro-
physiological studies therefore may be helpful in
patients with upper motor neuron findings which can
be localised to the lower thoracic or lumbar cord or
with lower motor neuron findings and negative
myelograms. The electrophysiological results support
the hypothesis that AVMs produce their findings
locally and at a distance from their anatomic location
by increasing the spinal venous pressure and produc-
ing venostatic cord ischaemia with a secondary motor
neuronopathy and interference with sensory trans-
mission at the dorsal root or the dorsal horn.

This article was presented in part at the meeting of
the American Association of Electromyography and
Electrodiagnosis, San Antonio, Texas, 15-18 October,
1987.
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