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Spinal cord potentials in traumatic paraplegia
and quadriplegia
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S U M MA R Y Cortical, cervical and lumbar somatosensory evoked potentials were recorded
following median and tibial nerve stimulation in patients with traumatic paraplegia and quadriplegia.
The isolated cord was able to produce normal potentials even during spinal shock if the vertical
extent of the lesion did not involve the generator mechanisms. The cervical potentials showed
subtle changes in paraplegia at Th5 levels and below. In high cervical lesions the early cervical
potentials may still be present but the later potentials were absent or, in partial lesions, delayed.

The first attempt to record spinal cord poten-
tials in humans was by Pool,' who noted
epileptic-like waveforms from the distal cord in
a paraplegic patient. Sawa2 inserted bipolar elec-
trodes into the cords of psychotic patients and
noted spikes and waves which were probably
injury potentials. Magladery et al were able to
identify root and spinal potentials from intra-
thecal electrodes in the lumbar region following
tibial nerve stimulation. Recently it has become
possible to record potentials from the skin sur-
face which originate in the spinal cord following
peripheral nerve stimulation.4-7 Potentials from
the lumbar region have been identified as origin-
ating in the roots and cord by Dimitrijevic et al,'7
Delbeke et al,8 and El-Negamy and Sedgwick6
while those recorded from over the cervical
area originate from the brachial plexus,9 the
dorsal horn of the cervical spinal cord,6 and
from more rostral structures.

This investigation was carried out with two
aims. Firstly, to determine whether the spinal
cord could produce potentials when isolated from
rostral neuroaxis and secondly, to see if spinal
cord potentials could be of any clinical use in the
diagnosis and assessment of the spinal injury
patient.

Electrophysiological methods have been used
previously to judge the extent of spinal cord
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injury and its prognosis in experimental ani-
mals'0-'5 and in man,'6-18 but all these workers
studied the cortical somatosensory evoked poten-
tial. The animal studies showed that, after spinal
cord injury, the cortical somatosensory evoked
potential may be preserved for a few minutes if
the injury was mild, but then disappeared. Early
recovery of the potential preceded good func-
tional recovery but Singer et all' claim good
functional recovery in monkeys even when the
cortical potential had been absent for as long as
19 days.
Experience with humans shows that cerebral

evoked potentials may be absent or attenuated
early after injury but a gradual return and nor-
malisation of potentials from stimuli originating
below the site of injury heralds good functional
recovery before any significant clinical improve-
ment occurs.16-'8
There have been no previous studies of the

spinal cord potentials after spinal injury in man
although they have been used in the diagnosis
of multiple sclerosis'9 and they are of abnormal
form in cervical spondylosis.20

Methods

The methods have been described in detail by
El-Negamy & Sedgwick.6 Briefly, the median
nerve at the wrist or the tibial nerve at the
popliteal fossa was stimulated at three times
sensory threshold or sufficient to produce a
moderate m-ascle twitch in the absence of sensa-
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Fig 1 The number of patients and the level of the
spinal cord lesion is shown diagrammatically. The
patient marked X had two lesions. Those with
clinically complete lesions are shown on the right and
those with partial or incomplete lesions on the left.

tion (about 2x motor threshold). Recordings fromn
the skin overlying the vertebral column were
amplified with a bandwidth of 10Hz to 10kHZ
and recorded on magnetic tape using a FM sys-
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tem with a bandwidth of 0 to 10 kHz. Off-line
averaging by a PDP 12 computer produced the
cervical or lumbar somato-sensory evoked poten-
tials which were plotted and analysed.
Twenty-nine subjects aged between 19 and

66 years had all suffered traumatic complete or
partial spinal cord section at the levels shown
in fig 1. Two additional female patients aged 19
and 21 years had hysterical paraplegia and two
others had cauda equina lesions, which were
traumatic in one and a sequel to laminectomy
performed at age three months for spina bifida
in the other. Recordings were technically unsatis-
factory from one other subject and he is excluded
from this study. All but one were receiving in-
patient treatment and all but one had recovered
from spinal shock. Nineteen had received their
injuries in the preceding eight months and the
remainder two of 24 years earlier. They were
taking their usual medication and were in good
general health without pressure sores or urinary
or other infection.
The recordist had no knowledge of the level

or extent of the lesion and this information was
not available until after the initial analysis of
the results.

Results

Potentials from a normal subject are shown on
the left side of fig 2. The upper trace shows the
cortical potential recorded from C3-Fz (10-20
system) after stimulation of the median nerve.
The second trace, from electrodes placed over

Patint with Complete
LI SpInal Lesion
(Sugical Removal of
Spinal Segnmnt)

Fig 2 On the left are

potentials from a normal
subject following median
nerve (upper 2 traces) and
tibial nerve stimulation.
The traces on the right are
from a subject who had
surgical removal of a

damaged cord segment at
LI. He had a normal NIO
potential from L4 but no
spinal or cortical potentials.
Median nerve stimulation
gave normal potentials.
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Spiinal cord potentials in traumatic paraplegia and quadriplegia

the 2nd cervical vertebra (Cv2) and at Fz, shows
the response to median nerve stimulation; four
negative peaks, Nil, N13, N14, and N20, named
according to their polarity and approximate
latency are evident. We follow the convention
of denoting negativity at the "active" electrode
by an upward reflection in the figures. The N20
potential is a cortical event and is best recorded
by an electrode placed near the cortical sensory
area as shown in the top trace. Tibial nerve
stimulation at the popliteal fossa produced a
double negative wave with peaks N1O and N14
from over the lumbar vertebrae, while only N14
is seen at LI or lower thoracic levels. The Cv2-
Fz electrodes recorded a low amplitude, long
duration potential of uncertain origin which has
been studied by Jones and Small21 but not in detail
by us. The scalp electrodes signal the arrival of
the afferent volley at the cortex and the time delay
from NIO is a measure of transmission time along
the cord and through the sub-cortical structures.

The latencies and amplitudes of all these
potentials were measured in all subjects and
compared with recordings taken from 31 normal
subjects in the case of the cervical potentials,
and from 18 normal subjects in the case of the
lumbar potentials. The amplitudes were much
more variable than the latencies, but even the
latencies showed considerable fluctuation due to
different lengths of arms and legs. To overcome
the problem of limb length, the latencies of the
second and subsequent peaks were measured
from the initial peak (N9) which indicates the
arrival of the afferent volley in the brachial
plexus.9 The N9 potential was recorded by elec-
trodes on the 7th cervical vertebra.

Spinal potentials caudal to the lesion
The tibial nerve contains afferents for L4 and
5, SI and 2 and it is these spinal segments which
give rise to the N14 lumbar potential. After
spinal injury above this level the function of
the caudal segments of the cord is severely im-
paired. Is there a similar impairment of the
ability of the cord to produce the N14 potential?

Fig 2 shows the potentials recorded from a
patient with a complete lesion of the cord at LI.
(The level given is the lowest segment with nor-
mal function.) The cervical and cortical responses
to median nerve stimulation were normal but, as
expected, no cortical or cervical potentials fol-
lowed tibial nerve stimulation. A normal cauda
equina or NIO potential was present at the L4
electrode, but no spinal or N14 potential at LI.
This suggests that the isolated cord cannot pro-
duce potentials, but this patient had evidence of
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Fig 3 Amplitude and latency of NJO and N14
potentials following tibial nerve stimulation have
been plotted from patients with lesions at ThJO and
above. The ellipses represent the 90% limits for
normal subjects. The one high amplitude N14
potential was recorded from a subject in spinal
shock.

damage to the lower segments. The patient
suffered root pains at the level of the transec-
tion and, in an effort to control them, the scar
tissue in the spinal canal had been removed
allowing an opportunity to confirm the complete-
ness of his lesion. After operation, however,
he lost a number of reflexes including his reflex
bladder; it was concluded that further damage
had been produced in the caudal segment of cord
perhaps by -interference with the blood supply.
The absence of N14 in this patient was consi-
dered as due to this damage.
Other patients showed potentials of normal

amplitude and latency from the caudal segment.
In fig 3 the amplitude and latency of NIO and
N14 for normal subjects have been plotted as
ellipses so that the amplitude and latency points
of 90% of normal subjects would be expected
to fall within them. Fig 3 also shows the values
from 19 patients who had two identifiable poten-
tials and who had lesions at ThiO or above. It
is of interest,that the one point which lies beyond
the normal range was obtained from a patient
in spinal shock five days after a complete lesion
at Th6.
Fig 4 shows the potentials from patients with

lesions at ThlO and below. We have recorded a
potential in a subject with a lesion as low as L3,
but in other cases no potentials could be
obtained.
We conclude that the isolated lumbar cord can

produce normal potentials even though it lacks
all descending control. Smaller isolated segments,
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Fig 4 Amplitude and latency of the lumbar
potentials in patients with lesions at ThJO and below.
One patient had a lesion at L3 and gave normal
potentials. Six other patients, listed on the graph,
had no recognisable potentials. CE=Cauda equina
lesion.

due to lesions below ThlO, were less able to
produce recordable potentials. This could be
because the generating segments were themselves
involved in the lesion which usually extends over
a few segments. The patients with cauda equina
lesions showed no responses at all which was to
be expected.

Spinal potentials rostral to the lesion
In fig 5 the ellipses represent the 90% limits of
the amplitude and latency of the cervical N11,
N13 and N14 potentials of normal subjects. The
latencies were computed from the peak of the
N9 brachial plexus potential, which overcomes
variability due to different arm lengths. The
plotted points are from 17 patients with lesions
at Th5 or below. The cervical potentials ap-
peared normal (fig 2), but the points do not lie
within the expected limits so a more detailed
statiscal analysis was undertaken and the results

0 2 4 6 8 10 12

ma

Fig 5 The ellipses represent the 90%0/. limits of the
amplitude and latency of the Nil, N13 and N14
cervical somatosensory evoked potentials in normal
subjects. Latencies were measured from the peak of
the N9 potential. The plotted points are from
subjects with lesions at Th5 or below (including one
with a cauda equina lesion). The final point, not
encompassed by an ellipse, is of the N20 response.

are given in the table.
The table shows that the N9 potential was of

the same amplitude in the paraplegic patients as
in the normal subjects, but the latency was
significantly shorter, 7-96 ms compared to 9 0 ms
(p=0-001). We believe this to be due to
temperature differences in the laboratories where
the studies were performed. The patients with
spinal injury who cannot thermoregulate
efficiently, were in a warm environment at about
24°C while the normals were studied in
university laboratories which were not so well
heated.

Table The cervical somatosensory potential from 31 normal subjects and 17 with spinal trauma below the
Thl segment. The amplitudes of each component are given in ,V and the latentcy to peak from the
preceding peak or from stimulus in the case of N9. Three normal subjects had no N9 component and one
had no N14

N9 N9-NlI Nll-NI3 N13-Nl4 N14-N20 N9-N20

N9 NIlI N13 N14 N20
Amp Lat Anmp Lat Amip Lat Amp Lat Lat Amp Lat

Mean 0-80 9 0 1 8 2-44 2-2 1 35 1 30 1 22 5-68 1 30 10-71
Normal subjects SD 0 40 0-80 0-7 0 50 0-80 0 44 0 90 0-34 0-89 0 40 0.91

n 28 28 31 28 31 31 31 31 30 31 28
Mean 0-63 7-96 1 28 2 12 2 17 2-39 0 95 1-36 4-35 1 22 10 16Spinal trauma SD 0-20 0 34 0 33 0 54 0-54 0-63 0 50 0-32 0-67 0 43 0-76
n 17 17 17 17 17 17 17 17 17 17 17
t 1*15 5-06 2-89 2 02 0 14 6-72 1*48 1*38 5-36 0-64 2-08
df 43 43 46 43 46 46 46 46 45 46 43
p NS 0 031 0 01 0-05 NS 0 091 N3 NS 0 001 NS NS
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Spinal cord potentials in traumatic paraplegia and quadriplegia

The amplitude of NIl was slightly less in the
patients with spinal injury (1P28AV compared
with 1-8gV), and the latency of the peak was
also less (2-12 ms compared with 2-44 ms). The
plotted points of NIl lie within or just to the
left of the NIl ellipse.
The delay between NI1 and N13 was pro-

longed by about 1 ms (2-39 compared with 1-35 ms
in the normal group). The amplitudes of the N13
potential were the same in both groups. The
other difference between the groups was a
shorter delay in the spinal injury group between
the N14 and N20 potentials (4-35 ms compared
with 5-68 ms). However, in spite of these changes
the total conduction time from the N9 potential
of the brachial plexus to the N20, the first
cortical event, was the same in both groups.
The lengthening of the Ni 1-N13 delay in

spinal injury was an unexpected finding. NI1
was thought to be generated in the dorsal horn
of the cord,6 but our more recent work suggests
that NIl may be presynaptic and that N13 is a
postsynaptic dorsal horn neurone potential.
Whatever the true origin of these potentials
there seems to be some slight alteration in their
generators after spinal injury some distance
caudal to them. One explanation was that the
degenerative and regenerative processes which
follow trauma could produce a temporary
change lasting perhaps seven months from the
time of injury. This idea was tested by comparing
the Ni I-N13 delay in 12 subjects who had
suffered trauma in the previous seven months,
and in whom the degeneration process may not
have been totally completed, with five subjects
whose trauma occurred at least 18 months be-
fore recording, allowing ample time for com-
pletion of the degeneration process. The N ll-N13
delay was 2-40 ms for the recent trauma group
and 2-16 ms for old trauma. Both groups were
prolonged compared to normal and although
the recently injured group showed a longer delay
than the older group, the difference was not
statistically significant.

Patients with cervical lesions
There were 13 patients with lesions at Thi or
above. Lesions in this region disturbed the
cervical potentials as can be seen from fig 6.
Definite potentials could not be identified in
seven patients. This may have been because the
potentials were absent, but there were technical
difficulties with recording from patients with
high lesions; muscle relaxation was difficult to
obtain (probably because they needed to use their
accessory muscles of respiration even when lying

"v

5 10 15 20
ms

Fig 6 Plots of amplitude and latency of the cervical
somatosensory evoked potential of patients with
lesions at and above Thl. Latencies were measured
from the point of stimulation (wrist) so that the
N9 ellipse is included. This makes the 90% limits for
Nil, N13 and NJ4 broader to accommodate
differences in arm length. Note the absence of later
potentials in three cases and of the delayed potentials
in two others.

still), and the EMG signal from these muscles
may have swamped the potentials.
Of the five patients from whom potentials

were recorded all had a normal N9. In three
patients with complete lesions at Cv5 and Cv6
there was a recognisable potential of a latency
approporiate for Ni1, but no subsequent
potentials. One subject with a partial lesion at
Thl, and another with a partial lesion at Cv7,
gave small but recognisable Nll potentials but
subsequent waveforms were delayed and the N20
appeared at 22 5 ms, whereas it is normally seen
at 19-7 ms.

Spinal shock
Only one subject with spinal shock was studied,
but the observations seem worth recording.
Fig 7 shows the lumbar potentials recorded five
days after an injury which produced a complete
lesion at Th6. At the time of recording he was
completely areflexic and atonic with no bladder
function or anal sphincter tone. Twelve days
later the second recording was done at a time
when reflex function was beginning to return.
The N10 was of equal size on both occasions
but the N14 was large when first tested but
within normal limits on the second occasion.

Discussion

The N14 Lumbar potential is a segmental
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the period of spinal shock, five daj
suffered a complete Th5 lesion. T
obtained 12 days later at a time wi
was beginning to return.

response6 7; Ertekin22 has re
amplitude but similar potential
electrodes. The available evide
the potential is postsynaptic an
is generated in the dorsal horn
where low threshold afferent fil
postsynaptic neurones in the
known to be under suppraspin,
alter their responsiveness in ani
cord is cooled or cut.23 So it I

find a normal, Lumbar N14 po
with spinal cord section (parn
several segments rostral to
segments. This implies that
neurones are able to respond
incoming volley. This is in cont
mechanisms whose function is
after injury.
Lack of N14 from patients u

ThiO, and in some cases at Th
to the lesion extending several
down the cord from the main
This is a common finding at aut
no anatomical knowledge of t]
lesions in our patients.
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The presence of a potential corresponding to
Nil recorded from Cv7 after median nervc

2 V stimulation has been interpreted as evidence that
+ NllI is generated in the cord at segmental level,';

probably by dorsal horn synapses. Jones,9 how-
ever, suggested that Nll is a dorsal root or dorsal
column potential and that N13 might be
generated by segmental neurones. Further care-
ful study of potentials in patients with high
cervical lesions will help to resolve this point but
good recordings from these subjects are
technically difficult to obtain.

Finding minor abnormalities in the cervical
B potentials in patients with lesions at Th5 and

below was unexpected. The rostral part of the
cord is normally subject to some influences from
caudal regions via the propriospinal system. The
changes in potentials could be due to a re-
organisation of synaptic inputs to neurones which
lost some of their normal synapses due to de-
generation. Such changes in experimental
animals have been shown anatomically by

15 25 Illis,24 25 and functionally by Devor.26 An
oked potentials alternative explanation is that the degenerative
in a patient in process in the cord alters the micro-environment
vere obtained during and produces slowed conduction in the remaining
ys after the subject dorsal column fibres. Patients with old lesions
'hose in B were (over 18 months), however, still showed an in-
hen reflex function creased delay between NIl and N13. The Nll-

Ni3 delay cannot be explained by the relatively
early appearance of Ni 1 in the spinal injury

corded a higher patients, for the N9-Nl3 time also is prolonged.
using intrathecal N14 is thought to be a potential generated in
nce suggests that the thalamus and one would not expect a
d that it probably shortened delay between it and N20 which is the
of the spinal cord first cortical potential. The N9-NI4 time is
bres synapse. The prolonged in the spinal injury patients but the
dorsal horn are shortened delay from N14-N20 allows some

al control and to " catching up " so that N20 is at approximately
imals if the spinal the same latency in both groups when measured
was interesting to from N9.
tential in patients Whatever the explanation of these changes, it
tial or complete) is clear that disruption of the sensory pathway

the generator from the legs results in changes in the pathway
the dorsal horn from the arms. Perot"' noted attenuation of the
normally to an median nerve cortical evoked potential for one

'rast to the motor week after spinal section, but he made no com-
severely disturbed ment on latency changes (which appear quite

marked in his figure 28-1 ) nor offered any
vith lesions below explanation.
O, could be due It is known from animal work that the caudal
segments up and spinal cord normally influences the activity of
point of impact. rostral segments, an action often called the
-opsy but we have Schiff-Sherrington phenomenon.27 The altered
he extent of the cervical potentials may be a reflection of a similar

lprocess. This would be an interesting area for
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Spinal cord potentials in traumatic paraplegia and quadriplegia

further investigation of the adaptation of the
remaining CNS to a well-defined lesion.

Clinical application
Cortical potentials may be useful to determine
the completeness of a lesion. The re-appearance
of a cortical potential may herald clinical re-
covery, but their continued absence or marked
abnormality is a bad prognostic sign. Cortical
potentials were recorded in only three out of
11 cases in this series with clinically in-
complete lesions, so the technique can demon-
strate only the incompleteness of a lesion rather
than prove the totality of transection. We would
stress, however, that the experimental protocol
was not the most appropriate to detect low
amplitude, long duration and delayed potentials.
Also we only stimulated the nerves on one side
with a modest strength. Some simple modifica-
tion to tihe technique may increase the yield.
Nevertheless, at present the evoked potential
technique is not as effective at demonstrating
surviving ascending axons as are the techniques
of Dimitrijevic et a128 for demonstrating descend-
ing ones. Further studies are needed for it is
becoming clear that clinically complete lesions
are not necessarily neurophysiologicaHly complete.
Demonstration of the survival of a few pathways
may have therapeutic implications in the future.

Cortical and spinal potentials could have
limriited value in checking hysterical and
malingering patients. Two hysterics, who had a
paraplegia convincing enough to warrant their
admission to a spinal injuries unit, both had
entirely normal potentials. While such a finding
does not exclude some degree of spinal injury,
the discrepancies in neurophysiological and
clinical findings could be helpful. These
techniques could also be of use in assessing
patients early after injury especially those with
other injuries which preclude their co-operation
in clinical examinations.
The potentials have no role in determining the

level of a lesion. They could have a role however
in assessing the longitudinal extent, especially of
lower thoracic and high lumbar lesions where
the integrity of the badder reflex mechanisms is
irn doubt. Also they could help in the assessment
of high cervical lesions, when the survival of
phrenic motoneurones is in doubt, and a decision
on respiration by phrenic nerve stimulation has
to be made.29

Finally, evoked potentials will play an im-
portant role in assessing spinal cord function
during any therapy which is aimed at restoring
'spinal cord structure and function.

E El-Negamy was supported by the Arab
Republic of Egypt.
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