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The diagnostic usefulness of somatosensory
evoked potentials (SEPs) in clinical neurology is
enhanced by precise delineation of the neural SEP
generators. Electrode montages with a cephalic
reference on the front (Matthews et al. 1974; Jones
1977; El Negamy and Sedgwick 1978; Small et al.
1980; Ganes and Nakstad 1984) involve inherent
uncertainties whereas non-cephalic reference re-
cordings (Cracco and Cracco 1976) can tell apart
SEP components that are generated below or above
the foramen magnum respectively (Desmedt and
Cheron 1980, 1981a, b; Yamada et al. 1980, 1983;
Anziska and Cracco 1981, 1983; Lueders et al.
1983; Mauguiére et al. 1983a, b). Such compo-
nents are confounded when using as reference a
front electrode that records large positive far fields.

One factor influencing SEP field distributions is
the axial orientation of neural generators (Lorente
de N6 1947; Desmedt et al. 1983; Kimura et al.
1983). In median nerve SEP the longitudinal axis
of the spinal N11 generator offers a robust con-
trast to the horizontal axis of the N13 generator
that was disclosed by non-invasive prevertebral
recordings with oesophageal electrodes (Desmedt
and Cheron 1981a; Desmedt 1984).

Current data should be extended by detailed
spatial delineation of SEP fields and the present
analysis is based on computerized colour-coded
imaging of potential fields at the skin. After
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pioneering work by Walter and Shipton (1951),
Rémond and Lesévre (1965) and others, develop-
ments in high-speed computing and graphic dis-
play terminals afford novel imaging resources to
extract the spatio-temporal information embedded
in multichannel recordings (Estrin and Uzgalis
1969; Ragot and Rémond 1978; Duffy et al. 1978;
Lehmann and Skrandies 1980; Buchsbaum et al.
1982; Desmedt and Bourguet 1985). The time
history of SEP fields was visualized by spatio-tem-
poral mapping or by animation effects through
displaying series of frozen maps at, say. 1 msec
intervals. The results documented several issues
involving early SEP component.

Material and Methods

SEPs were recorded in 16 paid volunteers of
21-27 years (6 females) in good health, free from
neurological disease and non-addicted to drugs.
They gave informed consent and came back for
repeat sessions. Selection was based on ability to
relax and minimize muscle or eyeblink interference
and on good yields in averaged SEPs. The awake
subjects laid comfortably on a reclining chair in a
sound-proofed, electrically shielded and air-condi-
tioned room at 24°C, separate from the instrument
control room.

The stimuli were square electrical pulses of 0.2
msec delivered by thin uncoated steel needles in-
serted 4 cm apart through the skin close to the left
median or ulnar nerve at the wrist (cathode prox-
imal). Intensities (3 times sensory threshold) elicit-
ing a brisk twitch, but no pain, were monitored on
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nixies hooked to a peak A /D detector chip in the
primary of the stimulator output transformer. In
other runs, stimuli were delivered through Medelec
ring electrodes to fingers I-11-111, using a 1 msec
delay for the thumb shock (Debecker and Des-
medt 1964). Stimuli were usually triggered (delay
circuit) between T and P waves of the electro-
cardiogram (ECG) to avoid ECG interference.
Sometimes stimuli were triggered at 4-5/sec with
on-line rejection (window trigger circuit) of sam-
ples with QRS peak of ECG. The arm skin tem-
perature was 35°C.,

Scalp and neck potentials were recorded with
thin steel needles inserted into the skin. A flexible
oesophageal probe terminated by 2 metal elec-
trodes (Disa 13K63) was inserted through a nostril
and adjusted under X-ray control for recording in
front of vertebrae C5-C6 (Desmedt and Cheron
1981a). The non-cephalic reference was on the
right-hand dorsum, Electrode impedance was be-
low 3000 2. Homemade differential amplifiers (110
dB common mode rejection ratio at 1 kHz) of high
input impedance (32 M) with bandpass from 35
kHz to 1.6 Hz (Desmedt et al. 1974) fed a PDP
11-34 Digital Equipment computer (256 kbytes
CPU-two RK — 06 discs). Bin width was 100 or
200 psec. The overall gain was equal +2% for the
different channels. EEG was monitored on 16
Tektronix SC501 miniscopes. The software pro-
gram rejected on-line any trial with amplifier over-
load or in which eyeblinks, eye movements or
excess muscle potentials occurred. Details of
method were given in Desmedt (1977). Data were
plotted by computer graphics on paper. Compo-
nents labels used P (positive) or N (negative) and
modal peak latency in normal adults of standard
body size (Donchin et al. 1977).

SEP fields mapping

Twenty-four electrodes were arranged in 3
horizontal planes around the neck: the upper plane
was 4 ¢cm below the inion and above the hyoid
bone in front. The lower plane was at the C7
spinous process and above the sternal manubrium
in front (Fig. 4). The middle plane was half way.
The vertical separation of these horizontal planes
was 40 or 45 mm depending on neck length. The
mean neck circumference was 320 mm. The elec-
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trodes in each horizontal circle were equidistant
and about 40 mm from each other (Fig. 5A).

For map computation the neck was considered
as a perfect cylinder. The distribution of potential
levels over the neck area was fitted by a quadratic
surface with equation:

Vi= Ax] + By + Cx] + Dx,y, + Ex,z, + Fy,z,
+Gx,+ Hy, +1z,+]

in which x,, y, and z, were the coordinates of any
chosen point on the neck area (Estrin and Uzgalis
1969). The number of recorded voltage functions
exceeded the 10 parameters necessary to define the
quadratic surface. The parameters were computed
from a least-square fit using all 24 measured
potential values. The residual differences between
the polynomial value and the recorded potentials
were made minimal in a least-square sense (Niel-
son 1956). For graphics imaging, the 3-dimen-
sional surface of a half neck (e.g. between front
and back midlines) was mapped onto a 2-dimen-
sional plane by parallel projection, thus giving the
visual impression of depth (Fig. 5A).

Alternately, spatio-temporal mapping of SEP
changes over time used a linear array of electrodes
around the neck (Fig. 5B) or along the midline
(Fig. 6B). Areas with isopotential contours were
computed by linear interpolation of potential dif-
ferences between adjacent electrodes with respect
to zero baseline (Rémond and Lesévre 1965).

Bit-mapped colour images were drawn on paper
with microprocessor-based Tektronix 4695 Color
Graphics Copier which formed each pixel (picture
element) of 1,/30 in. by 4 rows of 4 dots of chosen
colour combinations (black, cyan, magenta, yellow
and white) according to computer commands for
graphics imaging. Total graphic field width was
256 pixels.

Results

Fig. 1 presents SEPs recorded from the lower
neck (B), oesophagus at the level of C5 (C) and
midfrontal scalp (F) using non-cephalic reference.
The P9 far field with identical onset latency
throughout had a smaller voltage at lower neck
(B). The N11 near field at lower neck (B) had an
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Fig. 1. SEPs 1o sumulation of the left median nerve at the wnist.
The two traces superimposed represent i separate average of
different runs to show consistency of wave form for the same
clectrode. Non-cephalic reference (NC) on the right-hand
dorsum in A-C and F. A: recording from a fine needle inserted
behind mid-clavicle at Erb’s point, B: C6 spine at the posterior
neck midline. C: oesophageal electrode in front of C6 vertebra.
D: montage of C6 spine to oesophageal electrode. E: montage
of C6 spine 1o front scalp. Components labelled *N9," *N14
‘P18" and *N22" are contributed by the front reference and
have inverted polanty. F: front scalp with non-cephalic refer-
ence, Negativity of the active electrode produces upward de-
flexion. The vertical wavy line identifies the onset of the P9 far
field. The vertical interrupted line identifies onset of neck N11
or scalp P11, The vertical large dotted line identifies onset of
N13-P13. Notice that N13 onset (C) occurs nearly 1 msec
before P14 onset (F) and that P13 has a clearly longer duration
than P14,
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onset latency equal to that of the P11 scalp far
field (F). The neck-to-front montage (E) enhanced
the N11 negativity through algebraic addition with
the P11 picked up by grid 2 of the amplifier, but
did not alter N11 onset latency.

After P11, scalp recordings showed the P14 far
field and this was added as a distinct *N14' dome
in the neck-front trace (E). The N18 and P22
responses of the front trace appeared with inverted
polarity as ‘P18 and *N22' in this neck-front
montage. The *N9' in trace E was obviously formed
through subtraction of the (larger) P9 at the front
from the (smaller) P9 at lower neck. All such
features were discussed in Desmedt and Cheron
(1980, 1981b). The onset of negativity at Erb’s
point was later than the onset of P9 far field as the
latter reflected the earlier arrival of the nerve
volley about 80 mm distally to Erb’s point (Des-
medt et al. 1983).

New neck reference monrage

The oesophageal trace (C) showed a P13 spinal
response whose onset was better delineated than
that of the concomitant N13 riding on N11 in the
posterior neck trace (B). P13 was a phase reversal
of N13, cither of which reflecting an opposite side
of the same spinal generator with horizontal axis
(Desmedt and Cheron 1981a; Desmedt 1984). A
useful new montage combined posterior neck C6
with an oesophageal reference (D) whereby N13
was boosted up.

Similar data were provided by the SEP to
stimulation of the ulnar nerve at the wrist (Fig. 2).
The oesophageal trace (C) showed a clear P13
whose summation with the neck N13 in oesopha-
geal reference recording (D) resulted in a large
negativity. The spinal N13-P13 response (B-C)
was also distinct in latency and duration from the
*N14" added upon the neck trace in front scalp
reference recording (E).

Latency and duration of components

The duration of the N13-P13 neck near field
was significantly longer than that of the P14 scalp
far field (Table I) (Desmedt and Cheron 1981b).
Absolute SEP latencies varied in subjects with
different arm length (Matthews et al. 1974; Ab-
bruzzese et al. 1979; Small et al. 1980), yet the
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Fig. 2. Same presentation as in Fig. 1 for SEPs to stimulation
of the left ulnar nerve at the wrist.

spinal P13 and scalp P14 peak latencies were
significantly different (Table I).
Transit times were estimated from the onset of

TABLE 1

J.E. DESMEDT, T.H. NGUYEN

the neck NI11 near field or scalp P11 far field
which is thought to reflect the spinal entry time of
the afferent volley (Desmedt and Cheron 1980,
1981b). The mean transit of 1.32 msec to the
spinal P13 onset was shorter than the 2.03 msec to
the scalp P14 onset and the difference was signifi-
cant (Table I). Both values included one synaptic
delay (in dorsal horn for P13 or in cuneate nucleus
for P14), but the conduction distances and times
were obviously different. The P14 onset latency
included about 1.2 msec for conduction along the
dorsal column from spinal entry to cuneate nucleus
(Desmedt and Cheron, 1980, 1981b; Desmedt
1984). For the spinal P13, the conduction time was
likely smaller along the (shorter) collateral
branches from primary axons which coursed in
spinal segments along (and penetrated) the mesial
aspect of the dorsal horn.

SEP recorded at anterior neck

The phase reversal of N13 into P13 found in
oesophageal recordings was also seen at the ante-
rior neck (Fig. 3B) (Desmedt and Cheron 1981a,
Fig. 8 Desmedt 1984). In posterior-to-anterior
neck montages P13 was algebraically added to
N13 (Fig. 3C). Similar features were seen for finger
SEPs (E-F).

Electrodes at the anterior neck region recorded
a triphasic spike (N10) reflecting a near-field
pickup of the afferent volley in the proximal part
of brachial plexus. This spike was much larger on
the side of stimulation than contralaterally, and it
was also larger at lower than at upper neck (Fig.
4A-C, F-H). It started with a positive approach
wave that deepened the trough of the P9 far field.
It was not surprising that this near-field root nega-

Data in 16 subjects comparing features of the spinal P13 recorded with the oesophageal probe in front of vertebra C5-C6 and of the

scalp P14 far field.

Spinal P13 Scalp P14 far field Difference and 7 test by pairs
Mean + S.D. Mean £S.D, 95% confidence
interval
Peak latency (msec) 1247 +0.76 13.27+0.75 0.80 +0.25 P <0001
Duration (msec) 395+0.88 2.61+040 ~1.34 4041 P < 0.001
Transit from onset of
P11 1o onset of (msec) 1.3240.23 2034028 0.71+0.18 P < 0.001
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Fig. 3. SEPs to stimulation of the left median nerve (A-C) or
left fingers 1-11-111 (D-F). Two averages of different runs are
superimposed for each electrode montage, Non-cephalic (NC)
reference on the nght-hand dorsum. A and D: recording from
C7 spine at posterior neck. B and E: skin electrode 4 cm to the
right of the antenor midline at mid-neck. C and F: montage of
C7 spine to antenior neck in which the *—P9" results from
subtraction of the larger anterior P9. Vertical interrupted lines:
N13-P13 onset.

tivity occurred later than the P9 onser which re-
flected the volley are more distal sites along the
nerve (Desmedt et al. 1983, Fig. 5), nor that it
started before the onset of N11 at posterior neck
(Fig, 4D). This was expected if N11 was generated
in dorsal column.

There may a problem of telling apart such
near-field root spike from spinal components at
electrodes on the side of nerve stimulation
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(Yamada et al. 1980). A cue may be the difference
in wave forms at the lower posterior neck: the
spinal N11 usually went negative from the bottom
of the positive P9 trough (Figs. 4D and 9A),
whereas the root spike had a clear triphasic profile
starting with a large positivity (Fig. 4C, H),

For estimating the P13 onset, it was indeed
more convenient to use anterior neck electrodes
that were located about 4 cm to the right of the
midline (thus contralaterally to the nerve stimu-
lated) rather than on the midline or to the left
(Fig. 3B, E). Spinal root spikes were much smaller
in oesophageal records (Figs. 1C and 2C). For this
reason, the data on P13 in Table I were estimated
from oesophageal rather than from anterior neck
traces.

Neck potential imaging

The 3-dimensional surface SEP fields over the
right half-cylinder of the neck (contralateral to
nerve stimulated) were displayed as a series of
2-dimensional frozen maps (Fig. 5A). The neck
ipsilateral side was left out at this stage to avoid
complexities from the large added root spike. Each
clectrode position was marked by a black pixel.
The zero baseline +0.02 pV was in green. Voltage
increments of 0.15 pV were represented by differ-
ent hues of red for negative or blue for positive
potential fields.

Each image in Fig. 5A is a frozen map at the
latency indicated in msec after the left median
nerve stimulus. Maps were presented at 0.5 msec
intervals between 10.5 and 11.5 msec to show the
progressive extension of the N11 negativity (red)
from lower to upper neck. The N13 at posterior
neck phase-reversed into P13 in front (peak 13
msec). The foci tended to be somewhat higher for
P13 than for N13 and the boundary between them
ran obliquely on the lower lateral side of the neck.
The P9 far field was seen throughout the neck.
Similar features related to P9, N11 and the N13-
P13 phase reversal are displayed for another sub-
Ject (Fig. 6A).

Spatio-temporal SEP imaging in a horizontal neck
plane

Potential changes along time were mapped by a
linear array of 8 electrodes placed on the mid-neck
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Fig. 4. SEPs to left median nerve stimulation at the wrist, Traces recorded 4 cm to the left or right of the anterior midline along the
neck are superimposed. Non-cephalic reference (NC) on the nght-hand dorsum. Electrodes labelled 1-6 are identified in figurine of
anterior neck with head tilted backwards. A and F: upper neck plane of the electrode array. B and G: middle neck plane, C and H:
lower neck plane. D: recording from the C6 spine at posterior neck nudline. E: montage of C6 spine to the nght anterior electrode
(no. 4) at mid-neck. The vertical wavy line identifies the P9 onset and the vertical interrupted line the N13-P13 onset. Traces A-E
were recorded in a male of 23 years, Traces F-H were recorded in a female of 22 years. An unusually large root spike was recorded at

the left lower neck (H) in this skinny subject.

skin in a horizontal plane (Fig. 5B). Voltage values
were fitted to a similar scale of equal discrete
levels imaged by different hues of red (negative) or
blue (positive). A synchronous P9 far field devel-
oped first and its voltage was larger in front. Then
the root volley N10 appeared in red at the left
anterior region where roots are running towards
the spinal cord (see Fig. 4B, G), but not at the
back. Thereafter an N11 appeared at the 3 poste-
rior electrodes. The red negativity developed into
the N13 peak while a concomitant blue-purple P13
positivity was seen in front. The space features of
N13 and P13 fields were remarkably coherent,

their peaks were synchronous and they dissipated
in parallel.

Midline head SEP

Distinct SEP features were seen at lower or
upper neck, or above the inion respectively (Fig.
7). The P9 far field extended from lower neck to
nose. The N11 near field had a negative-going
onset at the lower posterior neck (F-G), but was
preceded at upper neck by a brief positivity (star)
(D-E) (Desmedt and Cheron 1980; Lueders et al.
1983). This brief positive dip was interpreted as a
volume-conducted positivity in front of the N11
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Fig. 5. Bit-mapped color imaging of neck potential fields. A: senes of 11 frozen maps at latencies of 7-16 msec after stimulation of the
left median nerve at the wrist. Each map images the right neck half-cylinder (see figurine), Electrode positions are indicated by black
pixels. Voltage increments of 0.15 uV are represented by different hues in blue-purple for positive or red for negative. B:
spatio-temporal map based on § electrodes in a horizontal plane at mid-neck. The time along the abscissa is from 5 to 20 msec after
the left median nerve stimulus. Same calibration as in A.
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Fig. 6. A: series of 8 frozen maps at latencies of 7-12 msec after stimulation of the left median nerve at the wrist in another subject. B:
spatio-temporal map based on 12 skin electrodes placed along the midline of the neck and scalp up to the tip of the nose (figurine).
Voltage increments of 0.2 pV represented by different hues.
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Fig. 7. SEPs to stimulation of the left median nerve at the wrist,
Two separate averages of different runs are superimposed.
Non-cephalic reference on the right-hand dorsum. All elec-
trodes are along the midline, A: front (Fz) scalp. B-C: poste-
rior scalp (figurine). D-E: upper posterior neck just below the
inion. F-G: lower posterior neck above and below the C7
spine. The vertical wavy line identifies the P9 onset. The
vertical interrupted line identifies onset of neck N11 or scalp
P11. The vertical heavy dotted line identifies the onset of the
spinal N13 which is not seen above the inion, The vertical black
line identifies the P14 onset. Subsequent vertical markers iden-
tify the onset of the widespread N18, of the parietal N20 and of
the prerolandic P22. Black star in D-E: positive dip in front of
the N11 wave front of depolarization. N11 is not preceded by
any positive dip at lower neck (F-G).

volley that was conducted up the dorsal column
(Arezzo et al. 1979; Desmedt 1984). Thus, in neck-
to-front montages, an active electrode at lower
(rather than upper) neck had a more sharply fea-
tured and earlier onset that allowed more coherent
algebraic addition to the P11 far field recorded by
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that reference at the frontal scalp (Fig. 8).

The spinal N13 rode upon N11 at the posterior
neck and its onset in Fig. 7D-G was inferred
through comparison with prevertebral P13 (see
Fig. 1B-C). As N13-P13 had no latency shift
along the neck (Desmedt and Cheron 1981a) while
N11 had a later onset at upper neck, the N11
negativity crept underneath N13 at higher neck
sites (Fig. 7). N13 was absent above the inion but
the P14 far field with longer latency and shorter
duration (Table I) was recorded. P14 was followed
by a widespread N18, and by the cortical P22-N30
components at the prerolandic scalp. N20-P27 were
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Fig. 8. Same experiment as in Fig. 7 to assess neck-to-front
montages. A: lower posterior neck recorded with non-cephalic
reference (same trace as in Fig. 7F). B: lower neck to Fz
montage enhances the onset of N11 by subtraction of P11 far
field, but a * — P14’ is added on the neck profile, as well as other
components. C: upper neck to Fz montage with N11 onset not
50 well delineated because the (same) P11 is subtracted from a
later neck N11 that is preceded by the positive dip (see D). D:
upper posterior neck recorded with non-cephalic reference
(same trace as Fig. 7D).
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poorly defined in Fig. 7B-C since the midline
electrodes were at the margin of their (con-
tralateral) field (Desmedt and Bourguet 1985).

Spatio-temporal imaging of head midline SEP

Potential fields imaged along time provided a
striking display of far fields extending over the
head. P9, P11 and P14 were each imaged as an
elongated blue area whose axis was sharply verti-
cal, indicating a stationary latency (Fig. 6B). The
nose that had been used earlier as reference (Goff
et al. 1962) was also involved. At the back, P14
failed to extend below the inion. P11 clearly en-
croached over the high neck during its initial part
which corresponded to the positive approach seen
in Fig. 7D-E. P9 extended further down to lower
neck.

At 10-11 msec latency, the map showed over
the neck a clearly oblique boundary between blue
and red areas which provided yet another display
of the latency shift of the onset of neck negativity
N11 from lower to upper neck (Cracco and Cracco
1976; Desmedt and Cheron 1980; Desmedt 1984).
By contrast the fairly vertical axis of the N13 focus
was in line with the non-propagated generator of
the spinal N13-P13 (Desmedt and Cheron 1981a,
Fig. 5). Peak latency differed for the spinal N13
and the scalp P14 (Table I).

Significant SEP fields then occurred, not at the
neck, but over the head with the extensive N18
negativity (Desmedt and Cheron 1981b; Mauguiére
et al. 1983b; Hashimoto 1984) with the superim-
posed parietal N20 and prerolandic N30, The pre-
rolandic P22 only appeared as an area of lesser
negativity in between.

Discussion

Bit-mapped colour imaging of evoked potential
fields in the volume conductor of head and neck is
a highly promising method for updating human
brain electrophysiology. Accurate computerized
displays can extract the pertinent spatio-temporal
information embedded in multichannel electrical
recordings. The creation of such imagery provides
alternate displays whereby some current issues can
be tested and discussions updated.

JE. DESMEDT, TH. NGUYEN

The present results substantiate key features of
early SEP components to median nerve stimula-
tion by identifying distinct spatio-temporal distri-
butions for 5 major responses: the P9, P11 and
P14 far fields, and the spinal N11 and N13 neck
near fields. Some of these potentials like the neck
N13 and the scalp P14 were confounded in neck-
to-scalp (Fz) montages (Figs. 1E and 2E), but their
differentiation through non-cephalic reference re-
cordings has now been elaborated by field imaging
methods.

The brachial plexus volley, P9 and N10

There is a wide consensus that P9 is a
widespread far field reflecting the afferent volley
in the brachial plexus (Cracco and Cracco 1976:
Jones 1977; Kritchevsky and Wiederholt 1978;
Chiappa et al. 1980; Desmedt and Cheron 1980;
Yamada et al. 1980; Anziska and Cracco 1981;
Lesser et al. 1981: Lueders et al. 1983). Compari-
son of P9 onset latency with direct recordings of
the spike along the peripheral nerve indicated that
the afferent volley starts generating P9 when it
reaches a site under the lateral part of the clavicle
(Desmedt and Cheron 1980). However, this site is
not anatomically fixed: it can be shifted more
proximally by about 8§ cm (while P9 mean onset
latency reduces by 1.15 msec) by merely placing
the shoulder in a high position whereby the distal
part of the brachial plexus acquires a more hori-
zontal axis under the distal half of the clavicle
(Desmedt et al. 1983). Such shifts of P9 onser
latency did not affect P9 peak latency.

The total duration of P9, of about 3.5 msec (see
Figs. 1B-F and 7), is definitely longer than the
duration of other SEP far fields (for example, 1.5
msec for P11, Desmedt and Cheron 1981b) or of
auditory brain-stem response peaks (Jewett and
Williston 1971; Stockard and Sharbrough 1980).
P9 duration must reflect the afferent volley during
the time taken to travel from shoulder to spine.
The length of brachial plexus and spinal roots
concerned can be calculated as about: 71 X 3.5 =
248 mm. This is based on 71 m/sec as mean
maximum conduction velocity of median nerve
afferents (Desmedt and Cheron 1980) and on mean
total duration of P9, When placing the arm in
high-shoulder position, the initial 1.15 msec of this
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duration are on average being removed from the
P9 profile, thus leaving about 2.4 msec that in-
clude the P9 peak.

That the afferent volley should only start pro-
ducing a P9 when it reaches a definite level along
the nerve is most intriguing. Several factors can be
mentioned. The tubular geometry of the arm no
doubt limits the spread of extracellular potentials
from the most distal part of the median nerve:
thus the volley must apparently approach or enter
the shoulder region to create recordable extracellu-
lar potentials in the head volume conductor. In
addition, inhomogeneities and /or changes in ge-
ometry of the anatomical medium surrounding the
nerve at that level may result in a more or less
abrupt alteration of extracellular currents as the
nerve volley reaches the brachial plexus, as indi-
rectly hinted by the models described by Nakanishi
(1982) and Kimura et al. (1983).

These factors may well determine at which site
along the nerve the volley could possibly start
being reflected in the far field. However, a third
contingency, namely the axial orientation of the
distal brachial plexus, appears to determine wheth-
er the P9 onset actually will be recorded when the
volley reaches that level: with a horizontal axis.
the volley must reach more proximal levels to
begin generating P9 far field (Desmedt et al. 1983),

P9 does not require different labels at the head
or neck (Yamada et al. 1983) and spatio-temporal
maps image a single P9 field of stationary peak
latency that extends from back to nose (Fig. 6B).
P9 has a similar profile over the head and con-
tralateral neck (Figs. 5 and 6) but, at the ipsilateral
anterior neck, P9 is distorted by an N10 root
volley that is recorded near field over the proximal
brachial plexus and spinal roots (Fig. 4) (Yamada
et al. 1980; Emerson et al. 1984). The P9 voltage
appears maximum around the inion (Fig. 6B). In
our dissections of cadavers, the proximal brachial
plexus had a postero-superior oblique axis indeed
targeted towards the back of the head.

The dorsal column propagated volley, N11 and P11

With non-cephalic reference, electrodes along
the posterior neck record, after the P9 trough, an
N11 whose onset latency increases from lower to
upper neck (Fig. 7). Some viewed N11 as reflecting
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the root volley before entry into the spinal cord
(Yamada et al. 1980, 1983: Shibasaki et al. 1982)
or spinal canal (Lueders et al. 1983). However, the
dorsal roots C6-C7 of median nerve reach the
C5-C6 (not C1) vertebrae so that it is difficult to
ascribe the N11 latency shift recorded at upper
neck to a root volley. N11 rather reflects near-field
recording from dorsal column (Desmedt and
Cheron 1980; Anziska and Cracco 1981).

The cartoon of Fig. 9 depicts potential fields
generated by an action potential volley conducted
in an axon bundle of finite dimensions, like the
dorsal column. Such a bundle is an ‘open field
system’ (Lorente de NoO 1947) that generates ex-
tracellular potentials both at close range and at a
distance (Klee and Rall 1977; Arezzo et al, 1979).
As a volley is initiated at the caudal end of the
bundle, the near-field electrode registers an ex-
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Fig. 9. Cartoon contrasting near-field recordings over a bundle
of axons (such as the dorsal column) with finite dimensions and
far-field recordings beyond the termination of the bundle. The
part generating action potentials is pictured by heavy dots. The
vertical dotted lines help identify time relationships. A: spike
volley is initiated at the bottom end of axon bundle, B: the
depolarization wave front has propagated to the level of the
upper near-field electrode. The far-field electrode only records
a monophasic positive wave.
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tracellular negativity while distant electrodes higher
up record an approach positivity. As the volley
propagates to the upper near-field electrode it
registers a negativity after the positive dip. Far-field
clectrodes located beyond pathway termination
only register a monophasic positive deflexion
(Arezzo et al. 1979; Desmedt 1984).

This model helps understand how the neck N11
and scalp P11 reflect the volley initiated in the
dorsal column at the level of C6-C7 spinal seg-
ments (where median nerve afferents penetrate the
spinal cord) and which propagates upwards along
a caudo-rostral axis (Desmedt and Cheron 1980;
Anziska and Cracco 1981). The volley propagates
up to the termination of dorsal column axons in
the cuneate nucleus which is located about 1 ¢m
above foramen magnum and is thus not directly
seen by an electrode over the C1 spine (Desmedt
and Cheron 1980, Fig. 6).

With non-cephalic reference recording, N11 ap-
pears as a conducted negative front whose onset
latency shifts on average by 0.94 msec from low to
high neck in normal adults (Desmedt and Cheron
1981a). At the upper neck, an approach positivity
precedes the wave front of the ascending depolari-
zation (Fig. 7D-E). That NI11 is a ‘near-field’
potential generated at close range with respect to
the posterior neck electrodes (as in Fig. 9) is
evidenced by the fact that changes of the electrode
position along the axis of the dorsal column con-
ductor indeed affect the N11 onset latency. Bony
structures of the spinal canal (Lueders et al. 1983)
do not appear to prevent recording this propa-
gated negativity. By contrast, all electrodes located
beyond the pathway termination record a positive
P11 that shows a stable latency regardless of elec-
trode positions in the far field of the head.

Spatio-temporal maps indeed image a P11 with
stationary latency extending from nose to upper
neck where it meets the N11 negativity (Fig. 6B).
The oblique boundary between the red and blue
areas at the neck images upward propagation of
the NI11 volley. Onset latencies are identical for
the P11 (blue) dip over the head and for N11 (red)
at Jower neck. Latencies cannot be measured for
the N11 peak that is buried underneath N13.

We take exception to Emerson et al. (1984)
statement that subcortical generators would be
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reflected in scalp negativities rather than positive
far fields as this contradicts classical volume con-
ductor theory (Lorente de N6 1947; Klee and Rall
1977. Arezzo et al. 1979; Desmedt 1984). The
peak of their *N10' (between P9 and P11) is what
we call the P11 onset and the peak of their ‘N12’
(between P11 and P14) is our P14 onset. The issue
is mainly semantic and the respective data concur
if labels are properly exchanged. Emerson et al.’s
argument that ‘N10" and *N12" may exceed the
preceding baseline is weak because their records
were differentiated by restricted bandpass (30 Hz
highpass filter). With wide bandpass, the second
negative-going limb of the P9 and P11 far fields
remains below baseline (Figs. 1F, 2F and 7A-C)
(see Cracco and Cracco 1976; Kritchevsky and
Wiederholt 1978: Desmedt and Cheron 1980,
1981a, b: Yamada et al. 1980),

The dorsal horn segmental generator, N13 and the
spinal P13

Non-cephalic reference recording from poste-
rior neck shows that the N11 negative front is
superimposed by a second negativity N13 which
phase-reverses into a positive P13 at oesophageal
sites in front of the spinal cord (Figs. 1B-C and
2B-C) (Desmedt and Cheron 1981a). An en-
hanced display of N13 is achieved in a neck-to-
oesophagus montage (Figs. 1D and 2D).

Skin recordings at anterior neck also show the
P13 phase reversal (Fig. 3) (Desmedt 1984). It is
not surprising that such traces do not disclose a
well-formed N11 which is thought to be generated
in dorsal columns at the back of the spinal cord.
On the other hand the anterior neck traces, espe-
cially on the side ipsilateral to the limb stimulated,
include a triphasic spike (N10) representing the
proximal brachial plexus volley (Fig. 4). N10 dis-
torts oesophageal recordings to a lesser extent
(Figs. 1C and 2C).

Topographical analyses are essential to identify
the generators of SEP components peaking around
13 msec. With oesophageal recordings, the longitu-
dinal extent of the spinal P13 potential field was
analyzed along the oesophagus lumen at levels
between the C1 and D3 vertebrae: P13 was found
to be maximum between the C4 and D1 spinal
cord levels and to sharply decrease in voltage
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above C3 or below D1 (Desmedt and Cheron
1981a). That the oesophageal P13 onset latency
did not change along the cord was also an im-
portant finding because the corresponding N13 at
the posterior neck appears as a mere notch on the
negative slope of N11-N13 and its onset is difficult
to estimate reliably (Figs. 1B, 2B, 3A-B, 4D and
7D-G).

SEP field imaging allowed a complete survey of
the neck volume conductor. For clarity, we em-
phasized the right half-cylinder of the neck from
anterior to posterior midlines, N13 (red) appeared
maximum over the lower half of the posterior neck
while the concomitant P13 (blue) was maximum
over the middle part of the anterior neck (Figs. SA
and 6A). The somewhat oblique boundary be-
tween the two was on the lateral side. The transi-
tion between the N11 and N13 negativities cannot
be readily identified in these maps. Spatio-tem-
poral mapping in a horizontal plane shows the
remarkable similarity in peak latency and duration
of the two components: this is crucial evidence for
the hypothesis that prevertebral P13 is indeed a
phase reversal of posterior neck N13, both sharing
the same generator with horizontal axial orienta-
tion (Fig. 5B). Spatio-temporal maps confirm that
the spinal N13-P13 are not volume-conducted more
rostrally (Fig. 6B) and have distinct latency and
duration than the scalp P14 far field (Table I).

Both oesophageal recordings and field mapping
over the neck substantiate the segmental nature of
the N13-P13 generator for which a dorsal horn
location was suggested (Desmedt and Cheron
1981a; Desmedt 1984). After spinal entry, the
large fibres of the dorsal roots bifurcate in the
dorsal column into an ascending branch (reaching
the cuneate nucleus) and a shorter descending
branch. Collaterals of either branches penetrate
into the mediodorsal aspect of the dorsal horn and
form a dense plexus in the nucleus proprius (Cajal
1909; Sprague and Hong 1964; Rethelyi and
Szentagothai 1973) which corresponds to cytoar-
chitectonic layers IV and V (Rexed 1954). The
density of such collaterals is highest near root level
(for median nerve afferents: C6-C7). From autop-
sy findings in patients with brachial plexus lesions
(Dejérine and Thomas 1896) collaterals appear to
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be given off about 2 segments above and 2 seg-
ments below root entry in man. This fits well with
our data of oesophageal recordings (Desmedt and
Cheron 1981a) and field imaging (Fig. 6B).

N13 is the human equivalent of the first nega-
tive component of the cord dorsum potential of
cat or monkey (Gasser and Graham 1933;
Bernhard 1953; Lindblom and Ottoson 1953)
which is evoked by lowest-threshold cutaneous
Aaft afferents (Beall et al. 1977: Willis and Cog-
geshall 1978). Intraspinal mapping with microelec-
trodes locate its maximum negativity in layers IV
and V of the dorsal horn where many interneuro-
nes are postsynaptically activated by cutaneous
input (Coombs et al. 1956; Wall 1967; Beall et al.
1977). The posterior negativity phase-reverses into
a positivity in the ventral part of the spinal cord.
Intraspinal recordings in cat or monkey show that
the first negative wave of the cord dorsum poten-
tial follows a focal brief spike (in afferent axons)
after a synaptic delay of 0.6 msec (Bernhard 1953)
or 0.8 msec (Coombs et al. 1956; Beall et al. 1977).
The duration of the negative wave is 4 msec
(Bernhard 1953), 5 msec (Coombs et al. 1956) or
8.2 msec (Beall et al, 1977). These data are com-
patible with measures of the human P13
(oesophageal recording) features: mean duration
of 3.95 msec and mean onset latency of 1.32 msec
after spinal entry (Table I).

This robust set of data indicates that the poste-
rior neck N13 reflects one side of the horizontal
segmental generator in layers IV-V of the dorsal
horn over the C4-D1 spinal segments while the
oesophageal or anterior neck P13 reflects the op-
posite side of the same generator. N13-P13 have
coherent space and time features which are com-
patible with a genuine phase-reversal. They are
elicited, after one synaptic delay, in dorsal horn
interneurones and represent postsynaptic excita-
tory potentials (Coombs et al. 1956) whose dura-
tion is significantly longer than that of the P11 or
P14 far fields which reflect fibre tract volleys
(Table I). The longitudinal axis of the (propa-
gated) N11 generator contrasts with the horizontal
axis of the N13-P13 segmental generator which
produces no far field and, in particular, has no
relation to the scalp P13-P14 far field.
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The scalp P14

We lump under this label what is sometimes
called the scalp P13-P14 (Table II) on the ground
that P13 was absent or doubtful in as many of 44%
of young adults (Desmedt and Cheron 1981b). We
do not deny that more than one generator might
be involved in this complex. From its mean onset
latency 2.03 msec after spinal entry or P11 onset
(Table 1) P14 is unlikely to be generated in the
spinal cord and it is not recorded below the inion
(Fig. 6B). SEPs involve the dorsal column-lemnis-
cal system (Halliday and Wakefield 1963: Noel
and Desmedt 1975) and the dorsal column volley
arrives at the level of C1 after a mean latency of
0.94 msec (Desmedt and Cheron 1981a) from which
the arrival time at the cuneate nucleus can be
estimated at about 1.2 msec. By adding to the
latter figure the synaptic delay in the cuneate
(roughly set at 0.6 or 0.8 msec), one gets rather
close to the recorded onset latency of P14 at 2.03
msec after P11 onset (Table I).

The P14 duration is compatible with its being a
far field reflecting the volley propagated in a sub-
cortical fibre tract. Patients data indicate that P14
is lost after a high spinal hemisection (Mauguiére
et al. 1983a) but preserved after a thalamic lesion
interrupting the somatosensory pathway com-
pletely (Nakanishi et al. 1978; Chiappa et al. 1980;
Mauguiére et al. 1983b). This evidence is compati-
ble with P14 being generated in the longitudinally
orientated medial lemniscus. Spatio-temporal
imaging emphasizes the widespread scalp distri-
bution and stationary latency of P14.

TABLE 11
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Practical considerations

Current clinical uses of SEPs would be assisted
if a robust pathophysiological basis could be
offered and if practical electrode montages and
consistent component labels were widely agreed
upon. Table II reviews labels used in recent publi-
cations. It would seem that standard labels for
SEP components (rather than labels with different
latencies as measured in particular cases) would
facilitate discussions (Donchin et al, 1977). Any-
way it may be useful to point out that the N11 and
N13 spinal components are called ‘N10" and *N12’
by Lueders et al. (1983), and that the ‘NI18' of
Pratt et al. (1979), Lueders et al. (1983) and
Yamada et al. (1983) is the contralateral parietal
N20, but not the widespread N18 (or N16 of
Hashimoto 1984) which persists after a thalamic
lesion (Mauguiére et al. 1983b).

Issues about montages may not be resolved so
rapidly. Current evidence from several groups
clearly differentiates spinal SEP components (N11,
N13) from those generated above foramen mag-
num (P14). Therefore spinal or brain-stem lesions
may not be readily identified for practical pur-
poses by montages with cephalic reference in which
these distinct generators are confounded. Peak
latencies of neck-to-front montages do not relate
to any spinal component, but to the P14 peak
(seen as an ‘N14") which reflects activity close to
thalamus (Figs. 1E, 2E and 8). This may call for a
reassessment of what is in fact being measured in
current estimates of central conduction (Desmedt
1971; Hume and Cant 1978, 1981; Symon et al.

Labels of early SEP components used in recent publications. Most recordings considered use a wide bandpass (about 1-3000 Hz) and
non-cephalic reference recording for far-field and neck SEPs. P9, P11 and P14 are the usual scalp far fields, N11 and N13 are the neck
SEP components. N18 is the widespread negativity while N20 is the negative response recorded over the parietal scalp contralateral to
the median nerve stimulated. The fact that this focal N20 is sometimes called N18 may result in misunderstandings. P27 is the

contralateral parietal positive component.

Desmedt and Cheron 1981b P9 N11 P11
Mauguiére et al. 1983b P9 N11 P11
Anziska and Cracco 1981, 1983 P9 N11 P11
Chiappa and Ropper 1982 - N11 -

Lueders et al. 1983 P8 N10 P11
Yamada et al. 1983 P9 N11 P11
Hashimoto 1984 P9 P11
Pratt et al. 1979 P10 - -

N13 P14 NI18 N20 P27
N13 P14 NI18 N20 P27
N13 P13-P14 NI1§ N20 P23
N13 (Fzref) P13 - N19 P22
N12 P13 - NI§ P20
N13 P13-P14 - NiI8 P23

P13-P14 N16 N20 P22
N13 P13-P14 - NI8 P22
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1979; Chiappa and Ropper 1982).

The neck-to-front montage has one advantage
though, namely to boost up the N11 negative front
which facilitates the estimation of N11 onset. This
is not distorted since the added scalp P11 is re-
lated to the same spinal generator as N11. The
new montage of posterior to anterior neck may
also be useful because it ensures a good signal-to-
noise ratio while achieving a consistent algebraic
addition of spinal potentials (N13 and P13) pro-
duced by the same segmental generator.

Summary

Early somatosensory evoked potentials (SEPs)
to median or ulnar nerve stimulation were re-
corded with non-cephalic reference from neck,
oesophagus and scalp in normal young adults.
Transit times and durations were estimated for
different components. SEP fields were mapped
with up to 24 skin electrodes around the neck or
along the midline neck and scalp, and projected
onto a 2-dimensional plane for bit-mapped colour
imaging. The posterior neck N11 is a near-field
potential propagated caudorostrally in the dorsal
column, associated with a positive P11 far field
beyond termination of the cuneate bundle. A true
phase reversal of the posterior neck N13 into an
anterior neck P13 is substantiated, identifying a
segmental generator with horizontal axis in dorsal
horn. The N13-P13 represents postsynaptic excita-
tory potentials in interneurones of layers IV-V of
the dorsal horn. It is not reflected in any scalp far
field. The duration and onset latency of N13-P13
are in line with this interpretation. A new montage
of posterior-to-anterior neck can enhance this
component without introducing extraneous poten-
tials. The P14 far field does not extend below the
inion and presents distinct features. Neck-to-front
scalp montages confound the SEP components
generated in the spinal cord and above the fora-
men magnum respectively, but may serve to esti-
mate N11 onset latency.
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Résumeé

Imagerie colorée des champs de potentiel des com-
posantes sous-corticales propagées et non-propagées
des potentiels évoqués somesthésiques chez I'homme

Les composantes précoces du potentiel évoqué
somesthésique (PES) a la stimulation du nerf
médian ou cubital ont été dérivées (référence non
céphalique) au niveau du cou, de I'oesophage et du
cuir chevelu chez de jeunes adultes normaux. Les
temps de transit et les durées ont été mesurés pour
diverses composantes. Les champs de potentiel ont
été cartographiés autour du cou et le long de la
ligne médiane avec jusqu'a 24 électrodes et projetés
sur un plan bidimensionnel pour I'imagerie dig-
itale en couleur. Le NI11 de la nuque est un
potentiel de champ proche propagé caudo-rostra-
lement dans le cordon postérieur. Un potentiel de
champ lointain P11 est produit concomitamment
dans la téte au-dela de la terminaison du cordon
postérieur. Les données confirment une réelle op-
position de phase entre le N13 a la nuque et le P13
a la face antérieure du cou, indiquant un générateur
horizontal dans la corne dorsale. Le N13-P13 re-
présente des potentiels postsynaptiques excitateurs
dans les interneurones de la couche V-V de la
corne dorsale. Il n'a pas d'équivalent dans le champ
lointain. La durée et la latence initiale de N13-P13
sont en accord avec cette interprétation. Un
nouveau montage référant la face postérieure du
cou a sa face antérieure renforce ce potentiel sans
introduire de composantes parasites. Le potentiel
de champ lointain P14 ne s'étend pas en-dessous
de I'inion et il présente des propriétés différentes.
Les dérivations de la nuque avec référence front
confondent les composantes produites respective-
ment par la moelle et au-dessus du trou occipital
mais elles peuvent étre utiles pour mesurer la
latence initiale de N11.
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