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SUMMARY AND CONCLUSIONS

1. The anatomic generators of human somatosensory evoked
potentials (SEPs) in the 20 to 40-ms latency range were investi-
gated by means of cortical surface and transcortical recordings
during neurosurgery and recordings from chronically implanted
depth probes in epileptic patients.

2. Three groups of SEPs evoked by median nerve stimulation
were recorded from the hand representation area of sensorimotor
cortex: P20-N30, recorded anterior to the central sulcus (CS);
N20-P30. recorded posterior to the CS; and P25-N35, recorded
near and on either side of the CS. These potentials were similar in
morphology and surface distribution whether the patient was
operated under local or general anesthesia and were evoked only
by contralatera stimulation; stimulation of the ipsilateral median
nerve produced no detectable activity in the 20 1o 40-ms latency
range.

3. P20-N30 and N20-P30 exhibited polarity inversions across
the CS but were similar in polarity and morphology on the corti-
cal surface and in the white matter. Together with anatomic con-
siderations, these spatial distributions strongly suggest that
P20-N30 and N20-P30 are recordings from the “surface” and
“white matter” sides of a tangentially oriented generator located
in the posterior wall of the CS in area 3b of somatosensory cortex.

4. P25-N35 was largest in the medial portion of the hand area
of somatosensory cortex and did not show polarity inversion
across the CS. Our transcortical recordings did not clarify its ori-
gin, but its spatial distribution and comparison with the transcor-
tical recordings of Goldring ct al. 1970; Kelly ct al. 1965; Stohr
and Goldring 1969 strongly suggest that P25-N35 is produced by
a radially oriented generator located in the anterior crown of the
posteentral gyrus in areq | of somatosensory cortex, in a region
~1 ¢m medial to the region of largest areq 35 potentials.

5. Later P25-like potentials were sometimes recorded near the
S, 1ateral to the region from which the largest P25 was recorded.
These potentials appear to reflect the activation of more lateral
regions of the hand representation of area I than those responsi-
ble for P25.

6. P20-N30 and P25-N35 are thought to be equivalent to the
primary evoked response recorded from somatosensory cortex of
other mammals, particularly Old World monkeys having a geo-
metric and cytoarchitectonic organization of somatosensory cor-
tex similar to that of humans.

7. The major spatial and temporal features of SEPs recorded
from the surface of human sensorimaotor cortex are well ac-
counted for by a model having two generators with different
timecourses and with fixed locations and orientations in cytoar-
chitectonic areus 3b and 1.
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INTRODUCTION

The anatomic generators of human somatosensory
evoked potentials (SEPs) in the 20 to 40-ms latency range
have been the subject of considerable debate (Allison et al,
1980, 1982; Broughton et al. 1969, 1981; Celesia 1979;
Chiappa 1983; Deiber et al. 1986; Desmedt et al. 1981,
1985; DeWeerd et al. 1985; Jones and Power 1984,
Lueders et al. 1983; Mauguiére et al. 1983; Papakosto-
poulos and Crow 1984; Slimp et al. 1986; Stohr and
Goldring 1969, Wood et al. 1985; Yamada et al. 1984).
Although there is agreement that some portion of the spa-
tiotemporal SEP distribution originates in somatosensory
cortex, there is disagreement about the specific regions in-
volved and whether any SEPs originate in motor cortex. In
this paper we address these questions by the use of SEPs
derived from cortical surface, transcortical, and depth
probe recordings in patients undergoing neurosurgical pro-
cedures. The generators of long-latency SEPs are consid-
ered in the following paper (Allison et al. 1989).

One important type of evidence concerning the genera-
tors of extracetular potentials such as SEPs is the three-di-
mensional distribution of potential on the cortical surface
and within the brain, which permits the locations of trans-
membrane current flow to be determined (Mitzdorf 1985).
Although such data with adequate spatial resolution can-
not be obtained in humans, the locations of cortical genera-
tors can be determined at a more macroscopic level by
assessing the polarity and gradient of potentials Rooa.&
from the cortical surface and whitc matter. A polarity-in-
version and sharp potential gradient from surface to white
matter are regarded as providing strong evidence that the
potentials are generated in cortex between or adjacent ©
the recording electrodes. Conversely, similar waveforms
and shallow gradients between surface and white matter
suggest that the activity is generated at more distant sites
(Dykes 1978; Goldring et al. 1970; Landau 1967; Schlag
1973; Wood and Allison 1981). Thus, in the present study,
we attempted to determine the distribution, waveform, and
spatial gradient of potentials recorded on the surface of
sensorimotor cortex and within the central sulcus m.ua
white matter. 1n addition, a large body of work describing
potentials evoked in somatosensory cortex of nonhuman
primates (Allison et al. 1986; Arezzo et al. 1979, 1981,
Gardner et al. 1984; Goldring et al. 1970; Kulics and
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FG. 1. SEP waveforms and topographic maps, 4 patient 23 nght
frontal lobe epileptogenic region distant from 5ensorimotor conex: general
anesthesia. In this and following drawings and topographic maps. clee-
trode locations in relation o cortical sulci were reconstructed from pho-
tographs; arrows indicate anterior{a) and medial {m) directions. Abbrevia-
tiors: CS, central sulcus: PoCS, postcentrai sulcus: PrCs. Q,nnmu:.E
sutcus: SS. Syivian sulcus. B: recordings from the 64 jocations shown in A,
Isolatency lines are at the a1 3 uximate peaks of P20-N20{27 ms), P25 (26
ms). and N30-P30 (3t ms). (n this and following plots, positive is upward:
the contralateral median nerve was stimuiated unless noted otherwise;
stimulus was detivered at O ms, stimulus artifact not shown; wavetorms are
(he mean of 2-4 averages of 32-48 responses. (' sovoltage mogmnpuwsn
maps. In this and foliowing maps. {ocations of suici are superimposed on
maps based on recordings using the 6d-clectrode array; each map encom-
passes an area 35 X 35 mm: positive voltage 1s indicated by the preen and
ed end of the color scale, negative voltage by the biue and Ucaw end;
cach color represents iglh the voltage from minimum o maximum
within the latency range displayed.




¢ L/

¢
C

N

Q
P
<
|
C
C_(
S~

—=
¢
=
=
7
<

s

\

R
_
e

A A

N

¢
oL S )
-~
J S J

AN

N~ )/ /
0 40 10 20 30 40 10 20 30 49 106 20 30 40
s MSEC MSEC MSEC

B

FIG. 2. SEP waveforms and topographic maps. A patient K2; right fromtal lobe epi

sensorimotor cortex; general anesthesia. Array
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ptogenic region distant from

enwation as in Fig, . Isolatency lines are at the approximate peaks of

P20-N20 (22 ms). P25 (25 ms), P25-like potential (29 ms), and P25-like potential {36 ws). B: maps at latencies of isolatency

fines in 4. (: waveforms at selected locations shown in .t and B,

Cauller 1986; Zimmerman 1968) and other mammals (Al-
lison et al. 1966, 1980; Dykes 1978; Perl and Whitlock
1955: Schlag 1973; Towe 1966; Werner and Whitsel 1973;
Woolsey and Fairman 1946) aided interpretation of the
human recordings. Unless noted otherwise, all human and
animal potentials discussed in this paper were evoked by
electrical stimulation of the contralateral median nerve at
the wrist.

METHODS

Techniques for recording SEPs from the exposed cortical sur-
face. and their use as a method of localizing somatosensory and
motor cortex, are described in detail elsewhere (Wood et al. 1988).
Briefly, intraoperative recordings from the cortical surface were
made in 52 patients operated under local anesthesia or general
endotrachael anesthesia for removal of mass lesions or epilepto-
genic foci. SEPs were recorded either from individually piaced
silver-ball electrodes or from a 6d-electrode arrav (8 X 8 grid of
electrodes with 5-mm interelectrode spacing). The spatial distri-
bution of voltage over the cortical surface was illustrated by iso-
voltage topographic maps in which amplitudes at locations be-
tween recording electrodes were estimated by linear inierpolation.
In five cases transcortical recordings from sensorimotor cortex

were also obtained; electrodes consisted of a 2 mm diam ring
(surface electrode) through which a wire exposed for I mm at the
tip extended 1o a depth of 6 mm (deep clectrode). Recording was
to a common reference (linked ears or a needle electrode placed in
reflected temporal muscle).

SEPs were also recorded in 12 epileptic patients from 18-con-
tact platinum-iridium depth probes implanted in frontal, tem-
poral, and occipital regions to localize seizure foci (Spencer et al.
1982). Recordings were made several days after probe implanta-
tion; patients were awake and unsedated. The common reference
was linked ears or balanced sternovertebral electrodes. In some of
these patients, cortical surface recordings were obtained during
subsequent surgery 10 remove a seizure focus. Before either type
of intracranial recording, scalp recordings were often obtained
using a balanced sternovertebral common reference.

For all types of recordings, stimuli were 0.4-2/s. 0.5-ms dusa-
tion constant-current pulses delivered to the contralateral or Ipsi-
lateral median nerve at the wrist at an intensity E.oa:&:m. amod-
erate thumb twitch. Three averages of 32—48 responses (intraop-
erative recordings) or 128-256 responses {depth-probe and scalp
recordings) were typically obtained using a digitizing rate of 2,000
Hz and filter settings of 1-1,000 Hz (-3 dB). The protocols used
in this study were approved by the Human Investigation 0,0:%
mittees of the West Haven VA Medical Center and Yale Univer-
sity School of Medicine. Informed consent was obtained.
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TABLE 1. Short-latency SEPs summurized

Latency or Amplude

PIO-N3O N20-3) P25-35 -
PR Lat, ms NG LaL s Amp. aV P30 Lat, ms Amp, ¥ P2 Lat ms N35 Lat, ms Amp, <u
1
Anestiena
Locat 3 VES R 208 (181 223+ 04ty 338z 3440+ 23.4% 2383040060 3BOXOTA0) (9534 g
Crenerat WIS 03% 4831 32731 223103034 R 0538 770 £ 1340 250+0.3(33) 367 £0.7(24) 8+ u_,aoM_Nww
Location 3

Motor S35 MO0 v081H S8 (RS Y 2260415

32920815 954 1236 (i 2552 04(135) 37611

22
Sumatosensory 225 ¢ 0.7{Ty I3t 3N 66,1 £33 L 328147 983 + 476 248206 3872 1.2(3)
Distant 2130402 246207029 1IN 323 x0700) $7.0k 147 (30, 2.6 20.3{027) 366 207020} 16+ 287 ANH:
Torat 2520305 B5103G) 6602 96 (5D 325 £0.5652) Y68 £ 423 ~2, 0 24910249 3710634 b0+ 257 34y

Values are means 1 SE, nos. 10 parentheses are number of patients. SEPs, somntosensory evoked potentials, *Signibicanty different at £ < 0,05

RESULTS
Cortical surface recordings

Representative recordings using a 64-electrode array are
shown in Fig. 1. Thirty-two locations (alternate rows of the
grid) were recorded simultaneously, and all recordings
were made within a period of 15 min. Isolatency lines at the
peaks of the major potentials to be described aid in their

identification in different columns. In this example the -

patient was operated under general anesthesia, and cortical
stimulation was not carried out; identification of somato-
sensory cortex, motor cortex, and their associated sulei wag
made by SEP criteria described previously (Wood et al.
1988). In the case of patients operated under local anesthe-
sia, cortical stimulation (e.g.. Fig. 5) provided independent
identification. From locations posterior to the central
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FG. 3. SEP waveforms and topographic maps. A: patient J23; right frontal lobe astrocytoma abutting the hand area of

motor cortex: general anesthesia. Array orientation as in Fig,
(24 ms), a P25-like potential (29 ms) and N30-P30 (35 ms).
setected locations shown in 4 and B.

Isolatency lines are at the approximate peaks of P20-N20
: maps at latencies of isolatency lines in 4. (: waveforms at

FG. 3.
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7G. 4. SEP Sm«‘»moldm. A: patient B12; right frontal lobe astrocytoma distant from Sensorimotor cortex; generat
anesthesia. B; SEPs to stimulation of the contralateral (——) and ipsilateral (- ~ -) median nerve.

suleus {CS) over the lateral portion of the hand arca of
somatosensory cortex, negative-positive waveforms were
recorded (e.g., location 56), and from precentral locations
over motor cortex, approximately mirror-image wave-
forms were recorded (e.g., /ocation 36). These postcentral
and precentral potentials will be referred to as N20-P30
and P20-N30. respectively, corresponding to their polarity
and average peak latency across patients. They were re-
corded in all patients in whom the hand representation

C 20 40 60 80
MSEC

HIG. 5. Transcortical recordings from postcentral cortex. A4- patient
K10 right parictal lobe glioma in the face area of $SOMAlosensory cortex:
Tocal anesthesia. Cortical stimulation: A, arm abduction; B, forearm flex-
ion; C, hand flexion; D, eyelid and neck movement. In this and Fig. 6, all
maotor responses refer 1o contralateral side of body except for perioral
responses. and the bortom drawing is a schematic quasisagittal view of
locations of surface (e) and estimated locations of deep (o) electrodes of
the transcortical pairs. B: SEPs from surface (——) and deep (- - -) elec-
trodes.

arca was exposed. with the exception of three patients with
tumors involving the hand area in whom no SEPs could be
recorded (Wood et al. 1988). The between-average variabil-
ity of'these potentials was small (see Fig. 2C of the foilow-
ing paper). In addition, a slightly later sequence of poten-
tials, P25-N35, was recorded from the medial portion of
the hand area of somatosensory cortex (e.g., Fig. 1, location
7). P25-N35 was recorded as a distinct entity in 30% of the
cases, but in 35% of the cases P25 was seen only as an
inflection on the rising phasc of P30 and was not followed
by a distinct N35. Thus P25-N3$5 appeared to be less ro-
bust than P20-N30 and N20-P30. although some failures
to record it with large amplitude may have resulted from
incomplete exposure of the medial portion of the hand area
or to nonoptimal electrode placements. At the locations
where they were largest, the identification and measure-
ment of all these potentials presented no problems, but at
intermediate locations transitional waveforms were seen
(c.g., Fig. 1B. location 38: Fig. 24, just posterior to location
6) that could not necessarily be categorized in the same
manner,

Table | summarizes peak latencies and amplitudes of
these potentials. The results were stratified in three ways: 1)
by comparing SEPs obtained under local or general anes-
thesia, 2) by the location of brain pathology (abutting or
invading motor cortex, abutting or invading somatosen-
sory cortex, or distant from sensorimotor cortex), and 3) by
the type of pathology (primary epileptogenic region,
tumor, or miscellaneous other). Analysis of variance
showed that amplitudes were significantly decreased by
general anesthesia compared with local anesthesia (P20~
N30: F = 6.6, P < 0.02; N20-P30: F = 4.9, P < 0.04
P25-N35: F = 5.0, P < 0.04). The location of E::o_cmv\
(Table 1) and type of pathology (not shown in Table 1) did
not have a systematic effect on SEPs, suggesting that these
recordings were not compromised by the patients’ pa-
thology.

Waveform plots (e.g., Fig. 1.B) display variations in voli-
age as a function of time and emphasize the temporal di-
mension of the data. Topographic maps, such as those io

“egative postcentrally and positive precentrally. The distri-
~pution at 26 ms (the peak of P25; the 2nd isolatency line)

38
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Fig. . emphasize the spatial dimension of the data by
Jisplaying the distribution of voltage at a number of laten-
¢ies, in this case at 1-ms intervals from 20-39 ms poststim-

“ glus. The map at 22 ms illustrates the spatial SEP distribu-

tion at the peak of N20-~P20, indicated by the first isola-
reacy line in Fig. 1B, This distribution has two extrema,

pad a positive maximum over somatosensory cortex: this

- maximurn was medial to the N20 minimum and extended

across the CS into motor cortex. The distribution at 31 ms

““(the peak of P30-N30: the 3rd isolatency line) was similar

n shape to the one at 22 ms but was opposite in polarity.

_ The distribution at 39 ms (the peak of N35) was similar in

-shape to the one at 26 ms but was opposite in polarity. At

* Jatencies between the isolatency lines, the distributions had
. shapes and polarities intermediate to those described.

Figure 2 shows another example of SEPs in relation to

”, the anaiomy of sensorimotor cortex. All 64 waveforms are

shown in Fig. 2.4, and selected waveforms are shown at

“higher resolution in Fig. 2C. From precentral (e.g., location
" 6)and postcentral (e.g., location 1) sites, approximate mir-
- ror-image waveforms were recorded, corresponding to
“P20-N30 and N20-P30. The distribution at the approxi-
~mate peak of P20-N20 (Fig. 2B at 22 ms) consists of a

_postceniral minimum and a precentral maximum, with the

: zero-potential line at the CS. From Jocation 4 on the medial

portion of the postcentral hand area P25 was recorded,
corresponding to the maximum in the fop left portion of

“the map at 25 ms. Similar results are shown in Fig. 3. At

sites rclatively distant from the CS, precentral (focation 6)
and posteentral (Jocation 1) mirror-image wavetorms were
recorded (Fig. 3, 4 and C). P20-N20 is seen in the distri-

“bution at 24 ms as a precentral maximum and a postcentral

minimum. Nearer the CS (locations 2-5) the waveforms
-were miore complex (see below),

To summarize, these SEPs have different spatial charac-
teristics. P20~N30 was largest over the hand area of motor
corter. and often extended anterior to motor cortex.

- N20-P30 was largest over the lateral portion of the hand

area of somatosensory cortex and ofien extended posteri-

.oty over the supramarginal gyrus. These precentral and

postcentral potentials were approximate mirror images of
one another at locations relatively distant from the CS.
P25-N35 was largest in the anteromedial portion of the
hand area of somatosensory cortex near the CS and often

~ extended anteriorly onto motor cortex.

In addition to the SEPs just described, additional posi-

! m.<o SEPs were sometimes recorded that appeared to be
- discriminable from P20, P25, and P30. Like P25, this activ-

1ty was largest over somatosensory cortex near the CS but
Wwas also seen at precentral locations near the CS (Fig. 2). At
29 ms, a potential different from P25 (note the presence of
both potentials at location 5) was recorded that had a more
laters] maximum than P25. The maxima at 25 and 29 ms
ippeared to be separate and fixed; note the presence of
both maxima at 25 ms, interrupted by a low-voltage region.
The maps between 25 and 29 ms (not shown) showed a
Sradual decrease of voltage in the medial P25 distribution
and & gradual increase in the lateral P25-like distribution,
At 36 ms an even more lateral positivity was seen with a
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FIG. 6. Surface and transcortical recordings. A° patient L10. right
frontal lobe epileptogenic region distant from sensorimotor cortex: local
anesthesia, Cortical stimulation: A, shoulder movement: B, arm move-
nment: C. hand movement: D, 3rd digil movement; E, thumb movement;
T, head and back movement: G, mouth movement: H, jaw and throat
movement. (In this patient. only motor responses were obtained to stimu-
lation of both motor and somatosensory cortex as determined by SEP
recording.) B: SEPs from surface (——} and deep (~ - ) electrodes. €
patient W1, Rasmussen’s Syndrome involving the hand area of right
motor cortex; general anesthesia. Sagittal view of clectrodes placed on the
exposed anterior wall (1) and crown (2} of somatoscnsory cortex after
removal (- ~ =) of the hand area of motor and premotor cortex. [>: SEPs
recorded from locations in C.

maximum near location 3. Again the distributions between
27 and 36 ms (not shown) suggested the presence of two
spatially separate regions of positivity,

In Fig. 3 the peak at ~29 ms, largest at ‘ocation 3 and
corresponding to the postcentral maximum in the distri-
bution at 29 ms, probably corresponds 1o the 29-ms poten-
tial of Fig. 2. In addition, positive potentials were seen at
~25 and 27 ms (Jocation 4), but which of these corre-
sponds to P25 is unclear. A later positivity was seen at ~35
ms as a prolongation of positivity after the peak at 29 ms
{location 2) and as a maximum in the lateral portion of the

i
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. FIG. 8. Depth-probe, cortical-surface, and scaip recordings.
A: patient L10, right frontal lobe epileptogenic region distant
from sensorimotor cortex. The RFT and RF probes were, re-
spectively, 25 and 27 mm from the midline. Stippled region
indicates range of trajectories of the CS (Talairach and Szikla
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20 1967y, @en:dﬁ {-5 on the RFT probe were ~4 cm anterior 10
~ the CS in the hand area. B: scalp and depth-probe recordings
0 20 sk 40 80 . L 20 ok 40 B0 were made while the patient was awake and unsedated, the day

before the intraoperative recordings shown in Fig. 68. C: pa-
tient M19; right frontal lobe epileptogenic region distant from
sensorimotor cortex. The RFT probe was 31 mm from the
midline, Jocations -5 were ~3 cm anterior to the CS. D scalp
and depth-probe recordings were made while the patient was
awake and unsedated, 3 mos before the intraoperative record-
ings obtained under local anesthesia; Pre is the mean of the
cortical surface SEPs recorded from 7 precentral locations.

FG. 7. Depth-probe, cortical-surface, and scalp recordings. A: patient T11; left temporal lobe epileptogenic region
distant from sensorimotor cortex. In this and the next figure, depth-probe locations were determined by lateral X-ray; other
recording locations were projected onto the X-ray view. Left occipitotemporal (LOT), frontotemporal (LFT), frontal (LF),
and mesiofrontal (LMF) probes were, respectively, 31, 29, 22, and 21 mm from the midline, Lateral scalp slectrodes were
~7 cm from the midline. Surface of sensorimotor cortex was ~ 5.5 cm from the midline; precentral {Pre) and postcentral
{Post) recordings were made approximately from the hatched regions shown. B: precentral recordings; Pre is the mean of the
SEPs recorded from 9 motor cortex locations. C: postcentral recordings; Post is the mean of the SEPs recorded from 9
somatosensory cortex locations. Scalp and depth-probe recordings were made while the patient was awake and unsedated, 3
mos before cortical surface recordings obtained under local anesthesia. Isolatency lines are at the approximate peaks of
P20~-N20 (23 ms) and N30-P30 (33 ms) recorded preoperatively. Voltage calibration: s, scalp recordings; d, depth record-
ings; ¢, cortical surface recordings. . ]

map at 35 ms. Both maxima are seen in the distribution at  electrodes were determined from photographs mad

s

o o

o

B T

29 ms. The first of these P25-like potentials (e.g., Fig. 2,
location 5, and distribution at 29 ms) was seen in a number
of recordings. The second (e.g., Fig. 2, location 3, and dis-
tribution at 36 ms) was seen less frequently. Just as P25 was
often followed by N35, the P25-like potentials were some-
times followed by a possibly corresponding negativity in
the 40 to 50-ms latency range (Fig. 3, location 3). To sum-
marize, in some recordings later P25-like potentials were
seen in the central and lateral portion of the hand area of
somatosensory cortex near the CS.

In 13 patients recordings were made to stimulation of the
ipsilateral as well as contralateral median nerves. Figure 4
compares SEPs evoked by ipsilateral and contralateral
stimulation. The contralateral SEPs were similar to those
already described. By contrast, in this and other recordings,
no detectable activity in the 20 to 40-ms latency range was
evoked by ipsilateral stimulation.

Transcortical recordings

In the first five patients in whom cortical surface record-
ings were obtained, transcortical recordings from somato-
sensory cortex were also obtained because it had been sug-
gested that surface recordings alone could not provide defi-
nite localization of the sensorimotor hand area (Kelly et al.
1965). However, results from these cases indicated that
surface recordings were sufficient for localization, and it
was felt that continued transcortical recording was not
clinically justified. The locations of the surface electrodes
of the transcortical pairs and the trajectories of the deep

surgery. However, in the absence of histological
tion, the exact locations of the deep electrodes in rela
cortex in the walls of the CS and PoCS are unknown.
The transcortical recordings of Fig. 5 yielded N20-P30 A
both at the surface and from corresponding sites in !ww.ﬁ 1
matter of somatosensory cortex (Jlocations 1 and 2) and™
from surface and deep sites in the supramarginal gyrus 3
(locations 3 and 4). Similarly, in the transcortical recofds
ings of Fig. 68, N20-P30 was recorded from surface
deep electrodes in ‘the postcentral and supramarginal
(locations 4-6). By contrast, electrode 3 deep recorded.
P20-N30 that was much larger than the largest P20-N30
recorded from the surface of motor cortex (location 2
Electrode 3 deep was probably near the surface of the
rior wall of the CS (Fig. 64), thus electrodes 3 deep
deep demonstrated a polarity inversion across the postes
wall of the CS. Similar results were obtained in two 0
cases (e.g., Fig. 8, location 4 of the following paper), Tra
cortical recordings were not informative in the fifth pas
tient, in whom the hand area was not well axvoﬁmk.;
~ Another recording across the posterior wall of the €3
shown in Fig. 6D. An electrode (Jocation 1) was pl
the exposed surface of the posterior wall of the CS
ing removal of motor cortex to the fundus of the CS (FiESS
6C). A large P20-N30 was recorded from this 100
whereas a smaller N20-P30 was recorded from the €10 " S

To summarize, these recordings suggested a polarity in-
version from P20-N30 to N20-P30 across the posterior
wall of the CS, but did not show polarity inversion of either
N20 or P30 across the crowns of the postcentral and supra-
marginal gyri.

Dep: h-probe recordings

Intracranial depth probes, although not placed in sen-
®rimotor cortex, allowed recordings from many regions of

4 the brain and thus provided additional characterization of
"8 the intracerebral distribution of SEPs generated in sensori-
i Motor cortex. They also allowed the opportunity to record

Poteritials possibly generated in other cortical regions.
=% Figure 7 shows four depth probes implanted in the left

# bemisphere to localize a possible frontal or temporal epi-
8 Eptogenic focus. Several days after implantation, while the
Pati :nt was awake and unsedated, SEPs were recorded
from many depth-probe and scalp locations; representative
[xamples are shown in Fig. 7, B and C. P15, seen at ap-
Moximately the same amplitude at all depth-probe and
Qip locations, is of subcortical origin (Allison et al. 1980;

Chiappa 1983; Desmedt and Cheron 198 1); because of the
use of a cerebral reference electrode, it was less evident in
cortical-surface recordings (bortom traces), obtained 3 mos
later during removal of the left anterior temporal lobe. The
waveforms labeled Pre and Post are the mean P20-N30
and N20-P30 waveforms recorded, respectively, from all
precentral and postcentral cortical surface locations; this
procedure avoids bias in selecting a particular cortical sur-
face waveform for comparison with waveforms recorded at
a distance from sensorimotor cortex. The peak latencies of
N30 and P30 were a few milliseconds later in the intraop-
erative recordings compared with the scalp and depth-
probe recordings. Such latency changes were often ob-
served (also see Fig. 8) and were probably because of in-
traoperative sedative, anesthetic, and brain cooling effects
(Broughton 1969). P20-N30 was recorded from all frontal
scalp and depth-probe locations: it was similar to those
recorded from the cortical surface but was smaller in am-
plitude (note different voltage calibrations). Similarly.
N20-P30, similar in waveform but smaller than the
N20-P30 recorded from the cortical surface, was recorded

of somatosensory cortex (location 2). Note the simil
waveform of these potentials to those recorded, -
tively, from Jocations 3 deep and 4 surface of Fig. 6




-

L 3

s

ar w

e

P ».moB, all

f rtal and oceipital depth-probe and scalp loca-
-tions. . s

“Figure 8 shows SEPs recorded from frontal depth-probe
and scalp locations. In these cases recordings were obtained
from closely spaced electrodes near frontal cortex (loca-
tions 1, 3, and 5). P20-N30 recorded from all frontal
depth-probe and scalp locations (Fig. 88) was similar in
waveform to, but much smaller than, P20-N30 later re-
8&& intraoperatively from precentral (2 and 3 deep) lo-
cations (Fig. 6B). Similarly, in another patient (Fig. 8, C
and Q, P20-N30 recorded from all depth-probe and scalp
locations was similar in waveform to, but much smaller
than, the mean precentral (Pre) P20-N30 later recorded
intraoperatively from the cortical surface. In both depth-
probe recordings of Fig. 8, the largest P20-N30 was re-
corded from electrode 3 (located ~ 1 cm below the cortical
w:—.@onv, with slightly smaller amplitude above and be-
owit.

The depth-probe and scalp recordings of Figs. 7 and 8 are
representative of those obtained in 12 patients. The mean
peak-to-peak amplitudes of P20-N30 measured from the
precentral F and FT probes, and N20-P30 measured from
the postcentral OT probes, were 4.7, 10.4, and 7.5 gV,
respectively. There was no evidence in any recording of
polarity inversion of P20-N30 and N20-P30 from loca-
tions above the cortical surface to locations below it.
P20-N30 was largest below the cortical surface and smaller

depth probes were similar in waveform to but smaller than
5@% nonﬂaoa from sensorimotor cortex; thus there was no
evidence in these recordings of activity generated outside
sensorimotor cortex.

DISCUSSION
Potentials attributed to area 3b

A consistent feature of these recordings is the presence of
P20-N30 and N20-P30, which are approximate mirror
images of one another in recordings from motor and so-
matosensory coriex, respectively (Figs. 1-6; also see Allison
et al. 1980, 1982; Broughton et al. 1969, 1981; Lueders et
al. 1983; Wood et al. 1985, 1988). Two alternative hypoth-
eses to explain this result have been proposed. The first
asserts that these potentials are generated in area 3b of
somatosensory cortex (Allison et al. 1980; Broughton
1969), which in humans and Old World monkeys is lo-
cated in the posterior wall of the CS (Bailey and von Bonin
1951; Braak 1980; Powell and Mountcastle 1959a; Vogt
_owmy. In cortical-surface recordings, an abrupt change in
polarity across a suicus would be a natural consequence of
ﬁoﬁwaz.m_w generated within a wall of the sulcus. Such polar-
ity inversions were a major impetus for the initial proposal
that P20-N30 and N20-P30 are generated in area 3b
(Broughton 1969). The second hypothesis asserts that
P20-N30 and N20-P30 are independently generated in the
crowns of motor and somatosensory cortex, respectively
(Desmedt and Cheron 1981; Papakostopoulos and Crow
1984). Cortical-surface recordings alone do not allow a
clear choice between the two hypotheses. However, they
make different predictions about the potential distribution
in and beneath cortex. The second hypothesis predicts po-

_larity inversions acrod

_ indicating that P20-N30 is not generated in surface :
. of the frontal lobe. b) Postcentral scalp, transcortical, and |

- forms (Figs. 5B, 6B, and 7C), indicating that N20-P30 is

‘corded from this location was similar to that recorded from’

‘at all precentral surface and depth sites, in agresment with

= surface of motor and som
sensory corteX. By coiast, the first hypothesis p
polarity inversion and sharp voltage gradients of P20-N3»
and N20-P30 across area 3b, but not across cortex in the
crowns of motor and somatosensory cortex. The pertinent
results, which strongly favor the hypothesis that these pou
tentials are generated in ares 3b, may be summiirized =
follows: - : N
1) There is no evidence of generation of P20-N30 and
N20-P30 in precentral or postcentral surface corex: g) " |
‘Precentral scalp, cortical-surface, and depth-probe rece
ings showed similar P20-N30 waveforms (Figs. 7 and g}*

depth-probe recordings showed similar N20-P30 wave
not generated in surface cortex of the parietal lobe. g
2) The cortical-surface and intracerebral distribution of
potentials is consistent with an origin within a wall of the. !
CS: a) P20-N30 and N20-P30 were largest at locations m
within the CS, and the decrease in voltage at more distan{®
sites was similar to that predicted by generators _08..&.?» ..
somatosensory cortex (Fig. 10). b) In depth-probe :..noa.u.
ings from the frontal lobe, P20-N30 was largest 1-2 ¢m =+
below the cortical surface (Fig. 8). The human CS is ~ | & ..u*

cm deep (mean of 6 hemispheres), and the center of the (8

A\ _is thus ~1 cm below the surface. Th tenti
superficially and deeper. In all cases SEPs recorded from )

a.._oan by a source within the CS would exhibit a maximum
slightly below the surface of frontal cortex, in agreement
with the empirical results (Fig. 8) but inconsistent with an
origin in surface cortex of the frontal lobe. c) The results
Jjust described are consistent with a generator located fn
either wall of the CS. However, P20-N30 and N20-P30"
can be recorded after removal of the hand area of motor™
cortex (Fig. 6D), indicating that a generator in the antenor
wall of the CS can be ruled out. T

- 3) Polarity inversion from P20-N30 to N20-P30 acros
the posterior wall of the CS (e.g., Fig. 6B) strongly suggests
that area 3b generates these potentials. The uncertaintyin
these recordings about the exact locations of the deep eleg-
trodes in relation to cortex in the walls of the CS does not
apply to the recording of Fig. 6D, which was made from -.__.ﬁr 2
electrode placed directly on the posterior wall of the m =i

after resection of motor cortex. The large P20-N30 m....

A R

s

electrode 3 deep of Fig. 6B, and both were the largest po-+
tentials recorded from any surface or deep site in these.
cases, . A
SEP and multiunit recordings from Old World monkeys
demonstrate that potentials corresponding to the human®
P20-N30 and N20-P30 are generated in area 35 (Arezzo €™
al. 1979, 1981). Anterior to the CS, P10~N20 similar in &
waveform to the human P20-~N30 (but shorter in latency.
because of the shorter conduction pathway) were recorded.
P10-N20 was recorded with similar latency and wa ioanm
our human recordings. Posterior to the CS, N10-P20 wis=
recorded, corresponding to the human N20-P30.8
P10-N20 showed polarity inversion across area 3b but #ot-
across areas 1 and 2, in agreement with the human result&®

.
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i put not in area 4. Lesions of moty ¥ Driex have little effect

 P10-N20 and N10~P20, wherewiesions of somatosen-

sory cortex abolish them (Allison et al. 1986). Thus these
monkey recordings support the conclusion that the human
¢+ # p20-N30 and N20-P30 are generated only in area 3b.

?«mﬁgh E?&Sﬂ to area 1

P25-IN35 was largest in the anteromedial portion of the

pard area of somatosensory cortex (Figs. 1-3; also see
Weod et al, 1988). It did not invert in polarity across the
(S and was recorded at smaller amplitude from motor
cortex near the CS and from the posterior crown of soma-
| josensory cortex. This potential distribution suggests a gen-
grator in area 1, which in humans and Old World monkeys

islocated primarily in the anterior crown of the postcentral
prus (Powell and Mountcastle 1959a; Vogt 1928). Our
ranscortical recordings were made before the spatial dif-
ferentiation of P25-N35 and N20-P30 was appreciated,
and, as it happened, we did not obtain transcortical record-
ing: of P25-N35. However, transcortical recordings in 41
patients (Goldring et al. 1970; Kelly et al. 1965; Stohr and

Goldring 1969) from postcentral sites near the CS showed a

surface positivity in the 23 to 27-ms latency range followed
by a negativity in the 35 to 40-ms latency range, with polar-
ity inversion in white matter. These potentials correspond
1o P25-N35 as described here and thus confirm their pri-
mary origin in area 1. In monkeys P12-N25, correspond-
ing to the human P25-N35, was recorded from area 1
[Arezzo et al. 1979, 1981; also see Gardner et al. 1984;
Kulics and Cauller 1986). P12-N25 inverted in polarity
from surface to white matter, in agreement with human
transcortical recordings (Goldring et al. 1970; Stohr and
Goldring 1969). ]

“The later P25-like potentials had spatial distributions
smilar to that of P25 except that they were largest over the
central and lateral portion of the hand area of somatosen-
sory cortex. We surmise that these potentials are also gen-
erated in area 1. Their maxima appear to be spatially fixed
(Fizs. 2 and 3), suggesting a medial (P25) to lateral (later
P2 5-like potentials) sequence of activation of separate re-
gions in area 1. Perhaps each locus corresponds to activa-
tion of the representation of the three digits (thumb and
first two fingers) innervated by the median nerve. A more
likely possibility is that spatially discrete regions of area I
respond to a peripheral stimulus. Two and sometimes three
separate patches of 2-deoxyglucose labeling are evident in
area 1 of monkey somatosensory cortex following flutter
stimulation of a single finger (Juliano and Whitsel 1985).
Th:re is also evidence of serial activation of these patches

1 by corticocortical pathways within agrea I (Juliano et al.

1987), although the patches appear to be reciprocally con-
nected and thus offer no clue regarding a possible spatio-
temporal sequence of activity. However, the monkey and
human results as a whole suggest a sequential mediolateral
activation of separate patches of area I to finger or median
Nerve stimulation. There is no evidence in the human re-
tordings of a similar mediolateral activation of area 3b.

Fctentials possibly generated in areas 4, 3a, and 2

Somatosensory afferent projections to area 4 of motor
tortex are sparse compared with those to area 3b (Jones

O v v

and Powell 1970), but nevertheless short-later nit dis-
charges and SEPs have been recorded in area 4+ Cats and
monkeys by many investigators {e.g., Jones 1983; Wiesen-
danger 1973). Our recordings do not provide strong evi-
dence for or against the generation of SEPs in human area
4 because we did not attempt to make transcortical record-
ings from this area. Kelly et al. (1965) initially reported that
transcortical SEPs indicative of local generation could not
be recorded from motor cortex, but later this group
{Goldring et al. 1970; Stohr and Goldring 1969) found that
potentials usually smaller and slightly later than those re-
corded from somatosensory cortex (corresponding to
P25-N35 as noted above) could sometimes be recorded

from the crown of motor cortex and appeared to be gener-

ated therein. In awake monkeys a later P12-like potential
{P13) was recorded from motor cortex. These results sug-
gest that SEPs generated in motor cortex could contribute
to P25-N35 in some cases. On the other hand, surgical
removal of the hand area of somatosensory cortex abol-
ishes all median nerve SEPs in humans (Allison et al. 1984;
Stohr and Goldring 1969; Wood et al. 1986) and monkeys
(Allison et al. 1986), whereas removal of the hand area of
motor cortex in monkeys has little effect (Allison et al.
1986). Motor cortex makes no detectable contribution to
SEPs elicited by airpuff stimulation of the hand in awake
monkeys (Gardner et al. 1984). These results suggest that
motor cortex makes little or no contribution to SEPs re-
corded from the surface of sensorimotor cortex.

1t has been suggested that area 3a contributes to short-
latency SEPs (Gandevia et al. 1984; Jones and Power 1984)
and magnetic fields (Kaukoranta ¢t al. 1986) evoked by
median nerve stimulation and recorded extracranially. A
tactile interference technique (Jones and Power 1984) per-
formed in eight patients of this series suggests that an early
fraction of P20-N20 may be generated in area 3a, although
a recent study (Halonen et al. 1988) suggests that the con-
tribution of muscle afferents to median nerve SEPs re-
corded from the scalp is small.

In humans and Old World monkeys, area 2 occupies the
posterior one-half of the crown of somatosensory cortex
and the anterior wall of the PoCS in the hand representa-
tion (Powell and Mountcastle 1959a; Vogt 1928).
P25-N35 was largest (Figs. 1-4) in the anterior one-half of
the crown of somatosensory cortex, and transcortical re-
cordings from area 2 (e.g., Fig. 5, location 2) did not show
evidence of locally generated activity. The transcortical re-
cordings of Kelly et al. (1965) and Stohr and Goldring
(1969), which showed polarity inversion from surface to
white matter, and for which recording locations are shown,
appear to have been made from area !, although one such
recording (Stohr and Goldring 1969, Fig. 4, location D)
may have been from area 2. Thus there is little evidence
that area 2 contributes to SEPs recorded from the cortical
surface.

The stimulating and recording conditions of the present
study may have biased the recordings toward the more
cutaneous regions (areas 3b and ) of sensorimotor cortex:

1) The human median nerve at the wrist is composed
mainly of cutaneous fascicles (Schady et al. 1983; Sunder-
land and Bedbrook 1949), and stimulation of motor
branches in the arm evokes only small, ill-defined poten-
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meurons are preferentially sensitive to movement of joints

tials ony scalp (Halonen et al. 1988). Areq 4 receives

utaneous and deep receptors, but most area 4

(Lemon and van der Burg 1979). Area 2 receives input
primarily from joint receptors, and arez 3a primarily re-
ceives the projection of group I muscle afferents (Jones
1983; Powell and Mountcastle 1959b). These consider-
ations suggest that stimulation of the median nerve at the
wrist may produce relatively little activation of neurons in
areas 4, 3a, and 2. =4 ]

2) Although some neurons in areq 2 respond to syn-
chronous inputs of the sort provided by whole nerve shocks
(e.8., Arezzo et al. 1981; Kaas et al. 1981; Powell and
Mountcastle 1959b), others are preferentially responsive to

complex spatiotemporal patterns of activity (e.g., Iwamura

etal. 1980). <

3) It has been reported in monkeys that neurons in area

4 (Wiesendanger 1973) and areq 2 (Powell and Mountcas-
tle 1959b) are sensitive to anesthetic effects. The patients of
this study who were operated under local anesthesia re-
ceived analgesics (usually fentanyl) and neuroleptics
{usually droperidol), and those operated under general an-
esthesia also received a short-acting barbiturate (pentothol)
during induction, followed by nitrous oxide and a halogen-
ated anesthetic (usually isoflurane) in oxygen. It is possible
that these agents selectively affected potentials in areas 4
and 2 more than potentials in areas 3b and 1.

Ipsifateral potentials

Stimulation of the ipsilateral median nerve produced no
detectable activity in our and other human cortical surface
recordings (Fig. 4; also see Goldring et al, 1970; Lueders et
al. 1983; Wood et al. 1988), consistent with the common
observation that neurons in the hand area of monkey so-
matosensory cortex respond only to contralateral stimula-
tion (Kaas et al. 1981; Powell and Mountcastle 1959b;
Werner and Whitsel 1973). Very small (~2 uV) ipsilateral
potentials have been recorded from somatosensory cortex
in exceptional cases (Lueders et al. 1986); whether this
activity is locally generated has not been established. 1n
deeper layers of cat SOMALOSENsory Cortex, some neurons
(m neurons) respond to ipsilateral stimulation (Towe
1966), but their activation contributes negligibly to the
SEPs corresponding to the human P20-N30 and
P25-N35. If m neurons are present in human somatosen.-
sory cortex, their activation apparently does not generate
short-latency potentials consistently recordable at the cor-
tical surface. However, at longer latencies ipsilateral poten-
tials of apparently local origin can be recorded (Allison et
al. 1989).

A model of electrogenesis in areas 3b and 1

The results of this study suggest that area 3b generates a
surface positive-negative sequence (P20-N30) and that
area 1 generates a similar sequence (P25-N35) a few milli-
second later. Thus activation of human somatosensory
cortex by a discrete peripheral stimulus appears to generate
the same surface positive-negative sequence of potentials
recorded from somatosensory cortex of monkeys (Allison
et al. 1986; Arezzo et al. 1979, 1981; Gardner et al. 1984;
Wood and Allison 1981; Zimmerman 1968), cats (Allison
etal. 1966; Mitzdorf 1985; Pert and Whitlock 1955; Schlag

- 1973; Towe 1966) ard
‘Woolsey and Fairmai"(946). These DPOSitive-negatiye g

-+-{The hypothesis that the temporal and wvmc&,un:nas 3.

Ther mammals (Allison et al, |

quences are often called the primary evoked y
(Towe 1966) and have been recorded from visual, aud;
and somatosensory cortex (Mitzdorf 1985; Schiag 19
Towe 1966). The primary positivity is thought to reflecy
initial depolarization of pyramidal cell bodies and :
mal apical dendrites, whereas the primary negativity r..
thought to reflect the later depolarization of the distal pag -
tion of apical dendrites (Creutzfeldt and Houchin 1974
Landau 1967; Schlag 1973; Werner and Whitsel 1973
Wood and Allison 1981; for somewhat different views &
Dykes 1978; Towe 1966). .. . < ...
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cortical surface SEPs are generated by areas 3b and J wag
tested using a model of electrogenesis based on electric field
theory (Fig. 9). Cortical generators corresponding to areay
3b and I were represented in the model by two dipole
sources with fixed locations and orientations. Single dipole |
sources were employed instead of sheets of dipoles because
the surface fields generated by a dipole sheet can, to a first
approximation, be accounted for by the field of a single’
dipole located at the centroid of the sheet and oriented
perpendicular to it (e.g., Darcey 1979). B o @
The locations and orientations of the area 3b and area ]l
generators were specified as follows. Based on humian ana-
tomic measurements (see above), the dipole _.aun,ﬂgnn_-
the centroid of area 3b was placed 9 mm below the cortical
surface. In the anterior-posterior dimension it was placed 1
mm posterior to the CS, representing the upper and middle
cortical layers where current sinks of the primary potentials

e e e e skl

are seen in animal recordings (Dykes 1978; Mitzdorf 19858

Perl and Whitlock 1955; Towe 1966; Werner and Whitsel L
1973). The CS was assumed to be a plane oriented _?.nuo.w.w ¥
dicular to the cortical surface (Fig. 9B), and the areq 3
dipole was therefore oriented tangential to the cortical sur-
face. The postcentral gyrus is ~16 mm wide (mean of 46’
cases) in the hand representation, and area I occupies its
anterior half (Powell and Mountcastle 1959a; Vogt 19288
the dipole representing the centroid of area I was thus
placed 4 mm posterior to the CS and | mm below the !
cortical surface for the reason noted above. It was tilted 10% %
toward the CS because area I lies primarily in surface core il
tex and partly in the upper portion of the posterior wall of % !
the CS (Powell and Mountcastle 1959a; Vogt 1928). The L
average distance between the P25 and N20 extrema is 9.9 i
|
i

e

mm (Wood et al. 1988); the area I dipole was therefore
placed | cm medial to the areg 3b dipole. This wcﬂuaun.
mediolateral displacement of the hand representations of
area 3b and area 1 is not evident in somatotopic auﬁ.o‘.._ 4

somatosensory cortex in anesthetized monkeys (e.8.; Kass 1
et al. 1981) but is consistent with other studies. Monkey A i

ventrobasal thalamic neurons responding to finger ﬂ_._.._._:_au
tion project 1o a region of area I medial to the projection fo &
area 3b (Jones et al. 1982). Similarly, the center of 2-dé= =
oxyglucose labeling of cynomolgus monkey area / to finf
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FIG. 9. Postulated electrogenesis of short-latency SEPs. A: areas 3b and [ are hypothesized to Benerate n..a surface
Primary positive (PP) and primary negative (PN) px ials with the i > m_:,?ﬂ, B tw tic sagittal view of the
i hand ion area of sensorimotor cortex. Top drawing: location w:avc_u.nu,ﬁco: of the area w.@ and
area ] g Bottom drawings: degree of activation of an area at selected latencies is E&nu«on by z.:m aosu._Q of
®'ppling. C: schematic top view of the right hemisphere hand representation area. Top drawing: location and o:aa.w:o.s of i
the areq 3b and area 1 generators in relation to the 64 locations at s:._nﬁ <o=mmom. were nEoEEn.n_. Bottom n.BES.wﬂ
Bovaltage topographic maps at the latencies indicated in w Clear areas indicate positive voltage, stippled areas negative
voltage. D: calculated waveforms at locations 25-32 shown in C.
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- iween the ce

sensory cortex of both species, the estimated distance be-
of projections to areas I and 3b in
humeans woult w¢ ~9.7 mm, similar to the average dis-
tance of 9.9 mm between the P25 and N20 extrema. The

+ locations of the area 3b and area I dipoles are indicated by

filled circles in Fig. 9, B (sagittal view) and C (surface view).
ipole orientations are illustrated by arrows, which, by
convention, point toward the positive sides of the dipole
fields. The orientations shown correspond to the primary
positivities of areas 3b and I; corresponding dipole orienta-
tions for the primary negativities are 180° from those
shown. ; : j

The timecourse of activation of these generators (Fig. 94,
top) simulated primary evoked responses recorded in ani-

mals (cited above). The dipole moments (amplitudes) of .

the two generators were adjusted to produce approximately

equal amplitudes at the cortical surface. The area 3b and "

area ] timecourses were given absolute latencies compara-
ble with the P20-N30 and P25-N35 latencies respectively.
In other words, the area I generator timecourse was de-
layed 5 ms compared with the grea 3b timecourse. In
monkeys the peak latency of the areq I primary response is
also a few milliseconds later than the area 3b response
(Allison et al. 1986; Arezzo et al, 1981; Zimmerman 1968),
probably because thalamic afferents to area 3b are a dense
projection of large-diameter fibers, whereas area 1 receives
a sparse projection of smaller fibers (Jones et al. 1970,
1982; Powell and Mountcastle 1959b).

These dipoles were placed in a spherical homogeneous
volume-conductor model of the head (10-cm radius) to
generate calculated waveforms and potential distributions
(Darcey 1979). Surface potentials were calculated at 5-mm
intervals on an 8 X 8 grid (Fig. 9C), simulating the location
of the 64-clectrode array over sensorimotor cortex (e.g.,
Fig. 14). Potentials generated by the two dipoles were cal-
culated separately and then summed according to the prin-
ciple of superposition to produce the distributions and
waveforms shown in Fig. 9, C and D.

Predicted distributions (Fig. 9C), and comparisons with
representative empirical distributions (Fig. 1C), may be
summarized as follows:

At 18 ms the calculated distribution is due almost en-
tirely to the area 3b generator, because the primary posi-
tivity of area 3b is near its maximum, whereas the primary
positivity of area [ is just beginning. The distribution has a
shape corresponding to a tangential dipole, positive ante-
rior to the CS (corresponding to the surface side of the
primary positivity of arez 3b) and negative posterior 1o it
(corresponding to the white matter side of the dipole). The
small contribution of the primary positivity of area I at this
latency produces a slight extension of positivity into the
medial postcentral region. This distribution is similar to
the empirical distributions of Fig. 1C at 20-22 ms.

At 22 ms the calculated distribution includes sizable
contributions from both the area 3b and area I generators
and consists of an added region of positivity medial to the
extrema of the area 3b distribution, representing a mixture
of the primary positivities of area 3b and area 1. Unlike the
area 3b distribution, only the surface or positive side of the
area I primary positivity is evident at the cortical surface
because its major orientation is radial instead of tangential
to the cortical surface. Compare with Fig. 1C at 23-24 ms.

-3 - . %
- FIG. 10. Calculated and empirical distribution of cortical surface ®

- At 25 ms the calculated distribution is due mainly JO I
primary positivity of area \¢ primary negativity g >~
3bis just beginning and is €10 Znt as the lateral exten
the vo&.né maximum postcentrally and the region
negativity in the lateral precentral region. Compare win 8
Fig. 1C at 26-28 ms. o S Pr- kg 3

At 30 ms the calculated distribution is due mainly 19 e
area 3b primary unm»ncmau. and again muuno»mﬂ-ﬁ“ <
produced by a tangential 98_9 but with opposite polaries mary positivites. For example, at location 28 of Fig. 9D,
to the one at 18 ms. The slight extension of p i w* p25 appears as an inflection on the falling phase of P20,
negativity is because of the small primary negativity of g sin: lar to the empirical waveform of Fig. 1B at location 37,
1. Compare with Fig. 1C at ‘uwnuu ms. ; g and Fig. 34 at location 4.

At 35 ms the calculated distribution is due mainly to Medial postcentral locations may show little or no N20
primary negativity .on area ~ and is the converse of the pae = 4 (Fig. 9D, location 29) because of the superposition of the
at 25 ms. The residual primary negativity of areq bl 1} early portion of P25, similar to the empirical waveforms of

evident as the lateral extension of the precental nega] Fig. 1B at location 7 and Fig. 2 at location 4. Thus an initial

and the region of weak positivity in the lateral ivity is indicative of central recording location
region. Compare with Fig. 1C at 37-39 ms. .~ post pegativity is indicative of a post ing

s . " L and is a useful localizing criterion, but an initial positivity
Predicted waveforms (Fig. 9D), and comparisons with «#f is not necessarily indicative of a precentral recording loca-
empirical waveforms (Figs. 1B, 24, and 34), may be sum® ® tion (Wood etal. 1988)., B
marized as follows: 3 M

e 3 L his model of electrogenesis can also be used to predict
Positivities in the 20 to 30-ms latency range in the 9#3. 2 This m g
lated waveforms show a progressive increase in lateney

the intracerebral distribution of potential (Fig. 10). The
k- k titudes of P20-N30 and N20-P30 were
from precentral to postcentral locations (Fig. 9D, locations B e in wight patients
25-32), due to the superposition of the primary positiy ._.w

measured in eight patients in whom both cortical-surface
A . and depth-probe recordings were made. Cortical-surface
of area 3b (P20), the primary positivity of area I (P25}, and | amplitudes were measured from motor cortex, somatosen-
the primary negativity of area 3b (P30) as recorded po sory cortex, and the gyri adjacent to them (e.g., Fig. 1,
centrally. P20 contributes most of the voltage at precentrsl | locations 26, 36, 47, and 56, respectively). Intracerebral
locations (e.g., location 25), P25 contributes most of the. | amplitudes were measured at frontal and occipital loca-
voltage at locations near the CS (location 29), and P | tions (e.g., Fig. 7, locations LF I, LFT 1, and LOT 3).
contributes most of the voltage at postcentral locations’ = Analysis was based on the largest amplitude recorded
(e.g., location 32). Intermediate locations (e.g., location 3) + within each region. Amplitudes were normalized to the
show intermediate latencies. These latency shifts thus fe=
flect the temporal overlap of three distinct neurophysiolo i

value at somatosensory cortex and are indicated as dots in
T ; b A ) Fig. 10. The distance of electrode locations from the CS
ical processes in a pair of generators with fixed location and’
orientation. These waveforms are similar to the empirical®

was determined by intraoperative photographs (surface re-
" 4 i lateral X- depth-probe recordings) b
waveforms of Fig. 1B at locations 27~30, 39, and 56, and N pondings) and by rays (depth-p g) by
Fig. 24 at locations 6, 4, and 1. B

_._=.EﬁOmEaBSn_oowmouo:vammnEnvwname
g . "' (Fig. 8). This distribution of potential is similar to the cal-

The surface negativity in the 30 to 35-ms latency range (Fig. 8). Thi po
m:oimmEcmnowmiaEonamuni-ﬁobow@ﬁ:?ﬂnaﬂ__‘.

el .13‘,833_ locations (Fig. 9D, locations 26-30), similar to
 ghat seen in the empirical waveforms g %. 1B at locations
1% 29, and 7, and Fig. 24 at locations_Jjust medial to 5,
gnd 4. As in the previous example, this latency shift reflects
varying mixture of area 3b and area I potentials.
Precentral locations near the CS exhibit waveforms of
yarying morphology in the 20 to 30-ms latency range, re-
fecting different mixtures of the area 3b and area 1 pri-

culated distribution (——), also normalized to the maxi-
mum over somatosensory cortex. Thus not only are the
polarities of N20-P30 and P20-N30 consistent with an
origin in area 3b as discussed above, but also the amplitude
distribution within the brain bears a close quantitative cor-
respondence to the predictions of the model.

_In summary, the cortical surface and intracerebral dis-
tribution of potential is similar to that predicted by genera-
tors located in areas 3b and I of somatosensory cortex.
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SUMMARY AND CONCLUSIONS

‘1. 'The anatomic generators of human median nerve somato-
gnsory evoked potentials (SEPs) in the 40 to 250-ms latency
mnge were investigated in 54 patients by means of cortical-surface
and transcortical recordings obtained during neurosurgery.

2. Contralateral stimulation evoked three groups of SEPs re-
corded from the hand representation area of sensorimotor cortex:
P45-N80-P180, recorded anterior to the central sulcus (CS) and
maxima! on the precentral gyrus; N45-P80-N180, recorded poste-
rior to the CS and maximal on the postcentral gyrus; and
P50-N90-P190, recorded near and on either side of the CS.

3. P45-N80-P180 inverted in polarity to N45-P80-N 180 across
the CS but was similar in polarity from the cortical surface and
white matter in transcortical recordings. These spatial distribu-
pons were similar to those of the short-latency P20-N30 and
N20-P30 potentials described in the preceding paper, suggesting
tha: these long-latency potentials are generated in area 3b of so-
MAtosensory cortex.

4. P50-N90-P190 was largest over the anterior one-half of so-
matosensory cortex and did not show polarity inversion across
the CS. This spatial distribution was similar to that of the short-
latency P25-~N35 potentials described in the preceding paper and,
logether with our and Goldring et al. 1970; Stohr and Goldring
1969 transcortical recordings, suggest that these long-latency po-
lentials are generated in area 1 of somatosensory cortex.

5. SEPs of apparently local origin were recorded from several
regions of sensorimotor cortex to stimulation of the ipsilateral
median nerve. Surface and transcortical recordings suggest that
the ipsilateral potentials are generated not in area 3b, but rather in
other regions of sensorimotor cortex perhaps including areas 4, 1,
2, and 7. This spatial distribution suggests that the ipsilateral
potentials are generated by transcallosal input from the contralat-
eral hemisphere.

6. Recordings from the periSylvian region were characterized
by P100 and N 100, recorded above and below the Sylvian sulcus
(8S) respectively. This distribution suggests a tangential generator
located in the upper wall of the SS in the second somatosensory
arca (SI). In addition, N125 and P200, recorded near and on
tither side of the SS, suggest a radial generator in a portion of SH
located in surface cortex above the SS.

7. In comparison with the short-latency SEPs described in the
preceding paper, the long-latency potentials were more variable
and were more affected by intraoperative conditions.

INTRODUCTION

_The preceding paper (Allison et al. 1989) described me-
dian nerve somatosensory evoked potentials (SEPs) re-
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h ooaoam.oana mmm:.m_mﬁ_.& moawomaoan cortex in the ,Mo
_to 40-ms latency range, and presented a model for their

generators involving asynchronous activation of cytoarchi-
tectonic areas 3b and I of somatosensory cortex. In this
paper we first consider similarly recorded SEPs in the 40 to
250-ms latency range. The same model proposed for the
short-latency potentials is useful in characterizing the
long-latency potentials, provides a reasonable account of
many of their spatiotemporal features, and suggests that
these potentials are also generated in areas 3band 1.
Other regions of sensorimotor cortex, and the second
somatosensory area, appear to generate long-latency SEPs
to contralateral and ipsilateral stimulation. Although the
intraoperative conditions in which these recordings were
obtained probably provide an incomplete sample of long-
latency cortical potentials evoked by median nerve stimuli,
this study provides the first detailed description of SEPs
recorded directly from human sensorimotor and periSyl-
vian cortex. Unless noted otherwise, all human and animal
potentials discussed in this paper were evoked by electrical
stimulation of the contralateral median nerve at the wrist.

METHODS

Methods of stimulating and recording were described pre-
viously (Allison et al. 1989; Wood et al. 198R). In i8 patients
operated under local anesthesia (with administration of fentanyl
and droperidol) the recording epoch was 490 ms, and a long
interstimulus interval (2.5 s) was used. In 36 patients operated
under general endotracheal anesthesia (thiopental sodium during
intubation, followed by 40-60% nitrous oxide and 0.3-1.0% iso-
flurane in oxygen), shorter interstimulus intervals (0.4-0.6 s) and
a shorter recording epoch (128 ms) were used, Two to four aver-
ages (1 = 32 or 48) were obtained to determine SEP variability.
The protocols used in this study were approved by the Human
Investigation Committees of the West Haven VA Medical Center
and Yale University School of Medicine. Informed consent was
obtained.

RESULTS

Surface recordings from contralateral sensorimotor cortex

The surface distribution of long-latency potentials over
sensorimotor cortex is illustrated in Fig. 1, which shows
topographic maps of root mean square (RMS, a measure of
total amplitude independent of waveform morphology and
polarity) voltage for four patients in whom a 64-electrode
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F1G, 1. Topography of root mean square (RMS) voltage in the 40 to 108-ms latency range in relation to the anatomy of
sensorimotor cortex in 4 patients. Patients K2 and P22, right frontal lobe epileptogenic region distant from sensorimotor .
cortex; D16 and J22, right frontal lobe astrocytoma distant from sensorimotor cortex; general anesthesia in all cases. RMS - o3 e
values are positive and hence are in the green-red side of the color scale; each color represents s the total RMS voltage in ’
cach patient. In this and following figures, CS, central sulcus; PoCS, postcentral sulcus; PrCS, precentral sulcus. In this and
Fig. 5D, sulci are superimposed on maps based on recordings using the 64-clectrode array; each map encompasses an area .
35 X 35 mm; maps constructed as in the preceding paper {Allison et al. 1989). R 3

array (see Fig. 14 of the preceding paper) was well posi-
tioned to record from the high-amplitude region. In every
case largest amplitudes were obtained over sensorimotor
cortex near the central sulcus (CS). This distribution is
similar to the RMS topography of short-latency SEPs
(Wood et al. 1988) but with relatively more precentral volt-
age in some cases. In some patients operated under local
anesthesia, the frontal lobe was explored well anterior to
motor cortex; focal potentials indicative of local origin
were not recorded. With the exception of recordings near
the Sylvian sulcus (see below), recordings from parietal and
temporal cortex showed, if anything, smaller potentials

similar to those recorded from somatosensory no_‘a,ﬁ~ u._._u.r
gesting that they were not locally generated. However, the

 possibility that some portion of the activity recorded out:

.
1

side sensorimotor and periSylvian cortex is generated lo-

cally cannot be ruled out. In nine cases small-amplitude
potentials were recorded that had no clear uumm;_,un.vo_.sm,.
pattern or steep voltage gradients and could not be cha
terized except to say that they were largest over sensorl
tor cortex. i B s
Figure 2 compares long-latency SEPs recorded from Ihes

cortical surface with the short-latency potentials desck
previously (Allison et al. 1989; Wood et al. 1988), From
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FIG. 2, SEPs recorded from the corti-
cal surface. A: patient D12;1eft frontal lobe
glioma impinging on hand area of motor

+ cortex; local anesthesia. B: shorter-latency

P80 Tooi
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SEPs. C: long-latency SEPs from locations
shown in B and from additionat locations
outside the region of high-amplitude po-
tentials. Repr ive bet: g

variability in this and other recordings is
shown at iocations 2 and 3; ail other trac-
ings are the mean of the individual aver-
ages. In this and following figures, positive

" ms, stimulus artifact not shown.

0 20 40 60 80 100 0
MSEC

motor cortex ({ocation 2) P20~-N30 was followed by a posi-
tive potential at about 45 msec (P45) and a negativity
(N80), and from somatosensory cortex (/ocation 3)
N20-P30 was followed by N45 and P80 potentials (Fig.
1B). These, in turn, were followed by precentral P180 and
postcentral N180 potentials (Fig. 1C). Thus this activity
was characterized by a sequence of potentials of increasing
latency and duration, but of opposite polarity as recorded
from motor and somatosensory cortex; that is, the precen-
tral and postcentral waveforms showed a polarity inversion
across the CS. The later potentials were largest at the same
locations where the earlier potentials were largest (locations
2 and 3 in this recording), and were smaller anterior (loca-
tion 1), posterior (location 4) and lateral (Jocation 5) to the
hand area of sensorimotor cortex. We will refer to the
P45-N80-P180 and N45-P80-N180 sequences as the “pre-
central” and “postcentral” potentials respectively. The po-
larity-latency nomenclature used to label these and other
potentials is based on approximate mean peak latencies
across patients (Table 1). Recordings like those of Fig. 2, in

TABLE 1. Long-latency SEPs summarized

100 200 300 400
MSEC

which only the precentral and postcentral potentials were
clearly observed, were obtained in seven cases.

1n eight cases, of which Fig. 3 is an example, a different
spatiotemporal pattern of activity was recorded. P25-N35
(Allison et al. 1989; Wood et al. 1988) was followed by a
positivity at ~50 ms (P50), a negativity (N90), and posi-
tivity (P190). This P50-N90-P190 sequence was usually
largest where P25-N35 was largest. In recordings with good
coverage of the entire hand area of sensorimotor cortex,
these potentials were largest over the medial and central
hand area of somatosensory cortex. In the recording of Fig.
3, there were no medial recording sites on somatosensory
cortex, and the largest P25-N35-P50-N90-P190 sequernce
was recorded from a precentral site (Jocation 3) near the
CS. Like P25, P5S0-N90-P190 did not show polarity inver-
sion or sharp voltage gradients across the CS. For example,
precentral /ocation 2 recorded P20-N30, while postcentral
location 4 recorded N20-P30; in contrast, the longer-la-
tency potentials were similar in waveform at both loca-
tions. Since P50-N90-P190 was largest near the CS and

Latency or Amplitude

. . voltage upward; stimulus delivered at 0

P45-  N8O- N45- P8O~ PS0- NOO-
N8G  P180 P80 NI8O M9O  P190
P4S Lat, N8O Lat, Pi80Lat, Amp, Amp, N45Lat. P80 Lat, Ni180Lat, Amp, Amp. P30Lat, NSO Lat, PI%Lat, Amp, Amp,

ms ms ms 4 nv ms ms ms uv uv ms ms ms uv uv

Anesthesia

Local 473 826 179.2 60.4 100.8 46.5 84.3 180.8 99.0 1491 528 91.2 181.0 1102 1409
* 16 +4.7 +74 %96 179 220 x4 +83 + 195 +281 %20 +49 +68 x2W4 1197
(15) 14) 12) 14) Qan 15 {15 (12) (13) 3 {1 Yy Q9 {u4n (10)
General 49.5 87.2 170.0 56.3 58.8 46.4 84.0 139.0 594 B30 56.0 989 1383 . 1216 883
D R +£26 k1Ll 270 237 14 +28 +78 ‘£9.1 +£282 %14 22 +60 173 1610
24) 23) or 23 w2 23 ) 22 ©6r 26) 25 or @ o
Total | 486 85.4 176.5 57.8 89.6 45.4 84.1 174.4 755 1307 55.1 96.6 1827 1184 1288
+1.0 *24 £ 60 +37 %150 12 2.3 *6.6 +99 225 £1.1 +22 34 * 134 202
(39) 37) {17 37) (13) (39) (38) {17 37 (18) 7 (36) (13 36 (13)

" Values are means + SE; nos. in parentheses are no. of patients. SEPs, somatosensory evoked potentials. *See text.

|
;
1

_
*_
b
i
§
|
|




- ALLISON ET AL. -+ -~ .t s

;mlc\.VQ\nWl
S\A\/QVV{‘

-"t il

G, 3, mmvuaooa&na.uﬁnngo-_ﬂ
face. A: patient ‘M20, right orbitofrontal
.. genic region; local anesthesia. Cortical stimglly-
“ tion: A, leg and toc flexion; B, fiexion of fingeme®
C, wrist movement; D, forearm flexion; E,
extension; F, mouth movement. In this and fol-
lowing mm.:.or sensory and motor .ﬂ?...i- 3
cortical refer to contral |
ly except for speech-related and some un_ful -
responses. B: SEPs recorded from Rig
cortex to stimulation of the contralateral (——)
or ipsilateral (- - ~) median nerve. ¢
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recorded on either side of it, this pattern of activity will be
referred to as the “periCS” potentials. The periCS poten-
tials were largest in the hand area of sensorimotor cortex
and were smaller medial (focation 1), lateral (location 6),

anterior (location 8), and posterior (Jocation 13) to it.
~ The peak-to-peak amplitudes and peak latencies of these
potentials are summarized in Table 1. As was the case for
short-latency SEPs (Allison et al. 1989), long-latency po-
tentials were in most cases smaller in amplitude under gen-
3 eral as compared with local anesthesia (Table 1), but be-
3 cause of large variability the differences were not signifi-
i cant. Table 1 appears to indicate that potentials later than
- 100 ms were often abolished by general anesthesia (indi-
i cated by asterisks), but this is artifactual because, in most
patients operated under general anesthesia, the recording
epoch was only 108 ms. SEPs were not significantly af-
fected by the location or type of pathology (not shown in
Table 1), suggesting that these variables did not have a

systematic effect on the results,

The precentral and postcentral potentials, and the
periCS potentials, appeared to be recordable in relative
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isolation in some cases and had different %mco_nauo_.-_
characteristics. However, in most cases both types of attive
ity were recorded. Figure 4 is an example; from \aa&~3 1
the precentral P20-N30-P45-N80 potentials were recorded,
and from location 2 the postcentral N20-P30-N45-P30 po-
tentials were recorded (Fig. 4B). From a postcentral site
(location 3) near the CS a different waveform was seen,
consisting of a small P25-N35, followed by P50, which was
typically ~5 ms later than N45-P45. P50 was followed by
N90, which was typically ~10 ms later than N80-PS0,
From precentral location I, P50 was seen as a positive
inflection (Fig. 4B, ¥) on the falling phase of P45, and N90
was seen as a negative deflection (Fig. 4C, *) after N80. As
in Fig. 3, P50 and N90 were recorded at the same _..ogu«
near the CS and on either side of it, and all potentials in_d

small medial (Jocation 4), anterior (location 5), and _En_.-._ i

(location 6) to the hand area.
Figure 5 shows another recording in which both :.ua of
activity were seen. The P45-N80 precentral potentials were
recorded from Jocation 27, and the N45-P80 gm?nnﬁ.__ -

potentials were Booaoa from location 53. From Eo me-
P

cal surface. A ?58: B12;left frontal jobe
epileptogenic region distant from season-
motor cortex; local anesthesia. Ci cnﬁu
stimulation: A, leg flexion; B, forearm and
hand movement; C, jaw movement; D, =
tingling of 1st digit; E, mouth movement. =
B: shorter-latency SEPs. Isolatency lined =
are at the peak of P45-N45 (48 ms) and S0
the peak of P50 (56 ms). C: long-latency
* SEPs recorded from locations in38 #nd}
from additional locations (4-6) Outside =
the hand area, Isolatency lines are at i€ =5
peak of N80-P80 (84 ms) and the peak @ & =
N9O (112 ms).
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FIG. 5. SEPs recorded from the cortical surface. A: patient K2, right
m.o:E _oco nn__nupommEn region distant from sensorimotor cortex; general
le indicates ph of the b4-electrode army and
hence the region encompassed g the topographic maps in D. B: SEPs at
sclected locations. Isolatency lines at the approximate peaks of P45-N45
{52 ms) and N80-P80 (100 ms). C: SEPs at each location of the 64-elec-
trode array. Isolatency lines as in B. D: isovoltage contour maps at 23, 55,
and 100 ms.
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F1G. 6. SEPs recorded from the cortical surface. A: patient K10, right
parietal fobe epileptogenic region in the face area of somatosensory cortex;
local anesthesia. Cortical stimulati A, arm abduction; B, forearm flex-
ion; C, hand flexion; D, eyelid and neck movement. B: SEPs to stimula-
i | (~——) or ipsil | (- -~) median nerve. C:
representative between-average variability of ipsilateral SEPs.

dial portion of the hand area, P50 was separable both spa-
tially and temporally from N45-P45, However, N90 was
not distinguishable from N80 by peak Iatency either in the
selected waveforms of Fig. 5B or the complete set of wave-
forms in Fig. 5C. Figure 5C also demonstrates the com-
plexity of long-latency SEPs seen in some cases, In this
recording the parcellation of potentials into the precentral

B

" and postoentral, and peril.._ 'ypes (implicit in the labeling |

of potentials in Fig. 5B) is plausible, but other interpreta.
tions of these complex waveforms are possible. E
Figure 5D shows isovoltage topographic maps of thig
activity. The distribution of potential at 23 ms will be de.
scribed first for comparison with the long-latency distriby.
tions. At the peak of N20-P20 and 3 ms before the peakof
P25, the distribution consists of a lateral precentral maxj-
mum corresponding to P20, a lateral postcentral minimum
corresponding to N20, and a medial postcentral maximum
corresponding to P25; this distribution is similar to those

~ 1%

1988). At 55 ms the distribution consists of a lateral pre-

¥
;
described previously (Allison et al. 1989; Wood et -_,..“. _
-

= central maximum corresponding to P45, a lateral postcens

tral minimum corresponding to N45, and a medial post-
central maximum corresponding to P50. Note the similar-
ity of this distribution to the one at 23 ms. At 100 ms
NB80-P80 is seen as a precentral minimum and a postcen-
tral maximum in the lateral portion of the map, and an
additional minimum is seen near the CS in the central
portion of the map. The latter minimum corresponds to
the N90 distribution, but is more lateral than the P25 and
P50 distributions. N80 and N90 were spatially distinet,
although, as noted above, they were not temporally aﬂ:nn
in this case. A recording epoch of 108 ms was used in this
case, hence topographic maps of P180, N180, and P90
were not obtained. However, recordings using a 490-ms
epoch (e.g., Figs. 2 and 3) indicate that their distributions
were similar to those of P45, N45, and P50, respectivety.
To summarize, the precentral and postcentral potentiais,
and the periCS potentials, could occasionally be recorded
in relative isolation, but in most cases long-latency SEPs
appeared to be a mixture of both types of potentials, The
precentral potentials had spatial distributions z.a:m_. 10
those of P20-N30, and, likewise, the postcentral voﬁumn._u :
had distributions similar to those of N20-P30. In mnﬂn_.p_
the periCS potentials had distributions similar to those of

FIG. 7. Transcortical recordings of
SEPs. A: patiemt L10; right frontal lobe
epileptogenic region distant from senso-
motor cortex; local anesthesia. Cortical
stimulation: A, shoulder movement; B,
arm movement; C, hand mo nt; D,
3rd digit movement; E, ist digt mave-
ment; F, head and back movement; O,
mouth movement; H, jaw and throa!
movement, (In this patient stimulation of
somatosensory or motor cortex evoked
only motor responses). In this and Fig. &,
the bottom drawing is a schematic guash-
sagittal view of locations of surface (o) and
estimated locations of deep (0) electrodes
of the transcortical pairs. S, Sylvian

“surface to stimulation of the ¢«

C: SEPs recorded from deep locations 10
imulation of the 1 | (—-) &
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“ " sulcus. B: SEPs recorded from the cortial S
e
" {—) or ipsilateral (- - -) median perve
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" P25-N35, but they were often wenecorded from more
lateral locations in the hand area near the CS as well.
: Surface wmgm&xma%es @baﬁms\ sensorimotor cortex

- In 13 patients cortical surface recordings were also ob-
wained to stimulation of the ipsilateral median nerve. No

1 short-latency potentials to ipsilateral stimulation were seen

ir any recording (Allison et al. 1989; Wood 1988), nor
could definite long-latency potentials be recorded in eight
patients (e.g., Fig. 3). However, in five cases evidence of
ipsilateral long-latency activity was seen. Figure 68 com-

pares SEPs recorded at the same locations with contralat- .

eral and ipsilateral stimulation. To contralateral stimula-
tion, N80-P180 and P80-N180 were recorded respectively
from precentral (location 2) and postcentral (location 3)
sites in the lateral part of the hand area. By contrast, the
ipsilateral potentials did not change polarity across the CS.
Rather, polarity inversions were recorded from sites poste-

' tior (locations S and 6) to the postcentral sulcus (PoCS)

compared to sites anterior to it (Jocations 1~4 ). The ipsilat-
eral potentials did not have a sharp onset in this and other
‘recordings, but onset latency was ~40-50 ms. They were
- largest in the same general region from which the largest
contralateral activity was recorded, although their ampli-
tude was smaller than the contralateral potentials in this
and other recordings. They tended to be more variable than
the contralateral potentials but were clearly reproducible

~ (Fiz. 6C).

]
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FIG. 8, Transcortical recordings of SEPs, 4: patient S7; right temporal
“Jote calcified mass; ocal anesthesia, Cortical stimulation: A, hand and
Mi.uth movement; B, mouth movement. Cr, medial margin of craniot-
Gmy. B: SEPs evoked by stimulation of the cc al (—-) or ipsilat-
14} (- ~ -) median nerve.
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FIG. 9. SEPs recorded from the cortical surface. A: patient PU, left
frontal lobe astrocytoma distant from sensorimotor and periSylvian cor-
tex; local anesthesia. Cortical stimulation: A, arm numbness; B, arm
movement; C, hand movement; D, throat movement; E, face movement;
F, speech arrest. B: Recordings from the hand area of sensorimotor cortex
(locations 1 and 2), and from periSylvian cortex (lacations 3-7).

Transcortical recordings from sensorimotor cortex

Transcortical recordings were obtained in five patients
(Altison et al. 1989) and provided additional information
regarding the surface and intracerebral distsibution of po-
tential. Figure 7B shows surface recordings to contralateral
and ipsilateral stimulation. To contralateral stimulation
the N80-P180 precentral (location 2) and P80-N180 post-
central (Jocation 3) potentials were recorded, similar to the
surface recordings described above. Ipsilateral potentials
were small and similar at all locations except for 80 to
100-ms positive potentials recorded from motor cortex ({o-
cation 2).

Deep recordings (Fig. 7C) showed a polarity inversion of
P20-N30-P45 at precentral /ocation 3 to N20-P30-N45 at
postcentral location 4. There was weak evidence of
N80-P80 (at ~65 ms) and P180-N 180 (at ~135 ms), but
the waveforms in this latency range were complex and sug-
gested the presence of additional activity. In contrast, the
ipsilateral potentials recorded from these locations showed
similar waveforms. Electrode 3 deep was probably located
on or anterior to the surface of the posterior wall of the CS,
thus electrodes 3 deep and 4 deep constituted a transcorti.
cal recording across the cortex of the posterior wall of the
CS. Recordings from deep electrodes spanning the PoCS
(locations 4-6) showed marked changes in waveform and
steep voltage gradients of the contralateral and ipsilateral
potentials,
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FIG. 10.  SEPs recorded from periSylvian coriex. 4: patient T16; left
temporal lobe resection anterior to the vein of Labbé (VL): locat anesthe-
sia. Cortical stimulation: A, mouth movement to right; B, tongue tingling;
C, speech suppression; D, receptive aphasia, B; SEPs to stimulation of the

] {~—) or ipsi} | (~ - -) median nerve.

In the recording of Fig. 8 the craniotomy did not expose
all of the hand area, as indicated by the results of cortical
stimulation and the small amplitude of the short-latency
potentials to contralateral stimulation. However, from the
lateral portion of the hand area the contralateral
N80-P180 precentral (location 1) and P§0-N180 postcen-
tral (location 2) potentials were recorded. From more me-
dial locations (3 and 4) near the CS, the N90-P190 periCS
potentials were recorded. From the deep electrode of a
transcortical pair located in or near the CS (location 4
deep), large contralateral and ipsilateral potentials were re-
corded. They appeared to be polarity-inverted counterparts
of the periCS potentials recorded from surface locations 3
and 4.

Surface recordings from periSylvian cortex

The human second somatosensory area (SII) is probably
located mainly in the upper wall of the Sylvian sulcus (SS)
and partly on the lateral surface below sensorimotor cortex
(Penfield and Jasper 1954; Woolsey et al. 1979). We did
not systematically explore surface cortex in this region, but
recordings in unanesthetized patients using widely spaced
electrodes provided some results. In 6 of 11 such record-
ings, either no activity was seen or the potentials appeared
to be small versions of SEPs recorded from the hand area of
sensorimotor cortex.

In the other five cases focal potentials in the periSylvian
region were recorded near the junction of the CS and SS. In
the patient summarized in Fig. 9, 8 positivity at ~ 100 ms

>H:mmuZ-u¢_.>._l

(P100) was recorded above W' SS (location 3), w ;
below it (location 5) a negativity at about the same lateney
(N100) was recorded. A later negative-positive Sequence
(N125 and P200) was seen at all periSylvian locations but
was largest at temporal sites (5 and 6) near the SS. These
potentials were probably not volume conducted from the

hand area of sensorimotor cortex because long-latency po-
tentials were small in that region (locations I and 2) despie
the presence of large short-latency potentials. Figure 10
shows similar results. Contralateral stimulation evoked

several short-latency potentials, which were small (<10

- 4V), showed low spatial gradients, and may not have beeg

locally generated. This was the only periSylvian recording *
in which any evidence of short-latency activity was seen,
P100 was recorded above the SS (location 1 ), andN10Owag
seen at about the same latency below the SS (e.g., location

5). This activity was followed by N125-P200, which was -
large near the SS but showed no consistent change across it
Ipsilateral stimulation evoked potentials of somewhat simi= ¢
lar waveform but of longer latency. Similar activity was |
seen in the other three cases, in one of which potentials at - _
~ 185 ms were recorded, positive below the SS and nega- |
tive above it. ¥ 5, g £3 -

DISCUSSION ;

Before discussing the results, three limitations of these |

intraoperative recordings should be noted. First, long-la-
tency SEPs may be sensitive to the analgesic and anesthetic
agents used (Abrahamian et al. 1963; Clark and Rosner
1973; Grundy 1983). In a few patients in whom scalpre-y |
cordings were obtained from the nonoperated hemisphere i
before and during surgery, we found that long-latency SEPs = |
were reduced in amplitude and increased in latency under
local or general anesthesia. Second, other intraopérative . |
conditions such as brain cooling may also affect SEPs (Al-
lison et al. 1989). Third, time constraints prevented sys-
tematic recording from the entire region of exposed cortex. 3
Thus these recordings probably yield an incomplete sample - ,_
of long-latency cortical activity evoked by median nerve
stimuli.

Potentials recorded from contralateral sensorimotor cortex

Despite the limitations noted above, several features of ©
these potentials were reliable enough within and between
patients to suggest a consistent pattern of activation of sefi-
sorimotor cortex. § .4

In the preceding paper (Allison et al. 1989) we concluded ¥
that P20-N30 and N20-P30 are generated in area 3b o[-
somatosensory cortex. Results supporting the same con-
clusion for the P45-N80-P180 precentral and N45-P80-
NI180 postcentral potentials may be summarized P..,_.o—.u.v.m
lows: A 8 L P
* 1. The precentral and postcentral potentials have corti<s !
cal surface distributions similar to those of P20-N30 and 2
N20-P30, respectively (Figs. 2, 4, and 5). s &

2. There is no evidence of generation of the precentral

g . A g r 1 -
and postcentral potentials in parietal surface cortex of int =

motor cortex: a) Transcortical locations across the supr- 4

7
e
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marginal gyrus (Fig. 7, locations 6 suiace and deep) re-
corded similar P80-N180 potentials from surface and
white matter, suggesting that they are not generated in pari-
etal surface cortex. b) Recordings across the anterior wall of
the CS showed similar N80-P180 potentials at surface and
deep locations (Fig. 7, locations 2 surface and 3 deep),
suggesting that they are not generated in motor cortex.

3. Recordings across the posterior wall of the CS (Fig. 7,
lccations 3 deep and 4 deep) showed a clear polarity inver-
sion of P45~N45, and less clear inversion of N80-P80 and
P180-N180, suggesting their origin in area 3b.

* N80-P180 and P80-N180 correspond to neuromagnetic
peaks in the same latency ranges (Hari et al. 1984; Kauf:
man et al. 1981). These groups attributed this activity to a
tangentially oriented generator in somatosensory cortex.

* In the preceding paper (Allison et al. 1989) we concluded
that P25-N35 is generated in area I of somatosensory cor-
tex. Results supporting: the same conclusion for the
P30-N90-P190 periCS potentials may be summarized as
follows: 8 )

1. The periCS potentials often had cortical surface dis-
tributions similar to those of P25-N35; they were usually
largest over the anteromedial portion of somatosensory

- cortex near the CS and did not show polarity inversion
~across it (Figs. 3-5). However, the periCS potentials were
often recorded from more lateral regions of the hand area
‘of cortex (Figs. 3 and 4; Fig. 5C at 100 ms). In this respect
their topography resembled that of the P25-like potentials
“(Allison et al. 1989), suggesting that various regions of the
hand representation of area I respond to median nerve
‘stimuli at some latency. The data are not sufficient to sug-
gest a mediolateral sequence of activation of separate re-

| gions of area 1, as appears to be the case in the 25 to 40-ms

latency range (Allison et al. 1989).

- 2. Transcortical recordings of the periCS potentials were
‘obtained in one case. N90-P190 was recorded close to and
on either side of the CS (Fig, 8, locations 3 surface and 4
-surface). From a deep electrode (location 4) an apparent
“polarity inversion was recorded, suggesting that the poten-

-tials may have originated in areqa 1.
Additional evidence that these potentials are generated
in area 1 comes from the transcortical recordings of
Goldring and colleagues (1970) and Stohr and Goldring
(1969). From locations in somatosensory cortex near the
CS, they recorded a sequence of potentials very similar in
‘latency and waveform to the P50-N90-P190 periCS poten-
“tials, with polarity inversion from surface to white matter.
‘The potentials were consistently recorded from the anterior
crown of somatosensory cortex and were occasionally re-
corded with smaller amplitude and less clear polarity in-
version from the crown of motor cortex. Their results thus
provide strong evidence that the periCS potentials are gen-
erated in area ! and possibly to a lesser extent in area 4.
This may be related to the finding that there is relatively
more precentral RMS voltage in the 40 to 108-ms latency
Tange compared with the 20 to 40-ms latency range (cf. Fig.

1 of this paper with Fig. 7 of Wood et al. 1988).

In the preceding paper (Allison et al. 1989) we postulated
that generators in areas 3b and 1 could account satisfacto-
rily for the short-latency SEPs recorded from sensorimotor

719

cortex. Similar conclusions can be drawn for the 1| -la-
tency SEPs described here. Specifically, we conclude that
area 3b generates the P20-N30.P45-N80-P180 sequence of
precentral potentials and the N20-P30-N45-P80-N180 se-
quence of postcentral potentials and that area ! generates
the P25-N35-P50-N90-P190 sequence of periCS poten-
tials. These conclusions are summarized schematically in
Fig. 11, 4 and B. The top two waveforms of Fig. 118 are
postulated generator timecourses of activation of areas 3b
and I. The vertical and horizontal lines in Fig. 114 indicate
the regions where the largest precentral and postcentral
potentials are recorded, whereas the stippling indicates the
region of largest periCS potentials. Mixtures of the two
types of activity are more likely to be recorded from the
region of overlap near the CS, whereas from the nonover-
lapped regions relatively distant from the CS, the precen-
tral and postcentral potentials are more likely to be re-
corded in relative isolation. Because of the vertical orienta-
tion of areq 3b, the precentral and postcentral potentials
are recordings from the “surface” and “white matter”
sides, respectively, of the tangentially oriented generator.
Because of the approximately horizontal orientation of
area 1, only the surface potentials are seen in cortical sur-
face recordings; the corresponding polarity-inverted white
matter potentials can be recorded transcortically as noted
above. As was postulated to be the case for short-latency
SEPs, the slightly later activation of the area I sequence of
potentials compared to the area 3b potentials may be be-
cause of the smaller size and number of afferent fibers to
area 1 compared with those to area 3b (Allison et al. 1989;
Jones and Powell 1970). The recording conditions of this
study may have biased the results in favor of potentials
generated in areas 3b and 1, as discussed in the preceding
paper. However, there is weak evidence (Figs. 6 and 7) that
long-latency SEPs may also be generated in one or both
walls of the PoCS in areas 2 and 7.

The neurophysiological events underlying these SEPs
can be inferred by comparison with recordings in monkeys.
Three studies of SEPs recorded simultaneously with single-
or multiple-unit activity have been carried out in sensori-
motor cortex of monkeys to electrical stimulation of the
median nerve or tactile stimulation of the hand (Arezzo et
al. 1981; Gardner et al. 1984; Kulics and Cauller 1986).
The potentials recorded in all studies were similar. Corre-
spondences between monkey and human short-latency po-
tentials were discussed in the preceding paper. The monkey
potentials relevant to this paper are P20 in the nomencla-
ture of Arezzo et al. (1981), P25 of Garduer et al. (1984),
and Pla of Kulics and Cauller (1986); N45 (N43, N1); and
P110 (P70, P2). These potentials are best recorded from
area | and do not change polarity across the CS; thus they
probably correspond to the human periCS potentials P50,
N90, and P190 respectively. The monkey P20, corre-
sponding to the human P50, is associated with an increase
in unit discharge in areas 3b, 1, and 2 of somatosensory
cortex and also in area 5, and probably reflects the excita-
tion of pyramidal cells. The neurophysiological basis of the
monkey N45, corresponding to the human N90, is unclear.
Arezzo et al. (1981) and Kulics and Cauller (1986) re-
cerded unit discharges associated with N45 and concluded
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FiG. 11. Postulated SEPs cvoked by stimulation of the contral

I median nerve. A: regions of surface cortex from >

It
150

which SEPs generated in sensorimotor cortex (S1) and in the second somatosensory area (SIl) are recorded, as described in -

this and the preceding paper (Allison et al. 1989). B: Area 3b in the posterior wall of the CS generates the primary
positive-negative potentials P20-N30 (midd/e) from the surface of area 35 and hence from Rno_d_:m locations anterior to
the CS, followed by the P45-N80-P180 precentral potentials, Posterior to the CS, N20-P30 is followed by the N45-P80-
N180 postcentral potentials (bottomy); they are vo_w:Q.Eﬁnoa nQ:EnﬂEE of the precentral potentials due to the tangen-
1 potentials are best recorded respectively from the

tial onientation of the area 3b g or, P { and pc

vertically and horizontally ﬁ:?& aw_oan in A, mrm_.:_w FS_.. a similar sequence of events, P25-N35 followed by the o b g
P50-N90-P190 periCS potentials (top), is generated in arez [ and is best recorded from the stippled region in 4. This g
generator is approximately radial, thus its polarity-inverted white matter potentials are not recorded from the cortical oy
surface, C voao_.. of S1Lin the upper wall of the 5§ is postulated to generate N100-P185, best recorded from the vertically % -
striped region in A. Because of the tangential orientation of this generator, the vo_w:Q._Ean& ‘“white matter” vcauzw_m

are recorded as P100-N185 from the horizontally striped region in A. Portion of SII in surface cortex above the SS is
postulated to generate N 125-P200, best recorded from the stippled region in A; this wa:a..ﬁo_‘ is approximately radial and its

polarity-inverted potentials are not seen in surface recordings.

that it reflects excitatory postsynaptic potentials in soma-
tosensory cortex neurons. However, Gardner et al. (1984)
found that N45 was associated with a period of decreased
unit activity and concluded that it reflects an inhibitory
process. The monkey P110, corresponding to the human
P190, appears to be generated in various areas of somato-
sensory and parietal cortex, but its relationship to unit ac-
tivity is not sufficiently strong to suggest its neuronal sub-
strate. Unit discharges in area 3b were similar to those
obtained from areas I and 2. It is therefore reasonable to
conclude that corresponding periCS and precentral poten-
tials (P50 and P45, N90 and N80, and P190 and P180,
respectively) reflect similar neuronal events. In none of the
monkey studies were unit discharges recorded from motor
cortex in the latency range of interest here.

Portentials recorded from ipsilateral sensorimotor cortex

Short-latency SEPs were evoked only by contralateral
stimulation (Allison et al. 1989). However, beginning in
the 40 to 50-ms latency range, focal potentials of apparent
local origin in sensorimotor and parietal cortex were re-
corded to stimulation of the ipsilateral median nerve in
~40% of the patients so tested. The topography of ipsilat-
eral activity differed from that of contralateral activity. Ip-
silateral potentials were not seen which polarity inverted
across the CS and thus could be ascribed to activity in area
3b. Rather the ipsilateral potentials appeared to arise in a
diffuse region of sensorimotor cortex including motor cor-

tex (area 4), the crown of the postcentral gyrus ERS. 1 _-_.x_
2), and cortex within the walls of the PoCS (areas 2 and 7).
Most neurons in somatosensory cortex respond only o
contralateral stimulation, although in cats some neurons in
the lower cortical layers respond to ipsilateral stimulation ®
as well (Towe et al. 1964). These neurons respond later and
contribute negligibly to the early potentials recorded at the
cortical surface, results consistent with our _.oooa:..na.
However, these neurons are located in the same region in
which the largest contralateral potentials are evoked and
would thus be expected to evoke topographically similar
potentials. The paucity of interhemispheric callosal :._u_.;
to area 3b in primates (Killackey et al. 1983) suggests that
human ipsilateral potentials are generated by gumom:cﬁ
input from the contralateral hemisphere in regions of sen-
sorimotor cortex that receive stronger callosal projections™
and provides a plausible explanation for our failure, and

the failure of neuromagnetic recordings (Hari et al. 1984 =

Kaufman et al. 1981), to record ipsilateral an:cw_m »_S&.
utable to a generator in area 3b.

The initial excitation of non-area 3b 8u8:899. Ea..h
neurons by a median nerve volley occurs at ~25 ms cE_ﬁ.i
ing by the latency of P25), and the onset latency of ,_.!.uun.
eral potentials is ~45 ms (Figs. 6-8), yielding a caflosal

transmission time of ~20 ms. The interhemispheric cofis

duction distance between the sensorimotor hand areds i§
~12 cm (Talairach and Szikla 1967). Callosal conductionl
velocity is thus ~6 m/s, within the range of conductiofl :ﬂ

velocities (1-10 m/s) estimated for cat somatosensory | n-.f#.

s,

uxﬁ..d estimated callosal nB:wS@_ou times of 3-8 ms
Ruw:g 1978), but this is likely an underestimate given the
distribution of callosal axon diameters Qa:oo»:: 1986;
m_ﬁ&oi et al. 1979).

?Rﬁ_,&u E%im& \85 periSylvian cortex

In monkeys SII is located within the upper wall of the
- Jateral sulcus (Robinson and Burton 1980a), corresponding
. 1o the human 85, Data noznnBEm the exact location and
functional organization of SII in man are scant. The results

* of cortical stimulation suggest that SII is located partly in
4 the upper wall of the SS and partly in surface cortex above
the SS and below the face area of sensorimotor cortex
(Penfield and Jasper 1954). From the latter region, foot
| movement to cortical stimulation and SEPs to stimulation
\_. of the contralateral thymb were obtained in one patient
3 (v ‘oolsey et al. 1979). Thus there is some evidence that the
human SII is partially located on the lateral surface of cor-

. tex above the SS as well as in its upper wall, corresponding
| to portions of areas 40 and 43. Median nerve SEPs in the
_ vicinity of the SS might reflect potentials generated in SII,
1] En_ac_qu because much of this region is devoted to rep-

| resentation of the hand (Robinson and Burton 1980a).

. Our recordings provide preliminary evidence of poten-
tials in the 100-ms latency range that invert in polarity

¢ across the SS and thus may reflect activity generated in the
 upper wall of the SS. These potentials probably reflect the
| same momiq as the 100-ms peak seen in uacnoammsn:n
. recordings in humans and ascribed to a generator in SII
| (Hari et al. 1984). The N100-P100 potentials recorded
| from the periSylvian region may be neurophysiologically
' similar to the N80-P80 potentials recorded from sensori-

. motor cortex; in both cases the potential field is negative on

| the surface side of cortex (and hence negative over tem-
! “poral and frontal cortex, respectively) and positive deep to
| cortex (and hence positive over the frontoparietal opercu-
~ lun and parietal cortex, respectively). The N125 and P200
potentials did not change across the SS and may be gener-
. ated in the portion of SII located on the lateral surface
| above the SS. They may be neurophysiologically similar to
| the N90 and P190 potentials recorded from sensorimotor
| cortex.
The postulated periSylvian potentials and the regions
* from which they are recorded are summarized schemati-
‘cally in Fig. 11, A and C. This summary is based on few
| recordings and is presented only as a ﬁoac:m hypothesis.
The 100-ms activity was seen consistently in our recordings
and in neuromagnetic recordings AIN: et al. 1984), but the
proposed 185-ms activity was seen in only one of our re-
cordings and was not consistently seen in neuromagnetic
recordings (Hari et al. 1984). The 125- and 200-ms activity
"1 was seen consistently in our recordings but was not ob-
served in :oE.oBmmzaﬁo recordings (Hari et al. 1984), per-
_.53 because it is due to an approximately radial generator
in lateral cortex, to which neuromagnetic recordings are

insensitive. Animal recordings (e.g., Andersson _oowv sug-
Best that short-latency SEPs should be generated in human
w: but if so they have not been detected in our recordings
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or in magnetic recordings (Hari et al. 1984). The periSyl-
vian potentials were evoked by both ipsilateral and contra-
lateral stimulation in the one patient in whom both median
nerves were stimulated (Fig. 10). This suggests a generator
in SII, because ~20% of neurons in the hand representa-
tion of SII receive ipsilateral input (Robinson and Burton
1980a). It is possible that the periSylvian potentials are
generated partly in the temporal lobe, but in monkeys few
neurons in the temporal lobe near the SS are responsive to
somatosensory stimuli (Baylis et al. 1987). Generators in
SII proper or in nearby regions of the parietal operculum
that also respond to somatosensory stimuli AWocEwon EE
Burton 1980b) seem more likely.
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SUMMARY AND CONCLUSIONS

1. Receptive fields of 78 retinal ganglion cells were analyzed
-for their responses to moving and stationary lights that were pre-
sented under a variety of stimulus conditions. All cells were sen-
sitive to moving stimuli, and their receptive fields often com-
prised excitatory and inhibitory sub-regions.

2. Properties used in the classification included responses to
stationary flashed stimuli, receptive-field organization, changes in
stimulus wavelength and adaptation, movement velocity, and di-

rection of stimulus movement. Eight functional cell classes were
‘derived: simple, ON-sustained, annular, wavelength-sensitive, di-
rectionally selective, bar-shaped, large-field, and velocity.
-~ 3. Simple cells, representing 2 1% of the sample, had circular or
oval receptive fields of 3-22° that gave transient responses to
‘stationary, flashed lights. Many of these cells, but not all, showed
- antagonistic center-surround organizations. ON-sustained cells
responded for the duration of the stimulus flash or for the dura-

. tion of a light flash moving through the receptive field. These
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units comprised 8% of the sample; they had small, circular. non-

. directional receptive fields and they were most sensitive to red
light. Their field sizes did not vary with changes in adaptation
fevel.

4. Annular cells (4% of the sample) gave no responses to any
stimulation in the field center, but they responded strongly to
stimulation in the surround area, especially to stimuli that moved
very slowly through the region. Annular cells were nondirec-
tional, with circular centers of 5-6° diam and annular surround
widths of 2-4°. They responded best in light adaptation.

3. Wavelength-sensitive cells, similar to most of the cells sam-

pled, were sensitive to red light when light-adapted. Some cells in
“addition showed input from rods under dark adaptation. Inten-
sity-response curves for these latter cells showed clear changes
from one input to the other as the cells’ functional ranges were
explored. Some cells responded best to short- or middle-wave-
length light, but these were more rarely met, Where multiple
receptor inputs could be identified, long-wavelength stimuli
evoked transient responses, whereas short-wavelength stimuli fa-
vored more sustained spike trains. Wavelength-sensitive cells in
this category comprised 5% of the sample,
- 6. Directionally selective cells had both circular and elongated
teceptive fields, the latter oriented orthogonally to their pre-
ferred-null axes. This group, made up of ON, OFF, and ON-OFF
(tells, comprised 23% of the recorded sample. When combined
Wwith seven bar-shaped cells and one large-field cell that were also
directionally selective, the sample yielded a total of 31 out of 78
recorded cells, or 40%, the highest proportion of directionally
telective ganglion cells reported in the literature. The on cells
differed from other directionally selective cells by requiring large,
bright, slow-moving stimuli. These cells also gave robust OFF re-
%nses to light spots as they left the receptive field in the null
direction; OFF and ON-OFF cells gave no responses at all under
lhese conditions.

7. Bar-shaped cells had length-to-width ratios in the range of
2:1-10:1. These cells comprised 12% of the population and were
distributed into four cell sub-categories: single-bar, directionally

-selective, OFF cells; single-bar, bidirectional, ON cells; double-bar,

directionally selective, ON-OFF cells; and triple-bar, bidirectional,
ON and OFF cells.

8. Large-field cells (6% of the sample) had enormous field
fengths of 225°. Some fields were crescent-shaped to an extent of
75°. In general, these celis were nondirectional and preferred
slow-moving targets. They showed no appreciable changes in field
size to changes in stimulus wavelength or to adaptation.

9. Velocity cells responded better to targets moving at speeds
>9°/s, with few or no responses at slower speeds, Fifteen percent
of the sample fell into this class. All cells had circular or oval
receptive fields, were red-light sensitive, and gave ON-OFF re-
sponses to stationary, flashed stimuli; all were nondirectional.

10. Retinal ganglion cells in turtle are exceedingly complex.
Their response properties can be manipulated by changes in stim-
ulus parameters. In the number and variety of retinal ganglion
cell types, turtles possess one of the more sophisticated response
repertoires recognized at that level in vertebrates.

INTRODUCTION

The morphological diversity of ganglion cells has always
supposed a parallel functional complexity, and in turtles
where ganglion cell polymorphism is particularly profuse
(Cajal 1892; Kolb 1982), there is natural curiosity as to
what their functional properties might be.

It was Lipetz and Hill (1970) who first classified ganglion
cell responses in the turtle Emys blandingii, and found the
cells to be sensitive to stimulus movement—many cells
responding best at particular velocities, some cells re-
sponding maximally in preferred directions. The receptive
fields they described were either circular or oval, and re-
flected all three response types described by Hartline
(1938), viz., ON, OFF, and ON-OFF. Bowling (1980), in a
later study, grouped ganglion cells of Pseudemys into four
categories: motion-sensitive cells, directionally selective
cells, color cells, and orientation cells. Most of the cells he
reported on were red-light sensitive, with a majority of
these also sensitive to input from rods. Granda and Ful-
brook (1982) soon after were able to show complicated
effects within the receptive fields with regard to color, ad-
aptation, and movement. as well as a diversity of recep-
tive-field arrangements. In several experiments based on
intracellular recordings, Marchiafava and co-workers
(1980, 1981, 1983) described two classes of ganglion cells
defined by their inputs from either bipolar cells alone
(Type A), with an emphasis on color opponency, or from
mixed inputs from bipolar and amacrine cells (Type B),
with a peak sensitivity of 646 nm in both the center and the
surround of the receptive field. Type A cells were found to
have faster conduction velocities than Type B cells.
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