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Abstract

We examined the electrophysiological correlates of left-sided tactile extinction in a patient with right-hemisphere damage. Computer-
controlled punctate touch was presented to the left, right or both index fingers in an unpredictable sequence. The patient reported hi
conscious tactile percept (“left”, “right” or “both”). He showed extinction on 75% of bilateral trials, reporting only right stimulation for
these. Somatosensory evoked potentials for unilateral stimulation showed early components over contralateral somatosensory areas (F
and N110) for either hand. In contrast to the results observed for age-matched controls, the patient's P60 was smaller in amplitude fo
left-hand touch over the right hemisphere than for right-hand touch over the intact hemisphere. Bilateral trials with extinction revealed
residual P60 and N110 components over the right hemisphere in response to the extinguished left touch. These results demonstrate resid
unconscious somatosensory processing of extinguished touch. They also suggest that tactile extinction can be caused by attenuation rat|
than elimination of somatosensory responses in the damaged hemisphere, with an underlying deficit even on unilateral trials.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction Recent studies have begun to examine the neural corre-
lates of extinction [(L4,15,25,26] see[9,40] for reviews).
Extinction is a relatively frequent consequence of uni- Although extinction can be found within several different
lateral brain damage. Patients showing extinction can typi- modalities (e.g[5]) and even cross-modally (e.[d.1,29),
cally detect and report isolated stimuli in either hemispace, the majority of recent studies using neural measures have
but will miss contralesional stimuli when presented con- concerned just theisual modality (a few exceptions to this
currently with an ipsilesional competitor (s¢®& 7,13] for are considered later). Using event-related potential (ERP)
reviews). While extinction can be observed after several and/or fMRI measures to study visual extinction, several
types of lesior{38], it is classically associated with damage recent studies have shown that, on the one hand, relatively
in the territory of the right middle cerebral artefi2,14] early components of visual processing may be abnormal for
It can often manifest as one component of the neglect syn-contralesional stimuli in visual extinction (e.[25,26,42);
drome, but has been reported to dissociate from neglect inwhile, on the other hand, extinguished visual stimuli can
some casef’]. A common suggestion (e.§10,12,13,26) evidently still undergo considerable unconscious residual
has been that extinction may reflect a pathological imbal- processing that activates intact cortical visual areas, despite
ance in attentional competition following the lesion. While being undetected (e.fl.4,15,34,42). Here, we address sim-
a contralesional stimulus can still attract attention in isola- ilar issues with ERP measures, but for thetile modality
tion, it apparently loses a competition for attention with the instead.
concurrent ipsilesional stimulus during bilateral stimulation. ~ Tactile extinction has frequently been described in the
clinical literature (e.g.[4,8]) and has recently been in-
vestigated more closely with behavioural measures (e.g.
"+ Corresponding author. Tek:44-20-7631-6358; [2,21,32,36,37] Analogously to visual extinction, tactile
fax: +44-20-7631-6312. extinction can be observed during bilateral stimulation using
E-mail address: m.eimer@bbk.ac.uk (M. Eimer). the clinical method of ‘confrontation’, whereby the examiner
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produces stimulation with his or her own fingers (e.g. light also reflect early sensory—perceptual processing stages in
touch on either or both of the patient’'s hands). As with modality-specific somatosensory areas, such as S1 or S2.
visual extinction, tactile extinction can also be observed In the present patient study, we focused on early and
with more formal computerised testing, or in more complex highly lateralised sensory-specific SEP components, simi-
tasks that require the discrimination of particular features lar to those found in young normals (albeit with slightly
on either or both sides, rather than merely detection (e.g.longer latencies in the elderly patient and in age-matched
[1]). Importantly, analogous to well-known behavioural re- normals; see below). For unilateral trials, we compared the
sults on implicit processing in visual extinction (Jé€,26] early SEP components for left- and right-hand tactile stim-
for reviews), a few recent behavioural studies of tactile ex- uli. Of interest here was whether the amplitudes of SEPs
tinction have now shown that contralesional tactile events would be attenuated for left-hand unilateral stimuli project-
that are extinguished from awareness may neverthelessng to the damaged hemisphere in the patient, as compared
undergo a degree of residual unconscious processing (e.gwith those for right-hand stimuli projecting to the struc-
[1,6,24} see alsd23] for electrophysiological evidence on turally intact hemisphere (sg25,26] for analogous results
sub-threshold tactile stimulation in normals). concerning visual ERPS). In addition to this within-patient
Here, we addressed the neural fate of extinguished tactilecomparison, we also assessed whether or not age-matched
stimuli using ERP measures in a single-case study. Althoughcontrol subjects showed analogous asymmetries in an iden-
ERPs have previously been used to study somatosensoryical paradigm. For the patient, we also examined early lat-

deficits resulting from thalamic lesiof80], to our knowl- eralised SEP components for bilateral trials, over the right
edge the current study provides the first application of hemisphere (triggered by left tactile stimuli), on those tri-
ERP measures to tactile extinction (§86] for a study in- als where left stimuli were extinguished. These components

volving tactile neglect). We recorded somatosensory ERPscould then be compared to unilateral right trials (where no
(SEPs) from patient ED, who showed strong and consistentleft-hand tactile stimulus had been presented) within the pa-
left-sided tactile extinction following a right-hemisphere tient, to assess any unconscious residual response to the ex-
stroke. This case was particularly suitable for ERP testing, tinguished left touch. Finally, in principle the components
because of the consistency of his extinction, still present 2 for bilateral trials with extinction might also be compared to
years after stroke; plus his compliance with the task over those on which no extinction arose (if there were sufficient
many trials; and the fact that somatosensory cortex wasof the latter trials), in an attempt to index any SEP signatures
structurally intact on MRI (see below). After pilot testing of conscious rather than unconscious perception.
without ERP measures, two full ERP sessions were con- If tactile information originating from the left hand was
ducted. Brief tactile pulses were delivered unilaterally or eliminated at an early stage of somatosensory processing
bilaterally to the patient’s left and/or right index finger. The on extinction trials in the patient, then early contralateral
task was to report verbally the type of tactile stimulation SEPs recorded over the right hemisphere should be atten-
experienced (“left”, “right” or “both”) on every trial. These uated or absent (relative to SEP components recorded on
verbal reports allowed separation of bilateral trials where non-extinguished bilateral trials, or left unilateral trials).
the contralesional stimulus was extinguished (i.e. “right” Right-hemisphere SEP waveforms should be similar to uni-
response on bilateral trials) from trials where this stimulus lateral trials on which tactile stimuli were presented only to
was detected correctly (“both”). We could then compare the right hand. By contrast, if substantial residual early so-
bilateral trials with extinction (only the right-hand stimulus matosensory processing of contralesional tactile stimuli can
reported) to unilateral trials where only the right hand had be preserved in tactile extinction, one would expect to find
been stimulated. SEPs and vocal response times were comearly SEP components over the right hemisphere in response
puted separately for unilateral left, unilateral right and bilat- to the left-hand stimulation, even on bilateral trials where left
eral trials with correct report, as well as for bilateral trials stimuli were extinguished, similar to the right-hemisphere
where the contralesional (left) stimulus was extinguished. SEPs found for left unilateral stimulation. Note that al-
Previous experiments with young neurologically unim- though age-matched controls were included in this study,
paired participants (e.§16,17] have found early SEP com- the patient also served as his own control for the critical
ponents (typically P45 and N90) in response to tactile stimuli comparisons.
identical to those used in the present study. Both components
were elicited at electrodes over somatosensory areas con-
tralateral to the stimulated hand, being strongly lateralised. 2. Case details
The P45 is most likely generated in primary somatosensory
cortex (S1; seg2,31]for MEG evidence on latencies of S1 ED is a right-handed, 69-year-old male. Eighteen months
sources). Although the cortical generators of the subsequentprior to ERP testing he suffered a right-hemisphere stroke.
N90 component are not yet known, the fact that later SEP An MRI performed 5 weeks before ERP testing showed
components such as the N140 (and their magnetic counter-encephalomalacia and atrophy involving the right anterior
parts) have been linked to secondary somatosensory cortexemporal lobe, basal ganglia and thalamus Egelfor de-
(S2[19,20,22) suggests that the somatosensory N90 may tailed lesion reconstruction). When first observed, 9 weeks
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Fig. 1. (A) T-1 weighted MRI images for patient ED, showing the brain lesion. The levels of the transverse sections shown are indicated in the
sagittal view at the right. (B) MRI after co-registration with the standard Montreal Neurological Institute (MNI) brain, via MRIcro softépréniww/
psychology.nottongham.ac.uk/staff/cr1/mricro.htroking the linear normalisation functions of SPM®®t://wwwi/fil.ion.ucl/ac/uk/spm/spm99.htniThe
Talairachz co-ordinate for each transverse section is shown. On both the original MRI and the co-registered MRI, the lesion can be seen to involve, in
the right hemisphere, the anterior temporal lobe, inferior insula, periventricular white matter, internal capsule, putamen, caudate anthalasterso
Posterior regions of the brain and parietal cortex were spared (see rightmost transverse section).

prior to ERP recording, he presented some left upper andalso reliably found in pilot work using computer-driven
lower limb weakness (score of 4 according to the MRC stimulation like that in the ERP sessions described below.
scale for grading muscle strength), but was able to walk
with the aid of a stick and use the upper limb effectively.
He showed a deficit in the left visual field (left hemianopia), 3- Méthods
more prominent in the upper quadrant. His somatosensory
detection on the left hand was good when clinically tested 3.1. Stimuli, apparatus and procedure
with tactile, thermal, painful and proprioceptive stimulation,
although the patient reported some subjective difference to Patient ED was tested in two sessions, separated by 2
the ipsilesional hand. Left visual neglect was evident clin- months. He sat in a dimly lit soundproof experimental
ically in ED’s behaviour; for instance, he tended to miss chamber, with a head-mounted microphone positioned in
left-sided doorways when walking in the ward. Neglect was front of the mouth, facing a computer screen. A small cross
also present in letter cancellation and line bisection sub-testsat the centre of this screen served as fixation (see below).
of the Behavioural Inattention Teft3]; respective scores  Tactile stimuli were presented to the lateral aspect of the
of 29 with a normal cut-off of 32, and 4 with a cut-off of 7. middle phalanx of the left or right index finger, using two
Left neglect was also apparent in reading. 12V solenoids. These solenoids drove a metal rod with a
Reliable extinction on confrontation was present within blunt conical tip, making contact with the skin whenever a
touch, audition and during cross-modal confrontation with current was passed through the solenoid. The tactile stim-
tactile stimuli on the left hand coupled with right tactile, ulators were occluded so that the patient could not see the
auditory or visual stimuli. Of most interest for the present rod movements. Hands were placed on a tablé,td8%he
study is ED’s tactile extinction. On manual confrontation left or right of fixation, in their respective hemispaces, at
with light touches on the dorsal aspects of the hands, ED a viewing distance of about 45cm from the patients’ eyes.
showed consistent extinction of left touch during bilat- White noise (62dB SPL) was presented from a centrally
eral stimulation (over 90% misses). Tactile extinction was located loudspeaker throughout the experimental blocks,
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to mask any sounds made by the operation of the tactle EEG and HEOG were epoched off-line into 600 ms pe-
stimulators. riods, starting 100ms prior to, and ending 500 ms after
Each experimental session consisted of nine blocks (60the onset of tactile stimulation. Trials with eyeblinks and
trials per block). Tactile stimuli were delivered with equal movement-related artefacts (as indicated by EEG waveforms
probability and in random order to the left, right or simul- exceedingt:80wV at any recording site in the 500 ms inter-
taneously to both index fingers (20 trials per block for each val following stimulus onset), as well as trials without vo-
of unilateral left, unilateral right and bilateral trials). Each cal responses or with incorrect vocal responses to unilateral
trial started with a 200 ms presentation of a white fixation stimulation, were excluded from analysis. Separate averages
cross at the centre of the computer screen. After 200 ms,waveforms were derived for unilateral left, unilateral right
this fixation cross turned red for 200 ms (to capture attention and bilateral stimulation trials. Bilateral trials were averaged
at the screen centre and remind the patient of the necessityseparately for trials where the patient responded correctly
to maintain central gaze direction) and then it turned back (“both”) and for trials where the left stimulus was extin-
to white. This white fixation cross remained on the screen guished (“right” response to bilateral stimulation). The total
until a vocal response was recorded. One thousand millisec-number of trials contributing to the four resulting average
onds after the fixation cross turned from red to white, tac- waveforms (collapsed across both sessions) for patient ED
tile stimuli were delivered either unilaterally or bilaterally was 208 and 244 for unilateral left and unilateral right tri-
for 200 ms. als, and 198 and 63 for bilateral extinguished and bilateral
The patient’s task was to report the tactile stimuli verbally correct trials, respectively. For the two control participants,
(“left”, “right” or “both”). Vocal response latencies were who did not show any extinction, averaged waveforms were
measured with a voice key (latencies in excess of 2000 msderived for unilateral left and unilateral right stimulation tri-
were not entered into the reaction time analyses). Vocal re-als, as well as for bilateral stimulation (these latter wave-
sponses were also coded on-line by the experimenter sit-forms are not shown or discussed below). All averages were
ting outside the experimental chamber, who pressed a keycomputed relative to a 100 ms baseline preceding stimulus
corresponding to the patient’'s response. On those 7% ofonset.
all trials where the patient failed to give a spontaneous re- For statistical analyses within the patient, the two sessions
sponse, he was asked whether he detected any tactile stimwere further subdivided into sub-sessions of three successive
ulus on the preceding trial. On 60% of these trials, the blocks, yielding an overall total of six sub-sessions. Sepa-
answer was “no” and these trials were coded separatelyrate mean reaction times (RTs) and ERP waveforms were
(“none”). The next trial was initiated 1000 ms after the ex- computed for each of these sub-sessions for unilateral left,
perimenter had entered the response category for the preunilateral right and bilateral extinguished trials. The num-
ceding trial. The patient was instructed to report the tactile ber of trials contributing to the average ERP waveforms for
stimuli as quickly and accurately as possible, and to main- each sub-session ranged from 26 to 48, with an average of
tain central eye fixation throughout the blocks (monitored 36 trials per waveform. Because bilateral trials without any
with EOG, see below). Two training blocks (consisting of extinction (i.e. stimulation on both sides correctly reported
60 trials each) were delivered at the beginning of each of by the patient) were infrequent, no analogous sub-session
the two sessions to familiarise the patient with these task analyses could be meaningfully performed for those trials.
requirements. Peak amplitudes of early SEP components for patient ED
Two neurologically unimpaired age-matched male control (P60 and N110; these latencies being apparent from the
participants (aged 67 and 65 years, respectively) were testecpractice data) were quantified within two analysis windows
under identical circumstances, except that these participantentred on the peak latencies of these components (P60:
completed only a single experimental session, consisting50-70 ms post-stimulus; N110: 100-120 ms post-stimulus).
of two training blocks followed by 10 blocks with EEG Peak amplitude differences between different stimulation

recording. conditions (unilateral left, unilateral right and bilateral ex-
tinguished) were analysed at lateral contralesional (left) and
3.2. EEG recording and data analysis ipsilesional (right) electrodes. Differences in mean vocal

RTs for unilateral left, unilateral right and bilateral extin-

EEG was recorded with Ag—AgCl electrodes and guished trials were also assessed. These were evaluated
linked-earlobe reference from FPz, F7, F3, Fz, F4, F8, FC5, by repeated-measures ANOVAs and paitegsts, across
FC6, T7, C3, Cz, C4, T8, CP5, CP6, P7, P3, Pz, P4, P8 sub-sessions. Thetests for unequal sample sizes were used
and Oz (according to the 10-20 system), and from OL and to compare RTs obtained from the infrequent bilateral tri-
OR (located half-way between O1 and P7, and O2 and P8,als without extinction, versus from the other trial types.
respectively). Horizontal EOG (HEOG) was recorded bipo- Greenhouse—Geisser adjustments to the degrees of freedom
larly from the outer canthi of both eyes. The impedance for were performed when appropriate and the adjuBtedlues
all electrodes was kept below &k The amplifier band-  are reported. For completeness, non-parametric Wilcoxon
pass was 0.1-40Hz. EEG and EOG were sampled with amatched-pair signed-rank tests were also implemented for
digitisation rate of 200 Hz and stored on disk. paired comparisons.
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4. Results visual study[27]), although note that a somewhat differ-
ent response (verbal) was required here). Non-parametric

4.1. Behavioural performance Wilcoxon tests confirmed the same pattern of RT results in
the patient.

Table 1shows the percentage of particular vocal responses ~ For both control participants, vocal RTs on bilateral trials
to unilateral left, unilateral right and bilateral tactile stimuli (647 and 655 ms) were slower than RTs on unilateral trials,
for patient ED. Left tactile stimuli were extinguished (only and responses to unilateral left-hand stimulation (541 and
the right reported) on 75.8% of bilateral trials. Unilateral 523 ms) were faster than responses to unilateral right-hand
left stimuli were correctly detected on 87.4% of all trials, al-  Stimulation (585 and 576 ms), unlike the patient. This pattern
though 11.1% of unilateral left tactile stimuli were neglected Was highly consistent across experimental blocks and RT
(“none” response). In contrast, unilateral right stimuli were differences between stimulation conditions were statistically
virtually always detected successfully. This pattern of results reliable for both participants (afl > 3.7; all P < 0.02).
was similar for the first and second experimental sessions
(extinction rate on bilateral trials: 70% versus 81%; rate of 4.2. Somatosensory event-related brain potentials
neglected unilateral left stimuli; 6% versus 16%, for the first
and second sessions, respectively). For the two control par- Fig. 2 shows SEPs recorded from patient ED at lateral
ticipants, stimulus classification was virtually perfect (100 electrodes over the left and right hemispheres, in response
and 99.3% correct responses overall). to correctly detected unilateral tactile stimuli presented to

Table 2shows mean vocal RTs for patient ED on bilateral the left hand (solid lines) or to the right hand (dashed lines).
correct, bilateral extinguished and unilateral left or right tri- As can be seen from these waveforms, an initial distinct
als. Responses were reliably slower for bilateral correct tri-
als than for all other trial types (all> 3.5; all P < 0.02).

RTs obtained for unilateral left, unilateral right and bilateral
extinguished trials were analysed with a repeated-measures
ANOVA. A main effect of stimulation condition was ob-
tained F (2,100 = 6.64; P < 0.04). Subsequent paired
t-tests revealed that responses to unilateral left stimuli were
significantly delayed relative to responses to unilateral right
stimuli ((5) = 3.36; P < 0.02), indicating a possible con-
tralesional disadvantage even without bilateral competition.
Responses to left unilateral stimuli were also significantly
slower than responses on bilateral extinguished trighs &
4.55; P < 0.01). In contrast, the latency of “right” responses
was not significantly different on bilateral extinguished and
unilateral right trials {(5) < 1), thus providing no evidence
for an implicit redundant-targets effect (c.f. Marzi et al.’s

LEFT HEMISPHERE RIGHT HEMISPHERE

N110

Table 1
Frequency (%) of different responses to unilateral left, unilateral right
and bilateral stimulation trials in patient ED

Response stimulation “Left” “Both” “Right” “None”
Left 87.4 0.3 1.2 111
Bilateral 11 21.7 75.8 14
Right 0.8 0.3 98.6 0.3
Table 2 i
Mean vocal RT (ms) for the different stimulation conditions in patient ED — Unilateral Left
-------------- Unilateral Right
Bilateral correct 961t 30.0
Blle_llteral |e>|<t|frtlgU|shed 87551; 123 Fig. 2. SEP waveforms in extinction patient ED, recorded at lateral
n atera e correct ’ electrodes over the left (intact) and right (lesioned) hemisphere in response
Unilateral right correct 776t 12.4

to unilateral tactile stimuli delivered to the left index finger (solid lines) or
The values are given as me&rB.E. RTs for bilateral trials are displayed  to the right index finger (dashed lines). Waveforms are shown within the
separately for trials where a correct response (“both”) was recorded, 200 ms interval following stimulus onset relative to a 100 ms pre-stimulus
versus bilateral trials where the left stimulus was extinguished (‘right” baseline, with positive amplitude values plotted downwards and negative
response to bilateral stimulation). amplitudes plotted upwards.
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positive-going component with a peak latency of about 60 ms SEPs elicited contralateral
(P60) was followed by the first negative component with a to the stimulated hand
latency of about 110 ms (N110), at electrodes contralateral
to the stimulated hand. These components were maximal
at centroparietal electrodes (CP5/6), were more pronounced
contralesionally (left hemisphere), but can also be seen at
recording sites located over the lesioned right hemisphere.
These two early SEP components elicited by unilateral tac-
tile stimuli for patient ED were very similar, in terms of
morphology and scalp distribution, to the SEPs obtained in
response to identical stimuli for the age-matched control
participants (as shown ikig. 3). They were also similar
to SEPs (P45, N90) previously observed for younger par-
ticipants (c.f.[16,17)), although component latencies were Right hemisphere for left hand stmu
somewhat delayed both for ED and the age-matched con- Left hemisphere for right hand stimuli
trols. Interestingly, both components appear to be attenuated
for left-hand stimulation as compared to right-hand stimu- Fig. 4. SEP waveforms in extinction patient ED recorded in response to
lation for patient ED, but not for the control participants. unilateral tactile stimuli, at electrodes CP5/6 contralateral to the stimulated
Fig. 2 suggests that early SEP components observed forhands. The solid line shows SEPs to left tactile stimuli recorded from
patient ED over the left hemisphere, by stimulation of the CP§ (right hemigphgre) and the dashed line represents SEPs in response
contralateral (right) hand, were larger in amplitude than to right tactile stimuli recorded from CP5 (left hemisphere).
the corresponding components elicited over the right hemi-
sphere via stimulation of the left hand. This is further illus- the stimulated hand at electrodes CP5/6, separately for stim-
trated inFig. 4, which shows SEPs elicitembntralaterally to ulation of the right hand (left hemisphere; dashed line) and
stimulation of the left hand (right hemisphere; solid line).
Although P60 and N110 components are apparent for both
Control 1 types of stimuli, these components (especially the P60) were
v - ) larger in amplitude over the left hemisphere for right-hand
BT N100 stimulation, than over the right hemisphere for left-hand
stimulation. This observation in patient ED was substan-
L tiated by statistical analyses, revealing a significant P60
P100

-5uV N110

5pVv

amplitude difference between contralateral SEP responses
to right-hand stimulation versus left-hand stimulation at
CP5/6 ¢(5) = 2.74, P < 0.05; Wilcoxon signed-rank test:
Z = 2.0, P < 0.05). The difference in N110 amplitudes
4V - elicited contralaterally by right versus left tactile stimuli,
LEFT HEMISPHERE ~ RIGHT HEMISPHERE visible in Fig. 4, failed to reach overall statistical signifi-
C cance {(5) = 1.17). Contralateral N110 components were,
ontrol 2 however, numerically larger for right-hand stimulation rel-
4uV'T T ative to left-hand stimulation in both experimental sessions.
1 T This observation that an early SEP component, elicited
within 60 ms after stimulus onset, was reliably attenuated
in response to tactile stimulation of the contralesional (left)
hand suggests that some left-hand deficit may be present
even on unilateral trials, although it becomes most manifest
behaviourally on bilateral trials (s¢#&5,26], for analogous

4uv -+ = ERP evidence in visual rather than somatosensory extinc-
LEFT HEMISPHERE  RIGHT HEMISPHERE tion). Unlike patient ED, the age-matched control subjects
did not show any systematic amplitude differences for
— Unilateral Left the contralateral P60 component in response to right-hand
""""""""""" Unilateral Right stimulation versus left-hand stimulatiofri¢. 3, see also

[16,17] for similar findings). For these control subjects,
Fig. 3. SEP waveforms for two neurologically unimpaired age-matched a positive component (PlOO) was elicited over the ipSi-

control participants, recorded at lateral electrodes over the left and right lateral hemisphere in response to unilateral tactile stimuli
hemispheres (CP5 and CP6) in response to unilateral tactile stimuli de- P p

livered to the left index finger (solid lines) or to the right index finger (S€€Fig. 3), again in line with previous observations for
(dashed lines). younger participant416,17] It thus appears likely that
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the large positive-going deflection peaking at about 140ms As can be seen frorkig. 5 early SEP components in
post-stimulus for patient ED, in response to unilateral right patient ED were generally larger over the left (intact) hemi-
stimuli over the right hemispheréig. 2, right) might rep- sphere than over the right (lesioned) hemisphere, consistent
resent a substantially delayed ipsilateral P100 componentwith the unilateral data shown iRigs. 2 and 4 Neverthe-

in the patient. less, and more importantly, tactile stimuli delivered to the

While these purely unilateral trials are of interest, one left hand on bilateral extinguished trials clearly still elicited
main aim of the present study was to examine the fate of ex- contralateral P60 and N110 components over the right
tinguished stimuli on bilateral trials in the patient. To inves- hemisphere (thick dashed lines in right graphs=af. 5),
tigate this, we compared SEPs elicited on bilateral trials with even though these stimuli could not be consciously detected.
the left stimulus extinguished, against SEPs recorded for tri- By contrast, these components were entirely absent over
als where only a unilateral right stimulus was presented (andthe right hemisphere in response to unilateral right stimuli
detected). It should be noted that these trials were identical (Fig. 5, solid lines in right graphs).
with respect to the patient’s reported conscious percept (of A repeated-measures ANOVA on ERPs elicited in re-
“right” tactile stimulation only), but differed with respect sponse to bilateral extinguished versus unilateral right stim-
to the presence or absence of an undetected tactile stimulusili in patient ED, at right-hemisphere electrodes C4, CP6
on the left handFig. 5shows ERPs elicited at left and right and P4 (with electrode location as an additional factor),
lateral electrode sites on bilateral extinguished trials (thick revealed a main effect of stimulation condition on N110
dashed lines) and on correctly detected unilateral right trials amplitudes £(1,5) = 16.0; P < 0.01). This reflects the
(solid lines), together with ERPs obtained in bilateral correct presence of an N110 component over the right hemisphere
trials (thin dashed lines; see below for further discussion). for bilateral extinguished trials, versus the absence of this
component for unilateral right trials. Wilcoxon signed-rank
tests confirmed this difference for each of these three elec-
trodes (allZ = 2; all P < 0.05).

An analogous ANOVA performed for P60 peak ampli-
tudes yielded a marginal effect of stimulation condition
(F(1,5) = 5.85; P = 0.06), consistent with a contralateral
P60 being elicited by extinguished left tactile stimuli in
addition to the N110. Wilcoxon signed-rank tests revealed
reliably larger P60 amplitudes for bilateral extinguished
relative to unilateral right trials at C4, CP6 and P4 (all
Z > 1.8;all P < 0.05).

In contrast, the P60 elicited over the left hemisphere was
virtually identical for bilateral extinguished and unilateral
right trials ig. 5, left), which underlines the fact that this
component is triggered by stimulation of the contralateral
(right) hand. While the left hemisphere N110 may appear in
the figure to be somewhat larger for bilateral extinguished
relative to unilateral right trials (suggesting some possible
impact of the extinguished left stimulus on this ipsilateral
component), this difference could not be substantiated by
statistical analyses.

The pattern of SEP results shown kig. 5, thus indi-
cates that extinguished left tactile stimuli receive sufficient
unconscious residual processing to still generate P60 and
N110 components over the right hemisphere. Although uni-
lateral right and bilateral extinguished trials led to the same
conscious reports from patient ED (i.e. of “right” stimula-
tion only), they appear to differ substantially with respect
to tactile processing in somatosensory areas of the right
hemisphere, as revealed by the SEP data.

LEFT HEMISPHERE

RIGHT HEMISPHERE

—— Unilateral right correct
- Bilateral extinguished
Bilateral correct

Fig. 5. SEP waveforms in extinction patient ED recorded at lateral elec-
trodes over the left (intact) and right (lesioned) hemisphere, on trials
where a unilateral right stimulus was detected successfully (unilateral
right correct; thin solid lines), on bilateral stimulation trials where the
left stimulus was extinguished (bilateral extinguished; thick dashed lines),
and on bilateral stimulation trials where the left stimulus was detected
successfully (bilateral correct; thin dashed lines).

Comparison ofigs. 2 and Suggests that P60 and N110
components were elicited over the right hemisphere both on
unilateral left trials Fig. 2, solid lines in right graphs) and
on bilateral extinguished trial$-{g. 5, thick dashed lines in
right graphs). These early lateralised SEP components were
similar in terms of their latency and morphology in these two
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stimulation conditions. If any trend existed, this was actually was significantly reduced in amplitude over the damaged
for P60 amplitudes to be numerically somewhat larger on right hemisphere in response to unilateral left-hand stim-
bilateral extinguished trials, although this was not reliable ulation, as compared with the left-hemisphere component
(t(5 < 1). Thus, the early contralateral SEP component found in response to right-hand stimulation (deigs. 2
for left-hand stimulation recorded over the right hemisphere and 4. This departs from the symmetric pattern typically
appeared at least as large for extinguished left touch onfound for normal subjects (e.§16]), as observed for the
bilateral trials, as for felt touch on unilateral left trials. These age-matched control subjects heFég( 3).
observations underline that extinguished left tactile stimuli  This result adds to a growing body of evidence that al-
still receive residual processing in the contralateral (right) though extinction is conventionally defined as a behavioural
somatosensory cortex. deficit arising only on bilateral trials, there may in fact be an
Because the extinction rate for patient ED was around underlying pathology even for unilateral stimulation on the
75%, there were relatively few trials where bilateral trials contralesional side of space. Previous evidence for this has
were correctly detected and this fact precluded any mean-come primarily from visual rather than tactile studies (e.g.
ingful formal statistical comparison of SEPs for bilateral [25-27,41] see als$3,9]). For instance, Marzi et gJ25,26]
correct versus bilateral extinguished trials. Nevertheless, werecently reported reduced visual N1 components at poste-
show the mean patterns for completendsg. 5 includes rior electrodes contralateral to left unilateral visual stimuli,
SEPs elicited by bilateral correct (thin dashed lines) and in right-hemisphere patients with left visual extinction. This
bilateral extinguished trials (thick dashed lines) at left and might be considered somewhat analogous to the reduced P60
right lateral electrodes. While P60 and N110 amplitudes ap- found here for left-hand tactile stimulation in patient ED.
pear similar for the two types of trials at left electrodes, Marzi et al.[26,27]have also reported that subtle deficits
the right-hemisphere P60 component (which was elicited for unilateral contralesional visual stimulation may also be
by tactile stimulation delivered to the left hand, as shown apparentbehaviourally in extinction patients, in the form
above) appeared larger on trials where left stimuli were cor- of increased latencies (or errors, once ceiling effects are
rectly detected, as compared to trials where these stimuliavoided). Note that patient ED’s vocal responses to unilat-
were extinguishedHig. 5, right). Although relatively few eral tactile stimulation of the left hand were, analogously,
trials contributed to the SEP waveforms for bilateral correct slower than for the right hand, to an extent that exceeds nor-
trials, this amplitude enhancement of the P60 relative to bi- mal callosal transmission tim§28]; seeTable 2 Moreover,
lateral extinguished trials was present in both experimental by contrast, the age-matched controls responded somewhat
sessions. This may provide preliminary, suggestive evidencefaster to left-hand stimuli than to stimulation of the right
for a possible difference even in the early somatosensoryhand in the identical task. This behavioural slowing for pa-
processing of tactile signals from the left hand, that could tient ED may relate to the reduced amplitudes of the P60 and
relate to the presence versus absence of tactile extinction orN110 that we found for SEPs in response to left-hand stim-
particular bilateral trials. ulation. The present tactile results, together with previous
visual results, thus suggest that an underlying deficit in ex-
tinction patients may exist for stimuli on the contralesional
5. Discussion side of space even amilateral trials. Extinction may then
arise on bilateral trials because the attenuated response to a
We examined the neural correlates of extinction using contralesional stimulus must now compete with the stronger
ERP measures, in a similar manner to recent pioneeringresponse to a simultaneous ipsilesional stimulus.
visual studies (e.d25,26} see als¢15,41), except that we A further aim of the present study was to examine the
now applied ERP measures to study tactile rather than visualneural fate of extinguished tactile stimuli on those bilat-
extinction. We recorded SEPs from patient ED, who had left eral trials where extinction did arise, by comparing SEPs
tactile extinction as a result of unilateral right-hemisphere on bilateral-extinction trials against those for unilateral right
damage. SEPs were recorded in response to unilateral owstimulation. Somatosensory P60 and N110 components were
bilateral stimulation, delivered to the left and/or right index clearly elicited at lateral electrodes over the right hemi-
finger. The patient had to report verbally his conscious tactile sphere, on bilateral trials when an extinguished tactile stim-
percept (“left”, “right” or “both”) on each trial. ulus was delivered to the left hand (déig. 5. In contrast,
Early sensory-specific somatosensory components (P60these components were entirely absent at right-hemisphere
and N110) were elicited contralateral to the stimulated electrodes on trials where only the right hand was stimulated,;
hand on unilateral trials. These components were simi- a difference which was confirmed statistically. Although
lar, in terms of morphology and scalp distribution, to the these two types of trials received the same conscious percep-
early SEP components observed for two age-matched neutual report from patient ED (i.e. that only a right touch was
rologically unimpaired control participants, as well as for felt), the SEP data reveal that they differed systematically
SEPs recorded in response to equivalent tactile stimuli with over right somatosensory cortex, with the extinguished left
younger participant groups in other studies (§1d,17). touch still triggering P60 and N110 components. Moreover,
More importantly, the P60 component found in patient ED while these components were smaller in amplitude than for
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right touch at left-hemisphere siteSi§. 5), they were com- right-hemisphere P60 component may have been larger on
parable to those found for consciously felt left touches over those bilateral trials where patient ED successfully detected
the right hemisphere{g. 2, right). This latter observation  both of the concurrent tactile stimuli, rather than showing
may suggest that the competitive processes responsible foextinction (seeFig. 5, right). But because ED showed ex-
blocking conscious perception of left-hand stimuli on bilat- tinction on the majority (75%) of trials, we had insuffi-
eral trials are not located at early somatosensory processingcient power for formal assessment of this tendency in the
stages, but primarily affect subsequent stimulus evaluation present study; it, therefore, requires further corroboration.
(see alsd26] for similar suggestions with respect to visual If this pattern does prove to be reliable in future studies,
extinction). it could provide a tactile analogue of Marzi et §5] re-

As noted inSection 1 early SEP components of the type cent demonstration that contralateral visual ERP compo-
studied here are thought to relate to activity in primary and/or nents (in their case, the N1) can be larger in amplitude for
secondary somatosensory cortices (€1§,22. If so, then those bilateral trials on which both stimuli reach the patient’s
the present SEP findings for patient ED imply that residual awareness. The fact that the P60 component in response to
activation of primary and/or secondary somatosensory cor- correctly detected unilateral left stimuli was numerically (al-
tex, by touch on the contralesional hand, can be insufficient though not significantly) smaller than the P60 observed on
to generate tactile awareness in an extinction patient. In thisbilateral-extinction trials might initially appear inconsistent
respect, our results seem reminiscent of recent visual stud-with any idea that this component is related to the conscious
ies which used fMRI to show that activation of striate and detection of left-side tactile stimuli. However, modulations
extrastriate cortex can analogously be insufficient to gen- in early tactile processing of left-hand stimuli (as reflected by
erate corresponding visual awareness in extinction patientscontralateral P60 amplitudes) might influence stimulus de-
(e.g.[34,42). In the tactile domain, our results may also tection primarily under conditions where these stimuli must
accord with recent evidence on unconscious somatosensorgompete with concurrent right tactile events, and hence could
processing from a different tactile disorder. Preissl| €34} have less influence in determining whether a left-hand stim-
used MEG to study two patients with tumours in right pari- ulus is detected or missed when it is presented in isolation.
etal cortex near the central sulcus, and consequent loss of all
tactile sensation for the left hand (even for unilateral stimu-
lation). Early neural activity attributed to primary right so- 6. Conclusions
matosensory cortex was found to be preserved, despite the
loss of tactile awareness. Moreover, in a pioneering electro- The present single-case study demonstrates that an extin-
physiological study, Vallar et a[39] found relatively pre- guished left tactile stimulus can still produce reliable P60
served SEPs for unacknowledged unilateral touch on the leftand N110 components at lateral right-hemisphere sites over
hand, in right-hemisphere patients with neglect. somatosensory cortex, despite failing to reach the patient’s

Considering these results together with our own suggestsawareness. This provides a possible neural basis for pre-
that significant residual activity in early areas of somatosen- vious behavioural demonstrations of residual unconscious
sory cortex (or in our case, reliable components recorded processing of extinguished tactile stimuli (e[#,6,24). In
at electrodes over these sites) can be insufficient to gener-addition, our results show that an underlying deficit may
ate tactile awareness. However, this need not entail that theexist even forunilateral tactile stimuli presented to the
overall level of activity in such areas plays absolutely no contralesional hand, with the early contralateral SEP com-
role in awareness. Forss et §l8] found with MEG that ponents showing reduced amplitudes in comparison with
the strength of early components attributed to right S1 (in those for the right hand, and with behavioural responses to
response to unilateral electric stimulation of the left median unilateral left-hand stimuli being slower, in the patient only.
nerve) reflected the severity of conscious tactile impairment Taken together, our results for bilateral and unilateral trials
in right-hemisphere stroke patients. Moreover, in a recent suggest that tactile extinction can arise due to an attenuation
PET study, Remy et a[35] found that the activation level rather than elimination of somatosensory processing for the
in right S1 was reduced during bilateral stimulation of the contralesional hand.
hands, in a group of extinction patients with primarily sub-
cortical right-hemisphere damage.
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