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chaos (Fig. 2), confirm that the degree of cardiac chaos was
decreased in the CHF patients.

These critical tests strongly support the suggested prevalence of
cardiac chaos in healthy subjects8,9. Moreover, our results indicate
that cardiac chaos persists in CHF patients, albeit less strongly than
in healthy subjects. The intermittent heartbeat oscillations char-
acteristic of these patients22 (Fig. 1) suggest that they may be at the
brink of intermittency, a common route to and out of chaos25.
Whereas the effect of noise contamination of the data precluded the
reliable detection of chaos with previous approaches, we have used
this property to evaluate statistically the changes in cardiac chaos
with heart disease. Such a statistical approach has been made
possible by the sensitivity, specificity and computational efficiency
of the chaotic test19.

Our results do not reveal the mechanisms of cardiac chaos and its
recession in heart failure; indeed abnormalities in left ventricular
and autonomic system functions may all contribute to a decrease in
complexity of the heartbeat nonlinear dynamics in CHF patients22.
Nevertheless, of all the subjects tested, only one CHF patient failed
both diagnostic criteria, corresponding to a type-I and type-II
diagnostic error of 9% and 0%, respectively. Such remarkable
consistency of the chaotic tests, together with the efficiency of the
computational algorithm, suggest that such indices of chaos may
be used as a specific, non-invasive and on-line diagnostic test for
heart disease, and a possible indicator of imminent ventricular
fibrillation26. M
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Recognition of facial expressions is critical to our appreciation of
the social and physical environment, with separate emotions
having distinct facial expressions1. Perception of fearful facial
expressions has been extensively studied, appearing to depend
upon the amygdala2–6. Disgust—literally ‘bad taste’—is another
important emotion, with a distinct evolutionary history7, and is
conveyed by a characteristic facial expression8–10. We have used
functional magnetic resonance imaging (fMRI) to examine the
neural substrate for perceiving disgust expressions. Normal
volunteers were presented with faces showing mild or strong
disgust or fear. Cerebral activation in response to these stimuli
was contrasted with that for neutral faces. Results for fear
generally confirmed previous positron emission tomography
findings of amygdala involvement. Both strong and mild expres-
sions of disgust activated anterior insular cortex but not the
amygdala; strong disgust also activated structures linked to a
limbic cortico–striatal–thalamic circuit. The anterior insula is
known to be involved in responses to offensive tastes. The neural
response to facial expressions of disgust in others is thus closely
related to appraisal of distasteful stimuli.

We aimed to demonstrate distinct neural substrates for percep-
tion of two emotions, fear and disgust, replicating previous obser-
vations of a link between fear perception and amygdala activation5,6,
and examining the substrate for perception of disgust. It was
postulated that perception of facial expressions of disgust would
involve structures implicated in the appreciation of offensive
stimuli. A cortico–striatal–thalamic circuit has been identified in
primates11, which may be involved in responses to emotive stimuli.
There is clinical evidence for the probable involvement of some of
these structures in appreciation of disgust: impaired recognition of
disgust from facial expressions has been reported both in patients
with symptomatic Huntington’s disease12, and presymptomatic
carriers of the Huntington’s gene13.

Subjects viewed grey-scale pictures of faces from a standard set14

depicting disgusted, fearful and neutral expressions. There were two
levels of intensity (75 and 150%) for the facial expressions of disgust
and fear for each individual face, and one level for the neutral
expression, all produced by computer graphical manipulation of the
prototype of each expression15 (Fig. 1). As a neutral face, we used an
image with a slightly (25%) happy expression (see Methods).
Subjects viewed blocks of emotional (disgusted or fearful) faces
alternating with neutral faces in blocks. There were four separate
experiments, in a randomized order, incorporating an alternating
(neutral/emotional) design for each emotion (fear/disgust) and
intensity of expression (mild, 75%; strong, 150%). After presenta-
tion of each face, subjects made a decision as to its sex by pressing
one of two buttons with the right thumb. The sex decision task was
chosen to allow an identical task and response across all conditions,
and to permit comparison to a previous study of fear which also
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used this procedure6. We assumed (and our data confirm) that there
would be a neural response to the face’s displayed emotion even
though subjects were not explicitly asked about it. Subjects were not
informed that the aim of the study was to investigate responses to
emotional expression.

Activation was demonstrated in the left amygdala for perception
of fearful facial expression at the 75% intensity level with a voxel-
wise probability of type I (false-positive) error P , 0:004. At this
level of significance testing, we expect less than 6 false-positive
voxels in a slice of the image comprising about 1,500 voxels in total.
At the 150% level of fearful expression, we could not demonstrate
activation of the amygdala at this relatively conservative level of
significance testing. As the amygdala has been shown to be respon-
sive to fear in other studies, we adopted a region of interest
approach to analysis of these data. We tested the 18 voxels
representing the amygdala complex bilaterally, with voxel-wise
probability of type I error P , 0:02; at this level, we expect less
than one false-positive voxel in the right and left amydala regions.
This approach demonstrated significant activation in the right
amygdala for perception of 150% fearful facial expression (see
Table 1a, b for details of generic brain activation foci in response
to fearful facial expression). The lack of a dose-response effect for
perception of fearful facial expression is discussed below.

The principal focus of interest in our study was the neural

response to facial expressions of disgust. The most striking finding
for perception of facial expressions of disgust was activation in the
right insula (P , 0:004), but not the amygdala (Table 1c, d and Fig.
2). Activation in the right anterior insula was significantly greater
(P , 0:004) for perception of the 150% compared with the 75%
disgust intensity (Table 1e and Fig. 3).

We have demonstrated a neural substrate for perception of facial
expressions of disgust involving primarily the anterior insula, but,
unlike fear, not the amygdala. The anterior insula is connected to the
ventro–posterior–medial thalamic nucleus, and has been identified
in primates as gustatory cortex16, containing neurons that respond
to pleasant and unpleasant tastes17. In humans, anterior insula
activation has been demonstrated while tasting salt in a functional
imaging study18. Insula activation has also been demonstrated
during perception of aversive stimuli such as pain19. Activation of
the anterior insula during perception of facial expressions of disgust
suggests that appreciation of visual stimuli depicting other’s disgust
is closely linked to the perception of unpleasant tastes and smells8.
We also demonstrated activation in medial frontal cortex (Brod-
mann area 32, BA 32), anatomically connected with orbitofrontal
cortex20, during appreciation of both intensities of disgust, and in
the right putamen and thalamus for the higher intensity of disgust.
The emotional response to visceral, offensive stimuli may involve a
limbic circuit connecting orbitofrontal cortex with ventral striatum

Figure 1 Faces from a standard set14 were computer-transformed15 to create two

levels of intensity of expressed fear and disgust. Examples of faces depicting

100% neutral, 75 and 150% disgust, and 75 and 150% fear are demonstrated,

together with an example of a stimulus depicting a mildly happy expression (75%

neutral and 25% happy) which was used as the neutral baseline.

Table 1 Main activated brain regions in the different experiments

BA/region Side Tal. x* Tal. y* Tal. z* No activated
voxels

.............................................................................................................................................................................

(a) 75% Fearful faces versus neutral faces
.............................................................................................................................................................................

Insula L −40 −25 4 8†
.............................................................................................................................................................................

Amygdala L −26 −14 −13 3†
−26 −6 −7 1†

.............................................................................................................................................................................

(b) 150% Fearful faces versus neutral faces
.............................................................................................................................................................................

Putamen R 23 8 −7 7†
29 11 20 5†

.............................................................................................................................................................................

Amygdala R 20 −11 −13 4‡
.............................................................................................................................................................................

(c) 75% Disgusted faces versus neutral faces
.............................................................................................................................................................................

Anterior-mid Insula R 35 −11 −2 5†
38 −6 4 3†

.............................................................................................................................................................................

32/Medial frontal cortex R 17 39 9 5†
.............................................................................................................................................................................

(d) 150% Disgusted faces versus neutral faces
.............................................................................................................................................................................

32/Medial frontal cortex L −3 42 15 14†
.............................................................................................................................................................................

18/Peristriate cortex L −14 −72 −7 11†
.............................................................................................................................................................................

Anterior insula R 35 31 9 10†
46 11 9 8†

L −32 22 15 6†
.............................................................................................................................................................................

23/Posterior cingulate cyrus R 3 −53 15 8†
.............................................................................................................................................................................

46/Dorsolateral prefrontal
cortex

R 35 42 15 7†

.............................................................................................................................................................................

19/Parastriate cortex R 29 −75 15 5†
.............................................................................................................................................................................

Thalamus R 26 −31 15 5†
.............................................................................................................................................................................

37/Inferior–posterior L −26 −50 −7 5†
temporal cortex −40 −47 −7 4†
.............................................................................................................................................................................

22/Superior temporal cortex L −43 −36 15 4†
.............................................................................................................................................................................

21/Middle temporal cortex R 46 −28 −2 4†
.............................................................................................................................................................................

Putamen R 23 3 9 4†
.............................................................................................................................................................................

(e) Regions with significantly different activation for 150% versus 75% disgust
.............................................................................................................................................................................

Anterior insula R 38 17 9 16†
.............................................................................................................................................................................

18/Peristriate cortex L −20 −72 −7 8†
.............................................................................................................................................................................
* Talairach co-ordinates refer to the voxel with the maximum FPQ (fundamental power
quotient) in each regional cluster.
† Probability of false activationof each voxel in the generic brain map over all seven subjects
was 0.004.
‡ Probability of false activationof each voxel in the amygdala region of interest over all seven
subjects was 0.02.
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and the mediodorsal thalamic nucleus11. Our results suggest that
structures linked with this circuit are involved in perception of facial
expressions of disgust. Activation of posterior cingulate and visual
cortex (Table 1d, e) may relate to arousal by an emotive visual
stimulus21.

Unlike previously reported positron emission tomography (PET)
findings6, there was no dose-response effect for amygdala activation
with intensity of fearful facial expression. The time parameters
differed between the PET study and our fMRI study; furthermore, a
previous fMRI study has demonstrated rapid within-experiment
habituation of amygdala response5, which could weaken the total
extent of amygdala activation during the course of a five-minute
experiment.

During the experimental procedure, subjects may have merely
mimicked the facial expressions, rather than recognized the emo-
tion depicted. As there was no activation demonstrated in the
supplementary motor area, involved in movements of the
mouth22, for any of the four experiments, this explanation for our
results is unlikely.

The results demonstrate for the first time evidence for a differ-
entiation between the neural responses to facial expressions of two
negative emotions, fear and disgust. Disgust can be considered to be
a response that evolved to lead to avoidance of contamination by
offensive stimuli, and in particular, avoidance of ingestion of
potentially harmful (for example, decayed) food8. We have demon-
strated activation of the anterior insula, with its identified role as
gustatory cortex, during appreciation of visual stimuli depicting
expressions of disgust. Perception of others’ disgust and that of taste

appear, therefore, to have a similar neural substrate. It is interesting
that the neural response to facial expressions of disgust in others
should be linked to brain regions involved in gustatory responses.
This suggests that our responses to others’ disgust have, perhaps
through associative learning between visual stimuli and taste23,
become closely linked to the appraisal of distasteful stimuli. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Subjects. Seven right-handed healthy volunteers (five female and two male;
mean age, 27 years; mean IQ estimate, 115) participated in the study. Exclusion
criteria included history of brain injury and past and current psychiatric illness.
No subject was taking regular medication.
Experimental design. Subjects participated in four 5-min experiments for
presentation of emotional versus neutral facial stimuli. The faces of eight
individuals (three male and five female) from a standard set of ‘prototype’
expressions of emotion14 were computer-transformed15 to create two levels of
intensity of expressed fear and disgust (Fig. 1). At 75% intensity, the image was
positioned with its features 75% along the continuum from neutral to the
disgust prototype, or from neutral to the fear prototype. At 150% intensity,
differences between the locations of facial features in the fear or disgust
prototypes and a neutral expression were exaggerated by 50%. Studies of
normal subjects have found that 150% images are recognized faster than 75%
images for facial expressions of all basic emotions, showing the efficacy of this
procedure in enhancing perceived emotion24. In view of the fact that 100%
neutral (muscles relaxed) faces from the standard set can appear slightly cold
and threatening because it is conventional to signal approval in normal social
interaction, we used as the neutral baseline stimulus a very slightly happy
expression (75% neutral, 25% happy; Fig. 1). To familiarize subjects with the
stimuli, they viewed all faces once, each presented for 3 s on a portable
computer screen. In each experiment, the eight different faces depicting the
same emotion and intensity of expression were presented one at a time on a
computer screen in randomized order for 3 s each, followed by a 0.75-s interval
in which the screen was blank. This was followed by presentation of eight
neutral faces of the same eight individuals in a similar way. Stimuli were
presented 3.5 m from the subject, subtending visual angles of ten degrees
horizontally and eight degrees vertically. Each experiment comprised ten
separate 30-s presentation phases, alternating between emotional (phase A)
and neutral (phase B) stimuli, with the first presentation, either emotional (A)
or neutral (B), counterbalanced across experiments for each subject, and also
across subjects. The presentation order of the four experiments was also
counterbalanced across subjects. Subjects made a decision as to the sex of
each face by pressing one of two buttons with the right thumb. To allow for
practice with the button box, subjects were presented with eight 100% neutral
faces before each of the four different experiments. Accuracy of judgement of

Figure 2 Generic brain activations in seven right-handed normal subjects during

perception of faces depicting 75% (top row) and 150% (bottom row) disgust

intensity. The grey-scale template was calculated by voxel-by-voxel averaging of

the individual EPI images of all subjects, following transformation into Talairach

space. The transverse sections in each experiment are at 2mm below (left) and

9mm above (right) the AC-PC line (right side of the brain on the left side of each

section, and vice versa). Major regions of activation (probability of false activation

,0.004) for perceptionof faces depicting 75%disgust versus aneutralexpression

are demonstrated in the right insula (I) and right medial frontal cortex (BA 32);

those for faces depicting 150% disgust versus a neutral expression are

demonstrated in the right and left anterior insula (I), right anterior insula bordering

on inferior frontal cortex (BA 44), right putamen (P), and right middle temporal

gyrus (BA 21).

Figure 3 The difference image

demonstrating significant (P , 0:004)

differences in activation for perception

of faces depicting 150% intensity of

disgust (versus a neutral expression)

and faces depicting 75% intensity of

disgust (versus a neutral expression).

The grey-scale template was as for

Fig. 2. The largest region of activation

was in the right anterior insula (Talair-

ach coordinates 38, 17, 9), with twice

the number of activated voxels com-

pared with other regions of the differ-

ence image. Transverse (z ¼ 9) and

coronal (y ¼ 17) sections are shown

depicting this activation in the right

insula.
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sex for all faces by the seven subjects was near 100% (mean response over all
subjects and experiments: 96.6%, range: 81.3–100%).
Image acquisition and analysis. Echoplanar MR brain images were acquired
using a 1.5 Tesla GE Signa system (General Electric) retrofitted with advanced
NMR hardware (ANMR) using a standard head coil. 100 T2*-weighted images
depicting BOLD contrast25 were acquired over 5 min (for each experiment) at
each of 14 near-axial non-contiguous 5-mm-thick planes parallel to the
intercommissural (AC-PC) line, providing whole-brain coverage: TE, 40 ms;
TR, 3 s; in-plane resolution, 3 mm; interslice gap, 0.5 mm. An inversion
recovery EPI dataset was also acquired at 43 near-axial 3-mm-thick planes
parallel to the AC-PC line: TE, 80 ms; TI, 180 ms; TR, 16 s; in-plane resolution,
3 mm; number of signal averages, 8. The periodic change in T2*-weighted
signal intensity at the (fundamental) experimentally determined frequency of
alternation between A and B conditions was analysed by pseudogeneralized
least-squares (PGLS) fit of a sinusoidal regression model to the movement-
corrected26 time series at each voxel, yielding parametric maps of the squared
amplitude of the response at the stimulus frequency divided by its standard
error—the fundamental power quotient, FPQ (ref. 27). Each observed time
series was randomly permuted ten times, and FPQ estimated as above in each
randomized time series, to generate 10 randomized parametric maps of FPQ
for each subject in each anatomical plane. To construct generic brain activation
maps, showing brain regions activated over a group of subjects, observed and
randomized parametric maps of FPQ estimated in each individual were first
transformed into the stereotactic space of Talairach and Tournoux and
smoothed by a gaussian filter with full width at half maximum of 11 mm
(ref. 28). The median observed value of FPQ was then computed at each voxel
in standard space and its statistical significance tested by reference to the null
distribution of median FPQ computed from the identically smoothed and
spatially transformed randomized maps. For a one-tailed test of size p, the
critical value was the 100*(1 2 p)th percentile of the randomization
distribution29. To identify voxels that demonstrated significant difference in
standardized power of response to faces that expressed disgust with different
intensities, the observed difference in median FPQ between these two experi-
mental conditions was computed at each voxel. Subjects were then randomly
reassigned to one of two equal-sized groups and the difference in median FPQ
between randomized groups was computed at each voxel30. This process was
repeated 64 times and the results were pooled over voxels to generate a null
distribution for difference in median FPQ. For a two-tailed test of size p, the
critical values were the 100*(1 2 p=2)th and 100*(p=2)th percentiles of the
randomization distribution.
Received 26 March; accepted 8 July 1997.
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There are many strains of the agents that cause transmissible
spongiform encephalopathies (TSEs) or ‘prion’ diseases. These
strains are distinguishable by their disease characteristics in
experimentally infected animals, in particular the incubation
periods and neuropathology they produce in panels of inbred
mouse strains1–4. We have shown that the strain of agent from
cattle affected by bovine spongiform encephalopathy (BSE) pro-
duces a characteristic pattern of disease in mice that is retained
after experimental passage through a variety of intermediate
species5–7. This BSE ‘signature’ has also been identified in trans-
missions to mice of TSEs of domestic cats and two exotic species of
ruminant6,8, providing the first direct evidence for the accidental
spread of a TSE between species. Twenty cases of a clinically and
pathologically atypical form of Creutzfeldt–Jakob disease (CJD),
referred to as ‘new variant’ CJD (vCJD)9, have been recognized in
unusually young people in the United Kingdom, and a further case
has been reported in France10. This has raised serious concerns
that BSE may have spread to humans, putatively by dietary
exposure. Here we report the interim results of transmissions of
sporadic CJD and vCJD to mice. Our data provide strong evidence
that the same agent strain is involved in both BSE and vCJD.

Transmissions to mice were set up from six typical sporadic cases
of CJD (spCJD) and three cases of vCJD. All were homozygous for
methionine at codon 129 of the ‘prion protein’ (PrP) gene, and none
carried PrP gene mutations associated with familial disease. The
spCJD cases included two dairy farmers (aged 61 and 64 years) who
had had BSE in their herds and had therefore been potentially
exposed to BSE-infected cattle or contaminated animal feed11; two
‘contemporary’ cases (aged 55 and 57 years) with no known
occupational exposure to BSE; and two ‘historical’ cases (aged 57
and 82 years) who had died in 1981 and 1983, before the onset of the


