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Dissociation of Neural Representation of Intensity
and Affective Valuation in Human Gustation

tration irrespective of valence (e.g., focus upon how
bitter the solution is compared to other bitter solutions),
many subjects are quite successful at using intensity to
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reflect stimulus concentration (Small et al., 2001b).1Cognitive Neurology and Alzheimer’s
Although this “negative bias” for intensity (Carretie etDisease Center

al., 2001) appears to be common to all sensory modal-2 Cognitive Brain Mapping Group
ities, Anderson and colleagues have argued that it is3 Department of Neurology
easier to achieve a dissociation between affect and in-4 Department of Psychology
tensity in the olfactory modality because stimuli are sim-5 Department of Radiology
ple and relatively free from confounding semantic ma-6 Northwestern University Institute
nipulations, which characterize many visual stimuli (e.g.,for Neurosciences
pleasant and unpleasant visual scenes) (Anderson et al.,Northwestern University Feinberg
2003). Thus, they were able to successfully dissociateMedical School
the perception of odor intensity from affective valence320 East Superior Street
and found that activation in the amygdala was associ-Chicago, Illinois 60611
ated with intensity regardless of valence, whereas activ-
ity in the orbitofrontal cortex reflected valence irrespec-
tive of intensity. Although the orbitofrontal cortex isSummary
consistently implicated in affective processing of visual
(LaBar et al., 2001; Morris et al., 1997; Stoleru et al.,We used a 2 � 2 factorial design to dissociate regions
1999), somatosensory (Apkarian et al., 1999, 2000, 2001;responding to taste intensity and taste affective va-
Francis et al., 1999), auditory (Blood and Zatorre, 2001;lence. Two intensities each of a pleasant and unpleas-
Blood et al., 1999), olfactory (O’Doherty et al., 2000;ant taste were presented to subjects during event-
Royet et al., 2000; Zald and Pardo, 1997), gustatoryrelated fMRI scanning. The cerebellum, pons, middle
(O’Doherty et al., 2001b, 2002; Zald et al., 1998, 2002),insula, and amygdala responded to intensity irrespec-
food (Berns et al., 2001; Small et al., 2001a), and ab-tive of valence. In contrast, valence-specific responses
stractly rewarding stimuli (O’Doherty et al., 2001a; Thutwere observed in anterior insula/operculum extending
et al., 1997), the notion that the amygdala codes forinto the orbitofrontal cortex (OFC). The right caudolat-
intensity rather than affective valence contrasts with aeral OFC responded preferentially to pleasant com-
multitude of earlier reports of amygdala response topared to unpleasant taste, irrespective of intensity,
affectively laden stimuli (Baxter and Murray, 2002; Laneand the left dorsal anterior insula/operculuar region
et al., 1997; Morris et al., 1997; O’Doherty et al., 2001a,responded preferentially to unpleasant compared to
2001b, 2002; Royet et al., 2000; Small et al., 1997; Zald,pleasant tastes equated for intensity. Responses best
2003a; Zald et al., 1998, 2002; Zald and Pardo, 1997).characterized as an interaction between intensity and
However, the Anderson study differs from the vast ma-pleasantness were also observed in several limbic re-
jority of earlier studies in that intensity was indepen-gions. These findings demonstrate a functional segre-
dently manipulated and matched across affective va-gation within the human gustatory system. They also
lences.show that amygdala activity may be driven by stimulus

In the current study, we sought to extend the findingsintensity irrespective of valence, casting doubt upon
of Anderson and colleagues to the gustatory modalitythe notion that the amygdala responds preferentially
and to include whole-brain coverage. To ensure that our

to negative stimuli.
stimuli were carefully equated for affect and intensity,
subjects were brought into the chemosensory lab prior

Introduction to scanning and asked to rate the intensity and pleasant-
ness of several concentrations of sweet (pleasant) and

Sensory systems must code for a variety of perceptual bitter (unpleasant) solutions. Stimulus concentration
characteristics of sensory stimuli. In the gustatory sys- was yoked independently for each subject so that rat-
tem, the primary dimensions are quality (sweet, sour, ings would fall within the targeted range (Figure 1). The
salty, bitter, or savory), intensity, and affect (pleasant/ results of ratings taken during scanning are illustrated in
unpleasant). These dimensions tend not to be orthogo- Figure 1 and show that the dissociation was maintained
nal but interact so that subjects have considerable diffi- throughout the experiment with no habituation. In the
culty providing perceptual ratings of intensity indepen- scanner, intense pleasant (IP), intense unpleasant (IUP),
dently from affective valence (Pfaffmann, 1980). For weak pleasant (WP), weak unpleasant (WUP), and taste-
example, very weak concentrations of bitter-tasting so- less (O’Doherty et al., 2001b) solutions were delivered
lutions (negative valence) tend to be rated as quite in- as 0.5 cc over a 5 s period with a cue to swallow oc-
tense, while strong concentrations of sweet-tasting curring 15 s after stimulus onset (Figure 2). In accor-
solutions (positive valence) are rated as quite weak. dance with Anderson and colleagues, we found that the
However, if subjects are trained to rate stimulus concen- amygdala was responsive to intensity irrespective of

valence, whereas the orbitofrontal cortex was respon-
sive to affective valence and not intensity. In addition,*Correspondence: d-small@northwestern.edu
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Figure 1. Mean Intensity and Affective Rat-
ings over Time

Mean intensity (left) and affective (right) rat-
ings across three time points (time 1, prior
to first scan; time 2, following fourth scan
[midexperiment]; time 3, after final scan). IP,
intense pleasant; IUP, intense unpleasant;
WP, weak pleasant; and WUP, weak unpleas-
ant. Ratings were made on 11 point scales
(Intensity: 0, no intensity; 3, weak; 7, strong;
and 10, extremely intense. Pleasantness: 0,

extremely unpleasant; 3, unpleasant; 5, neutral; 7, pleasant; and 10, extremely pleasant). Only subjects whose ratings fell within the targeted
range in the screening session were asked to participate in the fMRI session (15/19). The targeted range was defined as intensity ratings of
8 � 1 (intense) and 2 � 1 (weak) for both solutions and a pleasantness rating of 8 � 1 for the sweet solution and unpleasantness rating of
2 � 1 for the bitter. Repeated measures analyses of variance indicated that ratings did not change over the duration of the fMRI experiment
[F(1,8) 0.8; p � 0.39] and that the affective ratings of the pleasant and unpleasant stimuli were significantly different [F(1,8) 140; p � 0.001]
as were the intense intensity ratings between the weak and the strong stimuli [F(1,8) 795; p � 0.001]. In addition, the unpleasant stimuli were
rated as equally intense across time (p � 0.21, 0.67, and 0.59, respectively) as were the weak stimuli (p � 0.37, 0.4, and 0.6). However, IP
was rated as more pleasant than the WP at all times (p � 0.001, 0.003, 0.001) and IUP as more unpleasant than WUP (p � 0.002, 0.001,
0.003). Fortunately, the difference between the IP � WP and IUP � WUP did not differ [F(1,8) 0.22; p � 0.75].

we describe a functional segregation within the human main effect of intensity [(IP � IUP) � (WUP � WP)], which
produced activation bilaterally in the middle insula, ponsgustatory system with the cerebellum, brainstem, amyg-

dala, and middle insula coding for intensity and the ante- and cerebellum, left substantia nigra, and right amyg-
dala (Table 1, Figures 3, 4, and 5––green peaks). A con-roventral insula, oribtofrontal cortex, and anterior cingu-

late cortex coding for affective valence. junction analysis (based upon a fixed-effects model) was
also performed to isolate responses that were greater in
intense pleasant (IP) compared to weak pleasant (WP)Results
and also greater in intense unpleasant (IUP) compared
to weak unpleasant (WUP) [(IP � WP) and (IUP � WUP)].Data were analyzed with SPM99 (Wellcome Department

of Neurology, London) using group random effects anal- This resulted in a very similar activation pattern as did
the random effects analysis. In both intensity analyses,yses and conjunction analyses within a fixed-effects

model. Several different analyses were performed to insular activations correspond well to the region identi-
fied as the putative primary gustatory area in humansaddress coding of each of the three main perceptual

dimensions: intensity, pleasantness, and unpleasant- (Figure 4) (Petrides and Pandya, 1994; Small et al., 1999).
The amygdala activation was in a posterior region of theness. We applied Gaussian random field theory as imple-

mented in SPM99 (Friston et al., 1994; Worsley and Fris- amygdala almost at the junction with the hippocampus
(Figure 3). This is the same region that Anderson andton, 1995). This required using an initial t map threshold

of p � 0.001 uncorrected. Areas were then considered colleagues reported correlated with ratings of odor in-
tensity irrespective of valence (Anderson et al., 2003).significant if their associated clusterwise p value was

p � 0.05 corrected across the entire brain volume for Figure 3 shows the amygdala activations from the ran-
dom effect analysis and from two representative sub-unpredicted peaks. For predicted peaks, a priori regions

of interest were specified using the small volume correc- jects. The graphs of this figure clearly show that intensity
rather than valence is driving the response in the amyg-tion (SVC) function (to the nearest cluster) in SPM99

(Worsley et al., 1996) and were considered significant if dala. Notably, the weak unpleasant solution tended to
be associated with a decrease in activation. Amygdalathe corresponding voxelwise p value was less than 0.005

corrected for multiple comparisons. activation was also seen in IP � WUP (12, �12, 18; z �
4.0; p � 0.0004 SVC) and IUP � WP, following a region
of interest analysis using a 5 mm sphere around theIntensity Coding

To determine brain regions responding to taste intensity peak isolated in IUP � WUP (p � 0.002). Inspection of
the results from the contrast of intense pleasant minusirrespective of affective valence, we first assessed the

Figure 2. Graphic Depiction of Long Event-
Related Design

A long-event related design was used to en-
able dissociation of the event of interest (tast-
ing) from movement related to swallowing.
Four different taste stimuli (IP, WP, IUP, WUP)
and one tasteless stimulus (with similar ionic
components to saliva; O’Doherty et al.,
2001b) were delivered during the stimulus

block. Events began with delivery of 0.5 cc solution over a 5 s period (stimulus). The liquid was held in the mouth until a 400 Hz tone played
for 5 s signaling the window of time during which subjects were allowed to swallow. The tone was followed by a 5 s rinse, which was in turn
followed by a second tone signaling that the subject should swallow again. The dotted line indicates the predicted hemodynamic response
function (hrf). By signaling the subject to swallow 15 s after taste delivery, the peak of the hrf should be free from contamination by movement
related to swallow. Only this hrf segment of the data is analyzed. Each stimulus was presented twice per run, and a total of eight runs were
performed. Runs lasted for 5 min and 13 s (12.6 s to equilibrate).
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Table 1. Results from Intensity Analyses

Brain Region x y z z Statistic p Value (SVC)

(IP � IUP) � (WP � WUP)
Cerebellum �30 �48 �30 4.0 0.0002

3 �45 �21 3.9 0.001
�18 �57 �21 3.7 0.001

Pons �12 �27 �36 5.2 0.00001
�9 �39 �27 4.3 0.0001
9 �39 �36 4.1 0.0003
9 �48 �30 4.1 0.0001
9 �18 �21 3.7 0.001
6 �27 �39 3.5 0.002

Amygdala 15 �10 �15 3.6 0.001
Substantia nigra �12 �12 �12 4.3 0.0001
Putamen 24 9 �12 3.9 0.0003
Insula/operculum 39 6 �6 3.9 0.008**

42 12 0 3.8 0.001
51 6 �3 3.7 0.001
�45 0 0 3.8 0.001
�33 3 12 3.7 0.001

Anterior cingulate �9 0 51 3.6 0.001
IP � WP
Cerebellum 3 �54 �18 3.7 0.001
Pons 6 �27 �39 4.1 0.0002

�12 �27 �33 3.7 0.001
Amygdala �24 �6 �21 2.9 0.007

�12 �12 �21 2.8 0.008
Thalamus 21 �15 18 3.7 0.002
Insula/operculum �45 9 6 3.8 0.001
Insula 36 9 �3 3.9 0.001
Posterior insula �39 �30 24 3.4 0.004
Anterior cingulate cortex 3 �12 45 4.7 0.05**

15 15 33 4.1 0.02**
�6 �3 39 4.1 0.0002
�15 24 30 3.7 0.0004

Temporal pole �51 15 �21 3.5 0.001
IUP � WUP
Cerebellum �21 �57 �21 4.6 0.0001

�21 �66 �18 3.8 0.003
�33 �54 �30 4.1 0.0001
3 �48 �12 3.6 0.001
27 �45 �27 3.5 0.003
18 �42 �30 3.5 0.004
24 �51 �33 3.3 0.004

Pons 3 �36 �36 3.9 0.0003
�9 �24 �36 3.4 0.001

Amygdala 27 �9 �12 4.0 0.001
Substantia nigra �12 �12 �12 4.3 0.0003
Putamen �21 0 6 3.7 0.001

�30 0 �6 3.6 0.001
�21 12 0 3.4 0.001

Insula/operculum �42 27 0 3.7 0.001
48 27 �12 3.6 0.001

SVC, small volume correction; **cluster p value corrected for entire brain. Italics indicate that a peak falls under the same cluster as the
preceding peak.

weak pleasant (IP � WP) and intense unpleasant minus orbitofrontal cortex, as well as in the right thalamus,
anterior ventral insula/caudal OFC, and ventral striatumweak unpleasant (IUP � WUP) also isolated activation

within the cerebellum, pons, amygdala, and middle in- (Table 2 and Figure 5––magenta peaks). Midline activa-
tions were observed in the hypothalamus and anteriorsula (Table 1).
and subcallosal cingulate cortex. Activation isolated in
this analysis must be present to some extent in bothPleasantness Coding

To ascertain regions of the brain responding preferen- intense pleasant (IP) and weak pleasant (WP). Analysis
of the main effects of each of these conditions showedtially to both intensities of the pleasant taste, we com-

pared the mean activation of the weak and intense that this was indeed the case for the anteroventral insula
(IP � 36, 12, �3; z � 3.4; p � 0.002 SVC; WP � �27,pleasant solutions (IP � WP) to the activation resulting

from the tasteless condition [(IP � WP) � tasteless]. 12, �15; z � 3.3; p � 0.003 SVC), anterior cingulate
(IP � 0, 39, 9; z � 4.5; p � 0.00003 SVC; WP � 0, 36, �3;Activation was observed bilaterally in the caudolateral
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Figure 3. Amygdala Activations

Amygdala activation associated with intensity irrespective of affective valence in the analysis of (IP � IUP) � (WP � WUP) for the group
random effects analysis, plotted onto the mean MRI image (A), and for two representative subjects, (B) and (E), plotted on their respective
anatomical scans. In subject (B), activations occurred at �21, �12, �18 (z � 3.3; p � 0.003 after SVC) and 20, �10, �18 (z � 3.6; p � 0.001
after SVC) and in (E) at �9, �6, �12 (3.9; 0.0001 after SVC). The BOLD sensitivity map (D) (Parrish et al., 2000) from the subject shown in (E)
is presented with the crosshair centered over the area of the amygdala where activation occurred (E). The BOLD detectability map shows
our ability to detect 0.5% signal change within most of the amygdala. Purple indicates ability to detect a 0.5% signal change; blue, 1%; green,
2%; and yellow, 4%. Graphs on the right (C and F) show fitted hemodynamic response function extracted from peak activations indicated by
the white arrow in each of the two representative subjects (y axis, response; x axis, peristimulus time with each line indicating a 5 s interval)
to each of the five trial types (blue solid, IUP; blue dotted, WUP; magenta solid, IP; magenta dotted, WP; yellow solid, tasteless.)

z � 4.2; p � 0.00002; �9, 39, 0; z � 3.8; p � 0.002 SVC; entially to pleasant compared to unpleasant intense
taste. The right caudolateral orbitofrontal cortex was12, 42, 30; z � 4.0; p � 0.0004 SVC; 6, 57, 12; z �

3.4; p � 0.002 SVC), caudolateral orbitofrontal cortex also activated in the comparison of intense pleasant to
weak unpleasant (IP � WUP � 39, 33, �9; z � 3.7; p �(IP � �33, 18, �21; z � 3.5; p � 0.002 SVC; �33, 33, �21;

z � 4.2; p � 0.0001 SVC; WP � 33, 33, �18; z � 4.6; 0.002 SVC), weak pleasant to weak unpleasant (WP �
WUP � 39, 31, �15; z � 3.5; p � 0.001 SVC), and in ap � 0.00009 SVC; �33, 24, �21; z � 3.8; p � 0.001

SVC), and ventral striatum (IP � �27, 9, �9; z � 4.0; region of interest analysis (using a 5 mm sphere from
the peak from IP � IUP) collapsing across intensity [(IP �p � 0.001 SVC; WP � �21, 3, 6; z � 3.4; p � 0.001 SVC;

30, 9, 3; z � 3.2; p � 0.002 SVC). Intense pleasant WP) � (IUP � WUP)] (p � 0.001), strongly suggesting
that it is activated preferentially by pleasant comparedcompared to intense unpleasant (IP � IUP) showed that

the anterior cingulate cortex (�15, 33, 33; z � 4.2; p � to unpleasant taste, irrespective of intensity. The ante-
rior cingulate cortex was also preferentially activated in0.00008 SVC) and right caudolateral orbitofrontal cortex

(39, 33, �15; z � 3.2; p � 0.007 SVC) responded prefer- a region of interest analysis using a 5 mm sphere from
the peak identified in [(IP � WP) � tasteless] (0, 39,6)
in the comparison [(IP � WP) � (IUP � WUP)] (p �
0.0004).

Unpleasantness Coding
To uncover regions of the brain responding preferen-
tially to both concentrations of unpleasant taste, we
compared the mean activation of the weak and intense
unpleasant solutions (IUP � WUP) to the activation re-
sulting from the tasteless condition [(IP � WP) � taste-
less]. This produced activation in the midbrain, putamen,
hypothalamus, claustrum, anterior insula/operculum, or-
bitofrontal cortex, anterior, and subcallosal cingulate
gyrus (Table 3 and Figure 5––blue peaks). The main
effects analyses for IUP and WUP indicated that the
hypothalamus (IUP � �12, �9, �3; z � 3.9; p � 0.001Figure 4. Regions of the Insular Responding to Intensity
SVC; WUP � 3, �15, �6; z � 3.5; p � 0.004 SVC),Bilateral activation in the insula as a main effect of intensity [(IP �
anterior insula/operculum (IUP � �39, 27, 3; z � 4.8;IUP) � (WP � WUP)] (peaks circled are reported in Table 1 under

insula). p � 0.0002; 36, 3, �3; z � 4.5; p � 0.0001 SVC; 39, 27,



Representation of Taste Intensity and Valence
705

Table 2. Results from Pleasant Analyses

Brain Region x y z z Statistic p Value (after SVC)

IP � WP � tasteless
Putamen �27 12 �12 3.9 0.00001**

27 9 �9 3.7 0.001
27 15 �15 3.4 0.002

Claustrum �30 12 �3 3.4 0.002
�33 3 �3 3.3 0.003

Hypothalamus 0 �12 �12 4.3 0.0001
Thalamus (ventroposteromedial) 12 �27 6 4 0.0001

9 �24 9 3.9 0.0002
Caudolateral orbitofrontal cortex/ 36 21 �21 4.6 0.00002**
anterior ventral insula
Caudolateral orbitofrontal cortex 39 33 �18 4.0 0.04**

�33 33 �21 3.4 0.002
Subcallosal cingulate cortex �3 33 �6 3.6 0.001
Anterior cingulate cortex 0 39 6 4.7 0.0004**

3 42 �6 4.7 0.004
IP – IUP
Anterior cingulate cortex �15 33 33 4.2 0.000008
Supplementary motor area �12 36 38 4.0 0.03**
Caudolateral orbitofrontal cortex 39 33 �15 3.2 0.001
WP – WUP
Ventral striatum 27 9 �12 4.4 0.00004
Caudolateral orbitofrontal cortex 39 31 �15 3.5 0.001

SVC, small volume correction; **cluster p value corrected for entire brain. Italics indicate that a peak falls under the same cluster as the
preceding peak.

5; z � 4.3; p � 0.001 SVC; 27, 15, �15; z � 4.1; p � Discussion
0.001 SVC; WUP � 39, 33, �3; z � 3.9; p � 0.001 SVC;

Sensory systems must code for a variety of interacting42, 18, �15; z � 3.2; p � 0.002 SVC), orbitofrontal cortex
perceptual dimensions. By carefully equating pleasant(IUP � 42, 18, �12; z � 4.2; p � 0.0003 SVC; 9, 57, �21;
and unpleasant gustatory stimuli for intensity, we werez � 3.8; p � 0.001 SVC; WUP � �39, 15, �18; z � 4.4;
able to demonstrate functional segregation within thep � 0.0002; 33, 27, �15; z � 3.8; 0.006), and anterior
human gustatory system. We report that the cerebellum,cingulate cortex (IUP � 9, 48, 30; z � 5.0; p � 0.0002; �3,
pons, amygdala, and middle insula respond preferen-63, 18; z � 4.0; p � 0.0001; 9, 66, 6; z � 3.7; p � 0.002
tially to taste intensity compared to affective valenceSVC; WUP � 6, 42, 0; z � 4.3; p � 4 � 10�14; 15, 9, 51;
(pleasant or unpleasant), whereas the anterior cingulatez � 3.8; p � 0.001 SVC; �12, 18, 45; z � 3.3; p �
cortex, anterior ventral insula, and orbitofrontal cortex0.001 SVC) were present in both conditions. Again in
responded preferentially to both concentrations of aaccordance with Anderson and colleagues (Anderson
pleasant or unpleasant taste compared to a neutralet al., 2003), the unpleasant taste activated the left

orbitofrontal region, whereas the pleasant taste acti- tasteless solution (Figure 5). Valence-specific effects
were found in the right caudolateral orbitofrontal cortexvated the right orbitofrontal region (Figures 5A–5C).

However, while direct comparison of pleasant versus and anterior cingulate cortex, which responded prefer-
entially to pleasant compared to unpleasant taste irre-unpleasant (IP � IUP) and [(IP � WP) � (IUP � WUP)]

isolated activation in the right caudolateral orbitofrontal spective of intensity (Figure 5C). This result suggests
that these regions may play a specific role in processingregion, the reverse contrasts did not isolate left orbito-

frontal activity, nor was this region observed in IUP � food-related chemosensory stimuli, since sweetness is
commonly encountered in foods, whereas bitter percep-IP or WUP � WP. Valence-specific effects were ob-

served in the dorsal insula/opercular region with the tion tends to signify poison or spoilage. Although the
left anterior orbitofrontal cortex, insula, and frontal oper-intense unpleasant compared to the intense pleasant

taste (IUP � IP) associated with greater activation in the culum appeared in the comparison of both intensities
of unpleasant taste to tasteless, only the anterior dorsalleft anterior dorsal insula/operculum (�39, 33, 0; z �

3.8; p � 0.0001 SVC) and the right mid dorsal insula/ insula survived direct comparison of the intense un-
pleasant to intense pleasant taste, and no area survivedoperculum (42, 0, 21; z � 4.2; p � 0.00008 SVC) showing

greater activation in the weak unpleasant compared to the analysis probing regions responsive to unpleasant
taste compared to pleasant taste irrespective of inten-weak pleasant taste (WUP � WP). These insular regions

did not survive the direct comparison of both unpleasant sity. It is noteworthy that the left anterior dorsal insula/
opercular region that responded best to intense un-solutions minus both pleasant solutions [(IUP � WP) –

(IP � WP)], indicating a possible interaction with inten- pleasant taste (Figure 5I) corresponds to the area identi-
fied by Phillips and colleagues as responding to facialsity rather than a response irrespective of intensity. A

posterior region of anterior cingulate cortex was also expressions of disgust (Phillips et al., 1997). These paral-
lel findings provide further support for Rozin’s theoryactivated more by WUP than WP.
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Figure 5. Dissociation of Taste Intensity and Affect

Results from the three main random effects analyses color coded and superimposed on the group mean image (D, F, G, H, and I) (green,
intensity [(IP � IUP) � (WP � WUP)]; magenta, pleasant [(IP � WP) � tasteless]; blue, unpleasant [(IUP � WUP) � tasteless]). The activations
highlight the dissociation between areas responsive to both concentrations of pleasant (magenta) or unpleasant (blue) taste versus those
areas responsive to intensity irrespective of valence (green). Note the lack of intensity activation (green) throughout the orbitfrontal cortex (F)
and anterior cingulate cortex (ACC) (H). Activation related to either pleasant (pink) or unpleasant (blue) taste is seen extending from the
orbitofrontal cortex into the anterior ventral insula (I). In contrast, only activation related to intensity is observed in the middle insula (I),
amygdala, pons (D), and cerebellum (G). The right graph (A) displays the fitted hrf extracted from the anterior orbitfrontal cortex region (ANT
OFC) corresponding to the circled blue activation in the same representative subject (y axis, response; x axis, peristimulus time with each
line indicating a 5 s interval). As per Figure 3, blue solid line, IUP; blue dotted line, WUP; magenta solid line, IP; magenta dotted line, WP;
and yellow line, tasteless. Note that the response is greatest for WUP, illustrating that valence and not intensity drives the response in this
region. The right graph (C) displays the fitted hemodynamic response function (hrf) extracted from the caudolateral orbitfrontal corresponding
to the circled magenta activation in a representative subject (y axis, response; x axis, peristimulus time with each line indicating a 5 s interval).
In (B), the BOLD detectability map for the orbitofrontal cortex is presented (Parrish et al., 2000), indicating that we are able to detect a
0.5%–1% signal change throughout a large portion of orbitofrontal cortex, although signal dropout is still evident within the caudomedial
region. Purple indicates ability to detect a 0.5% signal change; blue, 1%; green, 2%; and yellow, 4%. The crosshatch is centered on the right
caudolateral orbitfrontal cortex corresponding to the peak identified in [(IP � WP) � tasteless], which is activated to pleasant compared to
unpleasant taste irrespective of valence. In (E), the BOLD detectability map is displayed for the brainstem, showing that we are able to detect
greater than 0.5% signal change throughout this region.

that higher-order percepts of disgust evolved from the in the left anterior orbitofrontal cortex to an unpleasant
odor (Figures 5A, 5C, and 5F). We observed activationneural substrates for bad taste (Rozin and Fallon, 1987).
in this same area to the unpleasant tastes compared to
the tasteless condition, but it did not survive a directDissociation of Response between the Amygdala

and Orbitofrontal Cortex comparison to the pleasant tastes. Interestingly, Zald
and colleagues recently reported a reanalysis of theirOur results provide a striking replication of the recent

findings of Anderson and colleagues, who used a similar amygdala activation to unpleasant odors, noting a posi-
tive relationship with perceived odor intensity in theparadigm to evaluate brain response to odor intensity

and affect (Anderson et al., 2003). In both studies, re- amygdala but not the orbitofrontal cortex (Zald, 2003b).
Clearly, in both studies, amygdalar response wassponse in the amygdala was associated with stimulus

intensity irrespective of affective valence, whereas a driven primarily by intensity. This calls into question the
notion that the amygdala “tags” sensory stimuli with anvalence-specific response for pleasant taste irrespec-

tive of intensity was identified in the right orbitofrontal affective label. However, we also note that deactivations
were observed in the amygdala to the weak unpleasantcortex. Anderson and colleagues also noted activation
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Table 3. Results from Unpleasant Analyses

Brain Region x y z z Statistic p Value (after SVC)

IUP � WUP � tasteless
Midbrain �3 �27 �12 3.5 0.002
Hypothalamus �9 �9 �6 3.7 0.001

0 �9 �12 3.5 0.002
Claustrum �30 3 9 5.0 0.00002

33 6 9 4.5 0.00002
Insula/operculum �39 6 �6 4.5 3 � 10�13**

�54 9 9 4.2 0.004
�48 12 0 4.2 0.004
�45 18 �9 4.1 0.005
45 �3 �12 4.4 0.00005
�39 27 �3 3.5 0.001
39 15 �15 3.4 0.002
�27 48 �18 3.9 0.001

Anterior orbitofrontal cortex �30 42 �15 3.4 0.004
6 54 21 4.4 0.001

Anterior cingulate cortex/ 3 45 �3 4.3 0.002
medial prefrontal cortex

6 24 15 4.0 0.0002
�6 21 30 3.9 0.001
�12 18 45 3.5 0.002
�15 48 24 3.9 0.001
9 39 36 3.8 0.003
6 30 �9 3.4 0.002

Subcallosal cingulate 45 42 �6 4.6 2 � 10�8**
39 27 �9 4.2 0.002

Ventral lateral prefrontal cortex �48 36 �9 3.7 0.001**
�24 51 0 3.7 0.00002**

IUP � IP
Cerebellum �30 �51 �27 3.3 0.002
Posterior insula 36 �9 15 3.8 0.001
Dorsal insula/operculum �39 33 0 3.8 0.001
Ventral lateral prefrontal cortex/ 54 21 �9 3.8 0.001
frontal operculum
WUP � WP
Frontal operculum 42 0 21 4.2 0.00008
Posterior anterior cingulate cortex �18 �6 39 3.9 0.0002

15 6 38 3.7 0.001

SVC, small volume correction; **cluster p value corrected for entire brain. Italics indicate that a peak falls under the same cluster as the
preceding peak.

taste but not to the weak pleasant taste. This suggests cessing within the amygdala. In an earlier study, we
used positron emission tomography to measure brainthat amygdaloid activity is best characterized by a com-

plex interaction between valence and intensity, which response to presentation of a series of tastes/odor pairs
(Small et al., 1997). In one 60 s scan, subjects wereis consistent with its previously described heterogeneity

in structure and function (Aggleton et al., 1980; Amaral presented sequentially with tastes and smells that
“matched” (a sweet taste with a strawberry odor fol-et al., 1992; Baxter and Murray, 2002; Zald, 2003a).

Studies that show amygdala activation without per- lowed by a salty taste with a soy sauce odor, etc.). In
a separate scan, subjects were presented with the sameceptual awareness (and thus possessing zero percep-

tual intensity) also argue against a straightforward role tastes and smells in mismatched pairings (a sweet taste
with a soy sauce smell followed by a salty taste with afor the amygdala in stimulus intensity coding (Morris et

al., 1999). Other evidence for a complex interaction of strawberry odor). In both scans, identical stimuli were
presented and thus concentration was perfectly con-intensity and valence within the gustatory modality

comes from two studies of patients with excision from trolled. Nevertheless, amygdala activation was observed
in the mismatched condition, which was described asthe anterior temporal lobe for the treatment of intracta-

ble epilepsy (Small et al., 2001b, 2001c). In both studies, unpleasant and unfamiliar, compared to the matched con-
dition, described as pleasant and familiar. Although wethe patients displayed increased intensity perception

for aversive but not for pleasant taste. In these studies, did not ask our subjects to judge intensity, based upon
the fact that unpleasant tastes are generally judged asthe surgeries always included radical resection of the

amygdala, and deficits were attributed to the amygdala more intense than pleasant tastes, irrespective of con-
centration (Pfaffmann, 1980; Pfaffmann et al., 1977), welesions, since taste-responsive cells that are sensitive to

intensity have been recorded from the primate amygdala predict that the increase in novelty and unpleasantness
was also accompanied by the experience of greater(Scott et al., 1993).

Flavor novelty may also be dependent upon pro- intensity. Future studies will be important in dissecting
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the brain substrates differentiating subjective intensity al., 1986a, 1986b). Our results indicate that these same
regions are associated with taste intensity perceptionperception from physical differences in stimulus con-

centration, but we suspect that the integrated coding in humans. However, the amygdala activation observed
here was further posterior to the region where Scott andin the amygdala for intensity, novelty, and affective tone

may play a key role in this dissociation. colleagues were recording (Figure 3A). The analysis of
BOLD detectability within the amygdala indicates thatGiven the aforementioned findings, we favor the inter-

pretation that the amygdala is important in establishing this discrepancy is unlikely related to a reduced ability
to measure signal from more anterior portions of thethe saliency of sensory stimuli, which is determined by

the interacting dimensions of intensity, valence, and per- amygdala (Figure 3D). While the exact location of amyg-
dala activity varied quite a bit between subjects, thehaps novelty/familiarity. One important function of this

integrated coding may be in biasing processing in favor region isolated in the group analysis is almost identical
to the region Anderson and colleagues reported as sen-of adaptive needs so that subjective experience can be

released from dependence upon physical attributes of sitive to odor intensity (Anderson et al., 2003). It is there-
fore possible that the region of the amygdala coding forthe stimulus.

The finding of valence-specific responses in the chemosensory intensity differs in humans and primates.
In contrast, the region of insula/operculum that respondedorbitofrontal cortex is in accordance with a whole litera-

ture on reward processing in this region (Montague and to intensity is roughly homologous to the insula/opercu-
lar region from which Scott and colleagues record inBerns, 2002; Rolls, 2000; Schultz et al., 2000; Tremblay

and Schultz, 2000). The finding is also consistent with primates (Figure 4). However, since the posterior insula
and overlying operculum has also been proposed as aprevious chemosensory studies showing that the orbito-

frontal cortex and not the amygdala responds to changes candidate for the primary gustatory area (Kobayakawa
et al., 1999), we lowered the threshold of our activationin pleasantness associated with eating (O’Doherty et

al., 2000; Rolls et al., 1989; Small et al., 2001a). The map to 0.005. This enabled us to see a small activation
within this region that was not visible at 0.001. Neverthe-orbitofrontal cortex is also the only region of the brain

to respond to the receipt and anticipation of both pleas- less, our data clearly show that the middle insula and
overlying frontal operculum are more sensitive to stimu-ant and unpleasant taste (O’Doherty et al., 2002).

Although several studies have investigated brain re- lus intensity. This same area has also been shown to
respond to electrically induced taste perception (Barrysponse to pleasant and unpleasant tastes (O’Doherty

et al., 2001b; Zald et al., 1998, 2002), none have equated et al., 2001).
We were also able to identify an insular region thatstimuli for intensity, and no study has yet examined brain

response to taste intensity. Zald has noted that the left appeared most sensitive to the affective quality of taste.
This region extended from the middle insula ventrallyorbitofrontal cortex is more frequently activated by un-

pleasant chemosensation, whereas the right orbitofron- toward the caudal orbitofrontal cortex (Figures 5F and
5I) and was relatively insensitive to taste intensity per-tal cortex is more frequently activated by pleasant che-

mosensation (Zald and Pardo, 2000). Our results are ception. The possibility of multiple gustatory representa-
tions within the insula/operculum has been previouslyconsistent with this observation, since we observed ac-

tivations occurring predominantly on the right in the proposed in rats (Scott and Plata-Salaman, 1999; Small
et al., 1999; Yamamoto et al., 1980, 1984) and primatespleasantness analyses and predominantly on the left in

the unpleasantness analyses. These results are unlikely (Pritchard et al., 1986). The current results suggest a
division of function within these regions.due to differences in intensity since the stimuli were

matched for intensity, and no intensity-related activation Finally, the parabrachial region of the pons was the
most sensitive region in the brain to taste intensity (Fig-was observed in the orbitofrontal region in the intensity

analyses (Figure 4). ures 5D and 5H). In rats, the pontine parabrachial nu-
cleus represents a second-order taste relay, and theIt is also noteworthy that the right hemisphere activa-

tion corresponded well to the human anatomical homo- gustatory responses have been well characterized (Di
Lorenzo, 1988, 1989, 1990; Di Lorenzo and Monroe,log of the secondary gustatory area (Small et al., 1999),

whereas the left hemisphere activations tended to be 1989; Di Lorenzo and Schwartzbaum, 1982; Norgren and
Pfaffmann, 1975; Sclafani et al., 2001; Spector, 1995).more anterior. This suggests that the asymmetry may

not be a function of valence per se (pleasantness versus Despite several attempts, a pontine taste relay has not
been identified in nonhuman primates (Norgren, 1990),unpleasantness) but rather related to subfunctions of

the orbitofrontal cortex, such as flavor processing (most and although its existence has been postulated, its role
in gustatory processing is suggested to be minimal (Nor-pleasant tastes and smells are edible whereas unpleas-

ant stimuli are not) versus processing of danger or avoid- gren, 1990). In humans, there are a handful of reports
of taste disturbances following pontine lesions (Fujikaneance (most poisonous substances are bitter).
et al., 1998; Kojima and Hirano, 1999; Sato and Nitta,
2000). Although further studies are needed, our finding isDissociation in the Gustatory System
highly suggestive of a role for the pons in taste intensityAs noted above, the orbitofrontal cortex, which repre-
coding in humans.sents the secondary gustatory region, responds to the

affective qualities and not the intensity of the taste stim-
uli. Single-cell recording studies show that taste-respon- Beyond the Gustatory System

The cerebellum and anterior cingulate cortex are notsive cells in the amygdala (Scott et al., 1993) and primary
gustatory area are responsive to the concentration of a considered part of the gustatory system, yet responses

within these regions are observed in most neuroimagingtaste solution (Scott and Plata-Salaman, 1999; Scott et
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Proceduresstudies of taste and smell (Barry et al., 2001; Kinomura
Chemosensory Laboratoryet al., 1994; O’Doherty et al., 2001b; Poellinger et al.,
Subjects sampled and rated the intensity and pleasantness/un-2001; Small et al., 1997, 2001a; Sobel et al., 1998, 2000;
pleasantness of five concentrations of sucrose (ranging from 1.8 to

Yousem et al., 2001; Zald et al., 1998, 2002; Zald and 5.6 � 10�2 M) and quinine sulfate (ranging from 1.0 � 10�3 to 1.0 �
Pardo, 1997). The anterior cingulate cortex was acti- 10�5) using an 11 point scale (Figure 1). Solutions were delivered

as a 0.5 cc bolus from a calibrated dropping pipette. Concentrationsvated by all tastes (Figure 5H) but responded preferen-
with ratings falling in the targeted range (Figure 1) were selected astially to the pleasant taste. A similar region was also
stimuli for use in the fMRI experiment.shown to be be activated by pleasurable touch (Francis
fMRI Scanner

et al., 1999) and pain (Hofbauer et al., 2001) irrespective A slow event-related paradigm was used to image brain responses
of intensity, suggesting a role for this region in affective to each of the five events (IP, IUP, WP, WUP, and tasteless) (Figure 2).
processing of many sensory stimuli. It is not immediately The images were acquired on a Siemen’s 1.5 Tesla Sonata scanner.

Echoplanar imaging was used to measure the blood oxygenation-clear what the cerebellar response is contributing to
level dependent (BOLD) signal as an indication of cerebral braintaste intensity coding (Figures 5G and 5H). However,
activation. A susceptibility-weighted single-shot echoplanar methodour finding is consistent with a previous report of a
was used to image the regional distribution of the BOLD signal with

positive relationship between odor concentration and TR, 2100 ms; TE, 40 ms; flip angle, 90�; FOV, 240 mm; matrix, 64 �
cerebellar activation (Sobel et al., 1998). Sobel and col- 64; slice thickness, 4 mm; and acquisition of 28 contiguous slices.

Slices were acquired in an interleaved mode to reduce the crosstalkleagues also found activation related to sniff volume
of the slice selection pulse. At the beginning of each functional run,and suggested that the cerebellum is important in coor-
the MR signal was allowed to equilibrate over six scans for a totaldinating sniff volume with respect to stimulus intensity.
of 12.6 s, which was then excluded from analysis. The anatomical

It is therefore possible that the cerebellum uses informa- scan used a T1-weighted 3D FLASH sequence (TR/TE, 20/6 ms; flip
tion about taste intensity to guide oral movements dur- angle, 20�; matrix, 256 � 256; 1 mm thick slices; fov, 240; 160 slices)
ing eating. and a saturation slab was placed inferior to the imaging slab to

reduce the blood flow artifact in the temporal lobes. A signal toIn summary, our results support a functional segrega-
noise map in the amygdala, orbitofrontal cortex, and pons wastion within the human gustatory system, with the pons
generated (amygdala displayed in Figure 3, and OFC displayed inand middle insula coding for stimulus intensity and the
Figure 4). The images indicated that we were able to detect

anteroventral insula, dorsal insula/operculum, caudolat- 0.5%–1% signal changes in all three regions, except the caudomed-
eral orbitofrontal, and anterior cingulate cortex coding ial portion of the orbitofrontal cortex.

fMRI Data Analysisfor affective valuation. Our results also cast further doubt
Data were analyzed on UNIX/LINUX workstations under the Matlabupon the notion that the amygdala is specialized for
Software (MathWorks, Inc., Sherborn, MA) using SPM99 (Wellcomeprocessing unpleasant sensory stimuli or determining
Department of Cognitive Neurology, London, UK). Functional im-

affective valence. Instead, we found that amygdala acti- ages were time acquisition corrected to the slice obtained at 50%
vation was driven by stimulus intensity, whereas va- of the TR. All functional images were then realigned to the scan

immediately preceding the anatomical T1 image. The images (ana-lence-specific responses were found in the anterior cin-
tomical and functional) were then normalized to the Montreal Neuro-gulate cortex and caudolateral orbitfrontal cortex. These
logical Institute template (MNI-305), which approximates the ana-results suggest that hedonic stimuli will produce mark-
tomical space delineated by Talairach and Tournoux (Talairach and

edly different responses depending upon perceived in- Tournoux, 1988). Functional images were smoothed with a 7 mm
tensity and underline the importance of considering the FWHM isotropic Gaussian kernel. For time-series analysis on all

subjects, a high-pass filter was included in the filtering matrix (ac-interacting nature of valence and intensity in trying to
cording to convention in SPM99) in order to remove low-frequencyunderstand affective coding of sensory stimuli.
noise and slow drifts in the signal, which could bias the estimates
of the error. Condition-specific effects at each voxel were estimatedExperimental Procedures
using the general linear model. The response to events was modeled
by a canonical hemodynamic response function (HRF), consistingSubjects
of a mixture of 2 � functions that emulate the early peak at 5 s

The Institutional Review Board at Northwestern University approved
and the subsequent undershoot. The temporal derivative of the

the study protocol. Nineteen healthy volunteers gave written in-
hemodynamic function was also included as part of the basis set to

formed consent and participated in a screening and training session
enable examination of differences in timing between various events

in which they rated the intensity and pleasantness of several concen- (Henson et al., 2002).
trations of sweet and bitter solutions. Ratings within the target range Within-group comparisons were performed using a conjunction
were obtained for all but four subjects, who were subsequently analysis within a fixed-effects model for one comparison [(IP �
excluded. Of the remaining 15 subjects, six were excluded either WP) and (IUP � WUP)] and random-effects models for all other
because movements made during scanning surpassed a predeter- comparisons in order to account for intersubject variability. Parame-
mined acceptable limit (	1 cm movement in any direction in more ter estimate images from designated contrasts (e.g., strong sucrose
than one scan) or due to technical difficulties with either the scanner versus weak sucrose) were entered into second-level analyses using
or gustometer. Of the remaining nine, six were women, and the one-sample Student’s t tests. SPM assigns significance t fields from
mean age was 24 years. All subjects reported being right handed, all analyses using the theory of Gaussian random fields (Friston
and all were classified as being right handed by the modified Edin- et al., 1995; Worsley and Friston, 1995). Activations that were not
burgh inventory (Oldfield, 1971). The average handedness score predicted were considered significant at p 
 0.05 at the cluster
was 87 out of a possible 100. All subjects were of average weight level after correction for multiple comparisons across all voxels.
and screened for obesity and malnutrition on the basis of their Predicted peaks were considered significant at p 
 0.005 within
body mass index. All subjects also reported no known taste, smell, regions of interest, specified a priori, and probed for significance
neurological, or psychiatric disorder. Finally, subjects were also by small volume corrections to the nearest cluster. Finally, region
asked to rate the intensity of papers soaked in 6-n-Propylthiouracil of interest analyses were carried out for the right caudolateral orbito-
(PROP) using the general labeled magnitude scale (Green et al., frontal cortex, anterior cingulate, left anterior orbitofrontal cortex,
1996) to determine taster status (Prutkin et al., 2000). The mean and insula in the comparison of (IP � WP) � (IUP � WUP) or its
PROP was 45 with a standard deviation of 21. All subjects were inverse, using a 5 mm sphere around peaks identified in the primary
classified as “tasters,” except one whose score fell in the nontaster random effects analyses (IP � WP � tasteless) and (IUP � WUP �

tasteless) and the MARSBAR tool available for use within SPM99.range. There were no supertasters in the group.
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