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Abstract: Adaptation aftereffects are the tendency to perceive an ambiguous target stimulus, which follows an adaptor 

stimulus, as different from the adaptor. A duration dependence of face adaptation aftereffects has been demonstrated for 

durations of at least 500ms, for identity related judgments. Here we describe the duration dependence of the adaptation af-

tereffects of very brief (11.7ms-500ms) backwardly masked faces, on both expression and identity category judgments of 

ambiguous target faces. We find significant aftereffects at minimum duration 23.5ms for emotional expression, and 47ms 

for identity, but these are abolished by backward masking with an inverted face, although these same adaptors can be cor-

rectly categorized above chance. 

The presence of a short duration adaptation effect in expression might be mediated by rapid transfer of low spatial fre-

quency (LSF) information. We tested this possibility by comparing aftereffects in low pass and high pass filtered ambigu-

ous targets, and found no evidence of independent adaptation of a LSF specific channel. 
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INTRODUCTION 

 People use the visual properties of faces to make vital 
social judgments about the identity, emotional state, gender, 
and even the trustworthiness of other people. These judg-
ments make use of all levels of immediate visual information 
in the face, and also incorporate prior knowledge about both 
face categories, and individual faces. Recent experimental 
work with faces [1, 2] has found that category judgments can 
be biased by recent experience, if it includes prolonged ex-
posure (adaptation) to an example face of a related category. 
This bias has been described as the ‘face category adapta-
tion aftereffect’. 

 How much recent visual experience is needed to produce 
significant bias? In the experiments we report here, we ex-
amine how the face category adaptation aftereffect depends 
on how much exposure to the adaptor there is in immediate 
perceptual history, in two different ways. First, we manipu-
late the exposure to the adaptor face by changing its duration 
[3]; previous work has shown a duration dependence only 
for adaptation exposures longer than 1s, while here we con-
sider short durations, between 11.7ms and 500ms. Second, 
we manipulate the amount of ‘neural exposure’, or the 
amount of processing time allowed for the adaptor by using 
backward masking, as described below. We also ask whether 
judgments about different aspects of faces depend in the 
same way on recent experience by comparing the effect of 
masking in identity and emotion judgments. 

 Finally, we consider the question of whether face infor-
mation at low spatial frequencies (LSF; below about 8 cycles  
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per image [4]) is more involved in mediating the aftereffect 
to emotional expression, than information at higher spatial 
frequencies (HSF; above 23 cycles per image), as it has been 
hypothesized that LSF information plays an important role in 
rapid emotion detection. 

PREVIOUS STUDIES OF ADAPTATION AFTEREF-
FECTS WITH FACES 

 Visual adaptation aftereffects [5-7] have historically been 
demonstrated for simple, local visual features, such as tilt, 
and colour [8]. Adaptation to one stimulus (the adaptor) can 
change the perceived content of a following target stimulus. 
The induced change, i.e. the aftereffect, is consistently away 
from the adaptor, whereby subjects are more likely to clas-
sify an ambiguous stimulus as belonging to a different cate-
gory from that of the adaptor. One explanation for these op-
ponent aftereffects is in terms of fatigue of the neural popu-
lations encoding the adapted feature, where the exact form of 
the adaptation depends on the nature of the neural encoding 
[9, 10]. Recently, aftereffects in the perception of natural 
face categories, such as identity and emotion, have been re-
ported [1, 2, 11, 12], as part of an emerging body of work 
describing aftereffects in global, high level visual features. 

 Aftereffects have been observed along the dimension of 
emotion [2], but only for relatively long exposure to the 
adaptor (at least one second [13]). Exposure to a fearful face 
(as in Fig. (1), task II) leads to a change in categorization 
behaviour of a following, previously ambiguous stimulus 
(for example, the morph target in Fig. (1)), which tends to be 
classified as belonging to a different category to the adaptor, 
i.e. neutral. Webster et al. [2] showed the adaptor before the 
target on every trial. Their protocol also included a phase of 
passive viewing of the adaptor in advance of classification 
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trials. In experiment 1 we examine the contribution of a 
phase of pre-exposure to the magnitude of the aftereffect. 

 The face expression aftereffect is similar to, and may 
share common mechanisms with, the ‘face distortion’ after-
effect in the configural processing of facial identity, where 
altering the geometric structure of the face in the adaptor 
creates a misperception of the normal face structure of the 
target [11]. These face aftereffects have been shown to con-
tain a component that is invariant under transformations in 
size [13-15] and 2D orientation [14, 16], and position [17] 
and therefore probably involve relatively high level, non 
retinopically organized cortical areas. The identity afteref-
fects obtained in the same fashion using ‘face-antiface’ pairs, 
defined relative to a face space norm [1], show similar size 
invariance and partial 3D rotation invariance [18, 19]. 

 The strength of the adaptation aftereffect on the identity 
dimension has been shown to be duration dependent [3, 20] 
for durations longer than 1s. Almost nothing is known about 
the duration dependence of the expression aftereffect [20]. 
The experiments described in this paper show duration de-
pendence when the durations of adaptors are short, i.e. less 
than 500ms. Aftereffects from short duration adaptors are of 
particular interest because it has been suggested that they are 
more associated with adaptation of higher level areas [21-
23]. In particular, a recent paper [24] found that it is the posi-
tion invariant component (at least on the gender dimension) 
that is induced with short (500ms) duration adaptors, rather 
than the position specific component that can be seen with 
longer adaptors. 

 Rather than focusing on which visual areas mediate the 
adaptation aftereffect, in our central experiment 2 we employ 
backward masking to try to examine the aftereffects of dif-
ferent temporal stages of processing of the adaptor. We refer 
to these short duration, masked adaptors as (negative) 
primes. 

BACKWARDLY MASKED FACES 

 The perception of a visual stimulus, such as a face, can 
be impaired or interfered with by the presentation of a sec-
ond following stimulus, such as another face. This form of 
interference is known as backward masking, and can result 
in the perceiver being unable to accurately detect, and report, 
the content of the first stimulus. The effectiveness of visual 
masking is known to depend on the Stimulus Onset Asyn-
chrony (SOA) [25-28], i.e. the interval between the first (in 
this paper, the adaptor) and second stimulus (in this paper, 
the mask). In general, the shorter the interval between the 
stimulus onset, and the mask onset, the more effective is the 
masking. However, the mask may interfere with more than 
one stage of processing. At very short (less than 10ms) inter-
vals, masking appears to block processing in the visual sys-
tem completely [25]. At longer intervals (20-40ms), imaging 
and electrophysiological recording studies in humans sug-
gests that early feedforward (retinotopic) stages of visual 
processing are largely preserved [29-31]. Comparably, in 
rhesus monkeys, the first few spikes (20-30ms) of neural 
response in inferior temporal cortex are reported not to be 
significantly affected by the mask at an SOA of 20ms [26, 
27, 32] while the later sustained response is suppressed. This 
may be due to the mask interrupting feedforward processing 
[29] or possibly disrupting a late phase of neural activity 

driven by re-entrant connections [30]. Face processing con-
tinues to be affected by masking up to SOAs of at least 
130ms [33]. 

 The SOA is not, however, the only factor that influences 
masking efficacy. The content of both the mask and first 
stimulus is also influential. We exploit the results of [60] to 
adjust the content of the masking stimuli to create two masks 
of different strengths. Behaviourally salient stimuli, such as 
fearful or angry faces [34, 35] or negatively conditioned 
faces [36, 37] are still processed even when participants re-
port no subjective awareness of the masked stimulus. We 
therefore chose to measure the efficacy of the two masking 
stimuli in reducing processing of the adaptors by our sub-
jects’ objective performance (i.e. not whether they think they 
saw the adaptor, but whether they can guess its content) on a 
forced choice task. 

 A number of recent studies [38-40] have reported that an 
early, event related potential component of face processing, 
between 90ms post stimulus [39] to 130ms post stimulus 
[41], is sensitive to modulation by the emotional content of 
face stimuli although the source of this modulation is still 
unknown. Face processing therefore perhaps starts relatively 
early, and continues to be vulnerable to interruption by a 
masking stimulus for a prolonged period of time, and it can 
be hypothesized [32] that the information build up about the 
stimulus is cumulative. Using the backward masking tech-
nique, we investigate in experiment 2 how quickly informa-
tion about the emotional category of a face can be extracted, 
and how much time is needed to produce a measurable cate-
gory aftereffect, on the following (third) target stimulus. 

SPEED OF PROCESSING OF LOW AND HIGH SPA-
TIAL FREQUENCY INFORMATION 

 The evidence that the emotional content of faces can be 
processed very rapidly [39, 42], and in the absence of aware-
ness, has led to the speculation that emotional face process-
ing is mediated by an independent fast pathway (driven by 
magnocellular inputs). In addition to a fast cortical route [40, 
43, 44], several authors [35, 45, 46] have proposed the exis-
tence of a sub-cortical fast forward pathway sensitive to 
emotional content relayed via the colliculus and pulvinar 
directly to the amygdala. Evidence from evoked potentials 
suggests that rapid emotional processing via either route may 
be preferentially driven by low spatial frequency information 
[40, 43]. 

 If a faster pathway exists for processing emotional ex-
pression information in faces, information about the emo-
tional content of the face might be available to the subject 
earlier in time than information about identity, because it 
‘arrived faster’ through a separate channel. Alternatively, 
making decisions about emotion might simply require less 
information and a shorter processing time than making deci-
sions about identity, just because emotion discrimination is 
easier. These two possibilities are difficult to distinguish in 
behavioral experiments. In experiment 3 we examine 
whether the information about emotion is carried through a 
low spatial frequency channel. 

OVERALL DESIGN 

 In order to measure aftereffects, we created a set of am-
biguous morph stimuli (described more fully in the Appen-
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dix) from the Ekman and Matsumoto faces [47]. For the 
emotional expression aftereffects, we created 29 morphs 
from a neutral and an emotional example of the same face, 
whereas for the identity morphs we created 29 morphs from 
two neutral identities of the same gender. We took the first 
and last morphs as representing 100% emotion and 0% emo-
tion, and used them as the adaptors. The 27 morphs lying 
between the two adaptors were used as target stimuli. For 
the emotion dimension, the magnitude of the aftereffect was 
estimated from the difference between the amount of emo-
tion perceived in target faces after ‘emotional’ adaptation 
and the amount of emotion perceived in target faces after 
‘neutral’ adaptation. The ‘amount of emotion perceived’ is 
measured as the proportion of ‘emotional’ responses at each 
point of a morphing continuum, spanning the 27 morph 
points, each point 3.44% apart, between the ‘neutral’ and an 
‘emotional’ expression with the same identity. To illustrate 
the aftereffect we plot, for each experiment, the average pro-
portion of emotion reported in the target against the percent-
age of emotion in the target along the morphing dimension. 

 For the identity dimension, the aftereffect was measured 
as the difference between the proportion of responses of 
identity A after adaptation with identity B, and the propor-
tion of responses of identity A after adaptation with identity 
A. 

 Our first experiment was designed to test whether adapta-
tion aftereffects for emotional expression can be obtained 
with a very brief presentation of the adaptor face, subse-
quently masked by a blurred face of different identity (which 
acts as a mask of weak intensity). As we found that the after-
effect persists after a 23.5ms prime, we then expanded the 
design to include duration as a varying parameter. We also 
included a stronger masking condition – when the mask is an 
inverted face. Experiment 2 then measures the aftereffects on 
the emotional continuum due to short duration adaptors, 
ranging from 11.7ms to 300ms. A parallel condition meas-
ures aftereffects on identity continua in exactly the same 
conditions, and the same range. These parallel experiments 
enable us to compare the duration dependence of identity and 
emotional expression aftereffects. 

 As we find that the aftereffect to the 23.5ms prime is not 
present on the identity dimension, one possible explanation 
is a faster extraction of emotional information from the 
masked adaptor. In experiment 3 we aimed to test the hy-
pothesis that if there is a fast pathway for emotional process-
ing, it is more sensitive to information carried in low spatial 
frequency [46]. If low spatial frequency information is criti-
cal for rapid emotion detection, the channel, or representa-
tion of LSF information may also adapt earlier than the re-
presentation of high spatial frequency (HSF) information. 
Our method was to use a broad spatial frequency (BSF), i.e. 
intact face as the adaptor stimulus, for a short duration, and 
then measure the aftereffects induced in the LSF and HSF 
’components’ of the ambiguous target, within the same 
subject. 

 We included a reference table showing all experiments 
and conditions (Table 1). 

 Experimental Setup. All experiments were run on a 
Pentium 4 computer running Windows 2000, with a CRT 
monitor, set to a refresh rate of 85 Hz using E-prime soft-

ware, and data analyzed in MATLAB (7.3). Subjects were 
seated approximately 50 cm from the screen, although their 
head position was not constrained. All stimuli were pre-
sented 12x12cm wide, of which a 2cm surround was a dark 
border superimposed over the hair contour (Fig. 1) and thus 
the images extended about 14° of their visual fields. Of this, 
the actual face features occupied 7°. 

 Stimulus Duration. Exact timing of stimulus presenta-
tion was obtained with a photodiode, connected to an oscil-
loscope. Timing logs were also recorded during the experi-
ment, and any trials with unusual timing errors were elimi-
nated (about 1 or 2 per subject). 

 Morphed Stimuli. Gray-scale equi-luminescent 
256x241-pixel stimuli were created in X-morph, from 12 
face identities from the JACFEE/JACNEU Eckman series 
[47]. Xmorph interpolates smoothly between a grid of points, 
which can be fitted to the features of the face. We used a grid 
of approximately 100 points per face. 29 morphs were cre-
ated between the neutral and emotional examples of each 
face. Stimuli at points 1 and 29 of the 30-point scale were 
used as the adaptors (the neutral adaptor and the emotional 
adaptor), while the remaining 27 served as target stimuli. 
Note that in all graphs points 1 (not 0) and 30 were conven-
tionally set as containing 0% and 100% emotion, respec-
tively, therefore the 27 target stimuli are positioned on the 
morphing continuum as conveying from 3.4% to 93% of the 
fully expressed emotion. We also performed a pilot experi-
ment examining the emotional intensity of the morphing 
continua for each stimuli set (two adaptors, one neutral and 
one emotional, and the morphing continuum between them). 
This experiment is described in more detail in the supple-
mentary material. 

 For experiment 2, we created a set of identity A to iden-
tity B morphs in a similar fashion, using examples of neutral 
expressions. 

 Masks. The weak mask was a quantized image made in 
Matlab (by setting blocks of pixels (14x14) to their average 
value) from a face that did not otherwise appear in the ex-
periment, which had the same average luminance. The strong 
mask was made from the same face image as the weak mask 
in full detail, but inverted. 

 The effect of the masks at different durations was exam-
ined in a pilot experiment, which asked subjects to classify 
the emotion on the face of a prime of variable duration, fol-
lowed either by the quantized, or the inverted mask. Our 
quantized mask is similar to a quantized masking condition 
employed by Bachmann [48], which is shown to have a 
strong masking effect at short durations, similar to noise 
masking, and a weaker masking effect at long SOAs. The 
inverted face mask was found in the pilot to reduce adaptor 
discrimination to chance at short (less than 40ms) durations, 
a more striking effect than previous reports have suggested 
[49], and to produce a stronger effect than noise at interme-
diate SOAS. 

ADAPTATION BY PRIOR EXPOSURE, AND BY 
SHORT AND LONG PRIMES 

Experiment 1 

 In this first experiment, we tested whether a reliable af-
tereffect could be obtained with a short duration adaptor. We 
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call this adaptation by prime. Secondly, we investigated 
whether prior exposure to the same stimulus in another con-
text would lead to measurably enhanced aftereffects. We call 
this adaptation by exposure. As an auxiliary goal, we wished 
to determine the best place on the emotion-neutral contin-
uum to reliably measure aftereffects for our stimulus set. 

Experimental Design and Methods 

 The experiment contained five different conditions. 
These five conditions are represented in Table 1, but in 
summary are (a) exposure only, (b) short prime and expo-
sure, (c) short prime only, (d) long prime and exposure, and 
(e) long prime only. Our dependent measure was the magni-
tude of the aftereffect obtained under each condition. Statis-
tical significance throughout the paper was considered to be 
p = 0.05, with non-sphericity corrections where appropriate. 

 Tasks. There were two tasks, a repetition detection task 
(inducing adaptation by exposure), and a classification task 
(with and without adaptation by prime), probing the afteref-
fect. These tasks were combined to create the five experi-
mental conditions. 

 During adaptation by exposure subjects were simultane-
ously adapted to two randomly sequenced adaptors, one fear-
ful (e.g. S1, “fearful Mary”), one neutral (e.g. S2, “neutral 
John”) over 3 minutes, during task (I), represented in the top 
half of Fig. (1). The subject had to press the mouse every 
time the same identity was repeated. The stimuli were on 
screen for 800 ms each, and were separated by a mask, a 

fixation point, and a variable delay (150 or 650ms). The total 
viewing time for each stimulus within the exposure period 
was 36s. These two stimuli then served as the primes during 
the classification task. 

 In the classification task, inducing adaptation by prime, 
represented as task (II) in the bottom half of Fig. (1), sub-
jects signaled (L/R mouse click) whether each target face 
they saw on the screen was neutral or emotional. The task 
was divided into blocks, one containing examples of identity 
S1, the second containing identity S2. For the prime condi-
tions, an adaptor preceded each target face. This adaptor was 
the emotional extreme for S1 and the neutral extreme for S2. 
One was shown in a short prime condition, of 23.5ms dura-
tion, followed by a mask of 50ms duration, and one was 
shown in the long adaptor condition (500ms), followed by 
the mask (50 ms), then after 250 ms the target appeared for 
800ms, then a response screen (1000ms). Subjects were in-
structed to ignore the first ‘distracter’ face stimulus (the 
adaptor) and the mask, and respond to the third ‘target’ face. 
For the exposure only condition the task was identical except 
that the adaptors were omitted, and only the mask was 
shown before the target. 

 The two tasks described above were combined to form 5 
experimental conditions in the following manner. Two Expo-
sure & Primes conditions, (b) and (d), included the initial 
repetition detection task, with two adaptor stimuli, S1 and 
S2, followed by categorization trials with a block of long 
(S1) primes, and a block of short primes (S2); Exposure 

Table 1. Summary of Experimental Conditions 

 

Exp. 
Adaptor 

(Msec) 

Mask 

Type 

Target 

(Filter) 

Prior 

Exposure 
Exposure Task 

Exposure 

Measure 
Aftereffect Task Aftereffect Measure 

1 

 

a 

b 

c 

d 

e 

 None 

23.5 

23.5 

500 

500 

W 

W 

W 

W 

W 

None Yes (one) 

Yes (one) 

No 

Yes (one) 

No 

Repetition detec-
tion 

None Categorization of 
morph target as emo-

tional face or neutral 
face 

Difference between mean 
emotion responses, after 

emotion adaptor and 
neutral adaptor 

2 

 

a 

b 

c 

d 

e 

11.7 

23.5 

47 

106 

306 

W/S 

W/S 

W/S 

W/S 

W/S 

None To both 
adaptors 

Categorization of 
masked adaptor as 

emotional face or 
neutral face 

OR: 

Categorization of 

masked adaptor as 
identity A face or 

identity B face 

% Correct Categorization of 
morph target as emo-

tional face or neutral 
face. 

OR: 

Categorization of 

morph target as identity 
A face or identity B 

face 

Difference between mean 
emotion responses, after 

emotion adaptor and after 
neutral adaptor 

OR: 

Difference between mean 

identity A responses, after 
identity A adaptor and 

after identity B adaptor 

3 a 

b 

c 

1000 
(BSF) 

W 

W 

W 

None 
(BSF) 
HSF 

LSF 

Yes Categorization of 
HSF and LSF 

Morphs 

 Categorization of 
morph target as emo-
tional face or neutral 

face 

Difference between mean 
emotion responses, after 

emotion adaptor and 

neutral adaptor 

3 a 

b 

23.5 
(BSF) 

11.7 
(BSF) 

W 

W 

HSf/ 
LSF 

HSF/ 
LSF  

Yes Categorization of 
HSF and LSF 

morphs and 
masked BSF 

adaptors 

as neutral or emo-
tional  

 Categorization of 
morph target as emo-

tional face or neutral 
face 

Difference in HSF faces 
and difference in LSF 

faces after emotion adap-
tor and neutral 

Adaptor: The duration of the adaptor is shown. Mask type: W denotes the weaker mask, the upright quantized face, and S the inverted face that acts as a stronger mask. Both masks 
were derived from faces that did not appear in the experiment. W/S indicates that the experiment included trials with both mask types. Target: The types of filtering of the target in 

each experiment. Exposure indicates whether subjects were pre-exposed to one or both adaptors prior to the trials measuring the aftereffect. Remaining columns describe the tasks 
and measures used. Parameters that are not included were constant for versions of the same experiment. 
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only, (a), included the repetition detection task but the cate-
gorization task contained no primes; and Prime only, (c) and 
(e), included separate blocks of long and of short primes, 
within the categorization task but omitted the repetition task. 
The order in which conditions were presented was counter-
balanced across subjects. S1 and S2 were fully counterbal-
anced across subjects. Table 1 also contains a summary of 
the same information. 

 Procedure. Twenty-seven naïve subjects contributed to 
two experimental sessions, where stimuli (identities and 
emotional dimensions) were pseudo randomly assigned to 
the two 25min sessions so that each subject contributed 
equally to the emotional adapted and the neutral adapted 

data, and categorized each identity (N=12) once only. Each 
subject performed three blocks of two categorization sets per 
session, and was required to rest for 2-3 minutes between 
blocks. Each categorization set consisted of 40 morphs from 
a particular image spectrum (morphs 3.4%-24%, and 72%-
93% were shown once, and the intermediate (27-69%) am-
biguous morphs twice). The valence (i.e. neutral or emo-
tional) of the adaptor and exposure stimulus was counter-
balanced across subjects, and a neutral adapted set always 
followed an emotional-adapted set within each block. 

 For each subject, we measured the magnitude of the af-
tereffect at the central morphs (41%-62%), by subtracting the 
mean proportion of emotion responses after the neutral adap-

 

Fig. (1). Experiment 1. During the preliminary stimulus repetition task, (I), top, subjects were simultaneously adapted, by exposure, to two 

randomly alternating adaptors, one emotional (e.g. S1,”fearful Mary”) and one neutral (e.g. S2, “neutral John”). In the classification task, 

(II), bottom, subjects signaled (L/R mouse click) whether each target face they saw on the screen was neutral or emotional. In the priming 

conditions, the target was preceded by a masked prime of duration, in conditions 1b and 1d, 23.5ms (short), or 1c and 1e, 500ms (long), In 

the Exposure only condition (1a), the target was preceded only by the mask. 
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tor, from the mean proportion of emotional responses after 
the emotional adaptor. We also fitted cumulative normal 
functions to each subject’s data, and found the threshold, 
which is the point of inflection of the decision function, in 
the cumulative normal. The threshold represents the hypo-
thetical point where a subject is equally likely to classify the 
target as emotional or neutral. The parametric method did 
not fit all subjects’ data equally well, so we also employed 
non-parametric methods, and defined a nonparametric 
threshold (described in the supplementary material). 

 We also analyzed reaction times, as described in the sup-
plementary material. 

RESULTS 

 The main result of these experiments is that a reliable 
aftereffect could be elicited with a 23.5ms adaptor, with and 
without prior exposure to the same stimulus. 

 Analysis of Aftereffects. Fig. (2) shows the change in 
the average of all the subjects’ proportion of ‘emotion’ clas-
sification responses, for each possible emotion level of the 

 

Fig. (2). Size of the adaptation aftereffects. Average proportion of ‘emotion’ classification responses across subjects, for each emotion level 

of the target (3.4% is the most neutral target, and 93% is the most emotional), shown after emotional adaptation (red), and neutral adaptation 

(blue). Each condition is shown separately, with the exposure conditions on the right, and the prime only conditions on the left. Individual 

Conditions 1a-1e: The 5 conditions tested differ by the absence (left column) or presence (right column) of a prior exposure adaptation 

phase; the absence of a priming face (top row); the presence of a 23.5 ms prime (middle row) or of a 500 ms prime (bottom row). Error bars 

+/- are S.E.M. Inset in each graph is the histogram of average threshold changes for the 12 stimuli sets, estimated with the parametric 

method. 
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target, after emotional adaptation (red) and neutral adapta-
tion (blue). Each condition is shown separately, with the 
exposure conditions on the right, and the prime only condi-
tions on the left. 

 A 2-way ANOVA (5 conditions, and adapting end-point) 
of the frequency of responding emotional to the seven most 
ambiguous morphs (the central morph 41% - 62%) found an 
effect of adaptation direction, F{1,200}=123, p<0.0001, 
MSE=4.60, and a significant interaction between adaptation 
direction and condition, F{3,200}=7.41, p=0.0001, 
MSE=0.28. Significant aftereffects appeared in all five con-
ditions. Neutral adapted – Emotional adapted contrasts were 
significant for Long Prime, F{1,34}=34.1, p<0.01, 
MSE=1.52; Short Prime, F{1,34}=7.12, p<0.05, MSE=0.26; 
Exposure & Long Prime, F{1,30}=44, p<0.0001, MSE=1.71; 
Exposure & Short Prime, F{1,34}=11.15, p=0.002, 
MSE=0.39; Exposure only, F{1,37}=4.7, p<0.04, MSE=0.12. 

 The effect of condition was essentially a difference be-
tween the two long adaptor conditions (d, e), and the other 
three. There were no statistical differences between the two 
500ms prime conditions, nor between the 23.5 ms prime 
conditions, or between the latter and exposure only. This 
suggests that the exposure period had no additional effect 
above that of the prime. Long and short primes produced 
different magnitudes of aftereffect, determined by compari-
son of the difference between emotional adapted and neutral 
adapted in each condition. We used the t-test to examine the 
difference in the magnitude of the adaptation aftereffects 
between pairs of conditions. The differences between long 
and short primes were significant: Exposure & Long Prime 
versus Exposure & Short Prime: t{32}=2.92, p<0.03; Long 
Prime versus Short Prime: t{34}=2.63, p=0.05, Bonferroni 
corrected for 5 tests. 

 Distributions of parametric threshold values are shown in 
the insets of Fig. (2). Each inset shows a histogram of the 
average (across subjects) of the threshold shifts for the 12 
stimuli. The threshold shifts of individual stimuli were not 
significantly correlated across conditions. 

DISCUSSION 

 We established that a measurable aftereffect can be ob-
tained with the presentation of a 23.5 ms prime, masked with 
a weak mask, and that the magnitude of this aftereffect ap-
pears to depend on the duration of the preceding prime, and 
not on the presence or absence of pre-exposure. This is dif-
ferent from results reported by Hsu and Young [13] who did 
not obtain a reliable aftereffect in emotional expression with 
500ms adaptors, but who used a very long (1 second) inter-
val between adaptor and target. 

 The large aftereffects obtained with long primes pre-
sumably reflect a variety of conscious processes, involving 
the careful examination of the adaptor and the retention of 
relevant information in short term memory. Our data also 
suggest that in the absence of an immediately preceding 
adaptor of sufficient duration to allow conscious comparison 
with the target face, the aftereffects induced by prior expo-
sure and by short adaptors are all of similar magnitude. In 
particular, adaptation by prior exposure does induce a meas-
urable aftereffect, which appears to be stimulus-specific and 
to survive the time interval (approximately 2min) between  
 

the exposure session and the main task (including all the 
intervening stimuli). However, it does not add to the short 
term effect of the prime, even if the effect of the prime is 
small. 

 Subject debriefing afterwards suggested that subjects 
paid little attention to the masked stimuli, and were unaware 
of the content of the short prime. However, the subjects in an 
independent pilot experiment performed significantly above 
chance across trials (mean 69%+ STD +/-11%), when single 
stimuli were presented for 23.5 ms and masked by the quan-
tized (weak) mask (see supplementary material). 

STRONGER MASKING, AND IDENTITY VS EMO-
TION 

Experiment 2 

 A pilot experiment had shown that masking with an in-
verted face, i.e. a stronger mask, at the same adaptor duration 
(23.5ms), reduced discrimination of the adaptor content to 
chance level. With this result in mind, we designed the next 
experiment to examine the effects of stronger backward 
masking’ on short duration stimuli. 

 The motivation for experiment 2 was two-fold. Firstly, 
we wanted to describe the dependence of the aftereffect on 
the duration of the adaptor on both identity and emotion ad-
aptation. Secondly, we wanted to examine the effect of 
masking of the adaptor on the aftereffect, by using a mask 
that reduced subject’s ability to explicitly categorize the 
adaptor content. 

 We hypothesized that masking may disrupt identity adap-
tation at durations where emotional adaptation is still pre-
served, as information about the emotional content of the 
adaptor may be processed more rapidly than identity infor-
mation. Thus, if the mask stops processing at the right point, 
we should be able to observe adaptation to the emotional 
category but not to identity. To test the latter hypothesis, we 
chose to compare adaptation obtained with the mask used in 
experiment 1 (our weak masking condition) with a mask 
consisting of an inverted face of the same average luminance 
(a strong masking condition). We also measured objective 
categorization of the masked adaptor at each duration in a 
separate block. 

 In order to describe the duration dependence of identity 
adaptation and emotional adaptation, we conducted two par-
allel experiments with the same procedure, an emotion con-
dition inducing emotional adaptation, and an identity condi-
tion, inducing identity adaptation. The experimental proce-
dure used the same set of durations, and two different masks 
for both conditions. To do this we created a second set of 
morph stimuli spanning four continua between four pairs of 
adaptor identities (A and B), where one of the identities was 
the neutral adaptor from the emotion experiment. Obviously 
identity A / identity B morphing continua do not form a 
‘natural’ spectrum, and subjects require some prior experi-
ence or training to be able to successfully identify unknown 
faces. We therefore introduced a training phase into the ex-
perimental design, for both the emotion/neutral and the iden-
tity/identity experiments. During this phase, we measured 
the subjects’ accuracy at classifying examples of the adap-
tors at different durations, and under different masking con-
ditions. This enabled us to examine the relationship between 
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each individual subject’s ability to objectively classify adap-
tors, and their bias during the aftereffect trials. 

Experimental Design and Methods 

 The two experimental factors, adaptor duration, and mask 
- strong (inverted) versus weak (quantized) - were varied in 
exactly the same manner in the two experiments. The two 
shortest presentation times were 11.7ms (one screen refresh) 
and 23.5ms (2 screen refreshes). Additional durations of 
47ms, 106ms, and 305ms (4, 9 and 26 refreshes) were also 
used. 

 Subjects. 19 students from the University of Trieste par-
ticipated in the emotion/neutral adaptation condition, and 20 
students participated in the identity/identity condition. 

 Procedure. Each subject performed 4 blocks of trials, 
order counterbalanced across subjects, where each block 
included a different pair of adaptors, and a set of morphs 
taken from the morphing continuum. In the identity A to 
identity B continuum, the two adaptor faces were of the 
same gender and neutral expression. In the emotional to neu-
tral continua, the two faces were of the same identity, one 
was always neutral, and one was fearful or angry. 

 Each block comprised a training phase and an adaptation 
phase. In the identity experiment the training phase consisted 
of 20 trials as follows: the subject was presented with a train-
ing screen for 3s containing a pair of identities, with associ-
ated names e.g., ‘Anna’ on the left of the screen, and ‘Lucy’ 
on the right side of the screen. The screen also assigned Lucy 
or Anna to two letters on the keyboard, a right (n) or left key 
press (x), which corresponded to their screen position, coun-
terbalanced across subjects. Two seconds afterwards they 
were presented with a masked stimulus at one of the five 
durations, and asked to guess the identity of the stimulus 
before the mask, and to respond with the corresponding x/n 
key choice. The training screen with the key assignments 
preceded every trial until they had seen two examples of 
each mask/duration combination for that identity pair. 

 The subject then performed 80 adaptation trials in ran-
dom order, 2 adaptors (e.g. Lucy or Anna) at five durations, 
and with 2 masks. Here they were asked to classify the target 
following the masked stimulus. Targets were shown for 
300ms, and were morphs from the central section of the con-
tinuum, levels (41%, 48%, 54% or 62%). 

 The emotion condition was designed and run in exactly 
the same manner, except that the training screen in each 
block contained examples of a neutral expression, and a fear-
ful or angry expression of the same identity, presented side 
by side, and labeled ‘fear’ and ‘neutral’, or ‘angry’ and ‘neu-
tral’ with associated key responses. 

 For the training data, we calculated the percent correct at 
each mask/duration combination. We also measured each 
subject’s average reaction time for each mask and duration 
combination. For the aftereffects, each subject’s average 
proportion of response ‘emotion’ and average response 
’identity A’ was computed for each adaptor, mask and dura-
tion combination. We took the magnitude of the difference 
between the two adaptation directions, at each mask and du-
ration, for each subject, and then averaged across subjects. 
We also computed correlations between percent correct 

scores and adaptation magnitudes for each duration/mask 
combination, both on average, and across the population. 

RESULTS 

 The left panels of Fig. (3) show how accuracy of the ob-
jective classification of the adaptor increases with duration in 
both identity and emotion experiments. The right hand pan-
els show how the mean magnitude of aftereffects in the two 
conditions also increases. There is a clear difference between 
the weakly masked (dashed lines) and the strongly masked 
conditions in both tasks of both conditions. The main differ-
ences between the two experiments are summarized in Fig. 
(4), where there is a clear aftereffect at 23.5ms in the emo-
tion experiment for weak masking that is not present in the 
identity experiment and an absence of an aftereffect in the 
strong masking condition for identity, at 305ms. 

 Identity versus Emotion. Subjects were significantly 
more accurate on the emotion classification task, overall, 
than on the identity task. Separate ANOVAs, for each mask 
type, with two factors, experiment (identity or emotion) and 
duration, showed an effect of experiment on the classifica-
tion task, in both the quantized mask F{1,37}=17.38, 
p<0.001, MSE=0.48 and in the inverted mask F{1,37}=5.02, 
p<0.03, MSE=0.18, as well as strong effects of duration, 
F{4,34}=19.44, p<0.005 and F{4,34}=24.12, p<0.005. 
However, comparison of the magnitudes of aftereffects be-
tween experiments showed no overall difference between 
identity and emotion, although there was still a strong effect 
of duration, F{4,34}=11.8, p<0.01 and F{4,34}=4.13, 
p<0.05. Comparison of aftereffect magnitudes in the two 
experiments is hard to interpret, due to potential scaling is-
sues. To capture the effect of duration, therefore, we divided 
the data into the two experimental conditions and analyzed 
them separately with within-subject ANOVAs. 

 Emotion. Within subjects, however, there was a striking 
difference between the two mask types in both tasks. In the 
emotion experiment, a within subjects ANOVA, on the clas-
sification task, found effects of mask type, F{1,18}=23.02, 
p<0.0005, MSE=0.76 and duration F{4,72}=17.17, p<0.005, 
MSE=0.57. The same analysis on the adaptation task found 
an effect of duration, F{4,72}=12.75, p<0.005, MSE=0.34, 
and mask type F{1,18}=10.81, p<0.005, MSE=0.44. 

 In the classification task (Fig. 3, bottom left) subjects 
were on average more accurate for weak than strong mask-
ing. Post hoc paired t-tests found a reliable difference be-
tween the two masking conditions at 23.5ms, p<0.01, and 
otherwise the difference was approximately constant, but not 
significant at individual durations. 

 The aftereffect (Fig. 3, bottom right), was also greater for 
the weak masking condition than the strong masking condi-
tion, but the effect of duration much less on the strong mask-
ing condition. In order to understand the effect of durations 
on the aftereffect in each masking condition, we conducted 
four paired t-tests comparing successive points for each 
masking condition, looking for the largest transition between 
successive durations. We also compared the largest increases 
with chance (zero bias). Adaptation effects for the weak 
mask show the largest increase when we compare 11.7ms 
with 23.5ms (p<0.05, Bonferroni-corrected for 5 tests), and 
the aftereffect at 23.5ms is also different from chance (one  
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tailed t-test, p=0.05, Bonferroni-corrected) and there is a trend 
towards a change between 106ms and 305ms, that does not 
meet the correction level (p=0.02, uncorrected). For the strong 
face mask, the adaptation aftereffect becomes significantly 
different from chance at 305ms (p<0.002, Bonferroni-
corrected for 5 tests), but none of the transitions are signifi-
cant. In particular, the largest transition from 106ms to 305ms 
is not significant (p=0.026, uncorrected), suggesting that the 
aftereffect is already there at 100ms in some subjects. 

 Identity. In the identity condition, the effect of duration 
on accuracy in the classification task was larger than for the 
same task in the emotion experiment, F{4,76}=21, p<0.001, 
MSE=0.64 and the effect of mask type smaller F{1,19}=9, 
p<0.003, MSE=0.27, with a trend towards an interaction, 

F{4,76}=1.91, p=0.1. In the adaptation task, the effects were 
similar to emotion for mask type F{1,19}=8.6, p<0.001, 
MSE=0.45, and smaller for duration F{4,76}=5, p<0.004, 
MSE=0.26. 

 The classification data (Fig. 3, top left), shows that sub-
jects are more accurate in the weak masking condition than 
the strong masking condition, but at 305ms the difference 
disappears. Pair-wise comparisons between the two masking 
conditions at matched durations, established that, on the 
classification task, subject accuracy in the two mask condi-
tions differs reliably only at 23.5ms, where it is above 
chance with the weak mask, t=2.81, p=0.01 and at chance 
with the strong mask. Percent correct data in the strong mask 
condition is above chance, t=2.17, p=0.03 at 47ms. 

 

Fig. (3). Duration dependence of prime identification, and of the resulting aftereffect. The results of the emotion condition are shown in the 

lower graphs, and the results of the identity condition in the upper graphs. Average percent correct adaptor classification (left) and average 

aftereffect magnitude (right) plotted against adaptor duration on a log scale. In the identity condition (top) the aftereffect magnitude is the 

difference between (the fraction of) identity A responses, after the A adaptor, and identity A responses after the B adaptor; while for the emo-

tion condition (bottom) it is the average of the difference, for each subject, between emotion responses after the emotional adaptor, and after 

the neutral adaptor. In each experiment, the weak masking condition is shown as crosses and the strong masking condition as circles. Error 

bars are confidence intervals. 
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 In the adaptation task (Fig. 3, top right), we found no 
significant pairwise transitions. A reliable aftereffect appears 
at 47ms, for the weak mask, and reaches the Bonferroni-
corrected level of significance, p=0.05 (compared to chance, 
one-tailed); whereas the aftereffect, in the strong masking 
condition at 305ms, only reaches a significance level of 
p=0.05, uncorrected (also compared to chance, one-tailed). 
This pattern of results again suggested that it was a subgroup 
of subjects who were driving the aftereffect in the strong 
masking condition, and that this group might already show 
aftereffects at 106ms (even though the group is still at 
chance, as can be seen in Fig. (3)). This proved to be the 
case, as aftereffects were strongly correlated within subjects, 
correlation coefficient r=0.48, p<0.03 at these durations. 

 Reaction Times. We analyzed the reaction times of sub-
jects’ responses on both tasks. Only the classification task 

showed any effects of duration, mask, or experiment. Sub-
jects were faster on the emotion classification task, than 
identity: rank sum test, p=0.03. This was due to a difference 
between the two full masking conditions (p=0.007), as the 
median RT’s for the weak masking conditions were not sig-
nificantly different, p=0.43. Again, we also analyzed the two 
experiments separately. Overall, subjects were slower to 
respond to the strongly masked adaptors, in both experi-
ments. 

 Further analysis, i.e. an ANOVA on reaction times for 
the emotion experiment for random effects, with duration 
and mask as factors (thus neglecting the non-normality), 
showed that there was an effect of duration F{1,18}=11.5, 
p<0.03, and mask F{4,72}=12.65, p<<0.005. Identical 
analysis of the Identity experiment found larger effects of 
masking F{1,19}=68.7, p<<0.0005, and a smaller effect of 

 

Fig. (4). Summary of experiment 2. The average percent correct on the classification task (left) is shown in both masking conditions at 

23.5ms, and at 305ms, for both experiments. The strong and weak masking conditions are significantly different from each other in both the 

identity and emotion experiments at 23.5ms (top left) but not at 305ms (bottom left). On the top right, the average aftereffect is significantly 

different from chance at the bonferroni corrected level 0.05, at 23.5 ms only in the weak masking condition in the emotion experiment. On 

the bottom right, at 305ms, in the emotion experiment, both masking conditions show aftereffects different from chance, and are not different 

from each other. In the identity experiment, only the aftereffect in the weak masking condition is significantly different from chance. It is 

also different from the strong masking condition. * indicates p<0.05, ** indicates p<0.005, corrected for five tests. 
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duration F{4,76}=9.58, p<0.005. In both experiments, sub-
jects took longer to respond to the shortest stimuli, 11.7 and 
23.5ms, in both conditions. Two Friedman’s ANOVAs con-
firmed these effects. Overall the slowest reaction times were 
for strongly masked identity trials. 

 Comparison of the Two Tasks. Finally, we were inter-
ested in whether performance on the two tasks was closely 
related, both at an individual, and at a group level. 

 Our hypothesis was that aftereffect would depend on 
duration. Using ANCOVA, we found that the aftereffect 
magnitude depended on duration F{1,12}=53, p<.001 once 
group means F{3,12}=6.17 were taken into account, with a 
borderline interaction term F{3,12}=3.01, p=0.07. The accu-
racy results also depended on duration, F{1,17}=25, 
p=0.002, best fit by the same relationship for all the groups 
F{3,13}=3.35, p<0.05. Performance on both tasks clearly 
depends on a common variable, duration. We were also in-
terested in the relationship between performance on the clas-
sification task and the aftereffect. An ANCOVA using accu-
racy as the covariate, found that accuracy was a predictor of 
aftereffect magnitude F{1,18}=17, p=0.006, and group dif-
ferences were no longer significant. 

 The relationship between accuracy on the classification 
task and aftereffect magnitude only held at the level of the 
group means. Analysis of individual subject data found sig-
nificant correlations in individual performance between these 
two tasks only in one of the four groups, the identity experi-
ment, with strong masking condition, at the duration of 106 
ms, r=-0.45, p=0.06, and the duration of 305 ms, r=-0.42, 
p=0.04. The same sub group of subjects that showed high 
accuracy on the classification task, also showed evidence of 
aftereffects (i.e., negative bias) at both durations, even 
though the group on average showed no aftereffects, as 
shown in the bottom right of Fig. (4). 

DISCUSSION 

 In summary, the data suggest that the magnitude of the 
adaptation effect for both identity and emotion depends on 
duration in much the same manner. However, information 
about emotion category is available at shorter durations. 
Emotional category decisions might not, however, be made 
faster, as reaction times are not significantly different across 
the identity and emotion experiments for the partial masking 
condition. In the strong masking condition of the identity 
experiment, decisions are made slower, and are less accurate 
than in the strongly masked condition of the emotion task. 
Subjects also took longer to respond to the short duration 
stimuli, and longer to process the fully masked stimuli. This 
is consistent with the idea that subjects are using longer 
processing times to attempt to compensate for reduced visi-
bility of stimuli, whether reduced by short duration times, or 
severe masking [25]. 

 In addition, strong masking interferes with the aftereffect 
in both identity and emotion, almost completely abolishing 
the aftereffect in identity. The aftereffect in the emotion task 
appears at a shorter duration (23.5ms), in the partially 
masked condition. In the identity condition, at that duration, 
there is not even a trend. The observed relationship between 
accuracy and aftereffect suggests that ‘decoding’ the neural 
response plays a substantial role in determining aftereffect  
 

magnitude. It might have been the case that aftereffect 
strength was most closely related to the duration of the adap-
tor, indicating that the aftereffect was driven by adaptation to 
an early, arguably feedforward phase, of stimulus process-
ing. Instead, we find that full masking interferes with the 
aftereffect, abolishing it completely in the identity experi-
ment, even up to a duration time of 300ms, as illustrated by 
Fig. (4, bottom right) even though the subjects’ ability to 
categorize the adaptor is equivalent to the partial masking 
case, (shown in Fig. (4), bottom left). 

 Overall, our results on the classification support the idea 
that information about emotion is in part extracted prior to 
information about individual identity. We also find that 
strong masking disrupts the emotional expression aftereffect. 
We therefore suggest that emotional classification is perhaps 
possible on the basis of a stage of stimulus processing that is 
preserved in backward masking (perhaps the stages < 110ms 
after stimulus onset [30, 31]). In contrast, the aftereffect may 
result from adaptation of a later neural process, which is thus 
vulnerable to interference from a masking stimulus. The con-
tent of the mask may also have played an important role; the 
choice of another face, albeit inverted, may have promoted 
competition for neural representation in the same region 
[50]. 

 Our results establish that there is rapid adaptation to emo-
tional content in faces, but there is still an open question 
about the nature of the channel through which emotional 
information is extracted. It has been argued elsewhere that 
there is a fast processing pathway for emotions, via the pulv-
inar to the amygdala. Information derived from this pathway 
could be sufficient to give category information about emo-
tional expression, and could be driving aftereffect induction 
at short durations. One putative characteristic of this path-
way is that it is more sensitive to information in the low spa-
tial frequency range. This motivated us to investigate 
whether the aftereffects were expressed independently in 
High Spatial Frequency (HSF) and Low Spatial Frequency 
(LSF) representations of the same face. 

ADAPTATION OF LOW AND HIGH SPATIAL FRE-
QUENCY CHANNELS 

Experiment 3 

 Experiment 3 was designed to test the possibility that a 
fast emotional pathway preferring LSF information was driv-
ing the aftereffect at the shortest duration (23.5ms) at which 
we reported significant effects for emotional expression. We 
also included a shorter duration (11.7ms), in case 23.5ms 
was insufficiently brief for channel specific effects. We 
chose to use a Broad Spatial Frequency (BSF, i.e. unfiltered) 
adaptor, and to look for effects in HSF and LSF faces de-
rived from that adaptor. If LSF information was being used 
to drive the category decision, we expected to find more ad-
aptation in the LSF face target, and for the magnitude of the 
aftereffect to be uncorrelated with the magnitude of the af-
tereffect expressed in HSF targets. Previous work, for exam-
ple [12], has concentrated on whether adaptation can be in-
duced independently by HSF and LSF adaptors. They found 
that configural face adaptation in HSF and LSF channels is 
highly specific, and that aftereffects do not survive changes 
in spatial frequency. 
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 HSF and LSF information is thought to be processed 
through largely independent channels, at early stages in the 
visual system, and presumably integrated into a single per-
cept before reaching higher cortical areas. It is hypothesized 
that the amygdala and connected sub-cortical systems prefer-
entially process low frequency information [51-53]. In 
Vuilleumier, Armony et al. (2003) [53], the responses of sub 
cortical and cortical regions to a HSF or LSF face image 
were measured after ‘priming’ with HSF and LSF versions 
of the same image. Repetition suppression in the BOLD sig-
nal in the fusiform gyrus was reported for LSF faces with 
HSF primes, but not vice versa. This asymmetrical transfer 
may suggest that cortical processes establish repetition sup-
pression (a form of adaptation), subsequently affecting also 
sub-cortical processes. It thus remains unclear how inde-
pendent the processing of HSF and LSF information about 
high-level properties might be. Among face selective neu-
ronal populations tuned to different spatial frequency com-
ponents, some may be distinct cortical populations [54], 
while others may reflect the cortical / sub-cortical divide [52, 
54]. Notably [40, 43] found LSF fearful faces modulated the 
P100, an early component of visual processing, while HSF 
faces did not. 

 Our approach differs from both [12] and [51] as we ex-
amine the results of adaptation by an intact (BSF stimulus), 
on its HSF and LSF components. We thus consider the ques-
tion of whether, in the perception of natural face images, 
LSF information and HSF information adapt independently 
and whether more rapid extraction of LSF information, 
means that at short adaptor durations, adaptation is expressed 
more strongly in LSF components. 

 If our weakly masked short duration adaptors only per-
mitted LSF information to be extracted, we might expect 
uncorrelated adaptation to expression in the HSF and LSF 
representations, and significantly less adaptation of HSF face 
representations. An alternative possibility is that the afteref-
fect is induced by adaptation that occurs at a stage after inte-
gration of HSF and LSF information. In this case, adaptation 
should either be seen in both, or neither. 

Experimental Design and Methods 

 In order to first examine whether BSF images adapted 
their HSF and LSF counterparts, we conducted a preliminary 
experiment, using a long duration adaptor (1s), and exam-
ined the sizes of the aftereffects induced, and the shifts in the 
decision function for each morph set. Then we conducted 
experiments with short duration adaptors, one 23.5ms, and 
one 11.7ms, and measured aftereffect sizes. Both experi-
ments followed the same procedures, except for a change in 
baseline measurement, and used the same stimuli set. For the 
23.5ms and 11.7ms adaptation conditions, we also included 
20 trials asking subjects to classify the content of the masked 
adaptors, as part of a pre-training block (similar to the classi-
fication tasks in experiment 2). 

 Stimuli. Spatially filtered stimuli were derived from four 
morph sets. The images were filtered in Matlab with a 2-
dimensional Butterworth filter, at a range of cutoff frequen-
cies, and the HSF images at the endpoints of the continua 
(not the morphs) were also weakly smoothed with a gaussian 
filter to simulate the loss of high frequency components ob-
served to result from the morphing process. The lumines-

cence of the images was then renormalized. Psychophysical 
testing, aimed at balancing the difficulty of discrimination 
within the high and low pass filtered morphs, led us to select 
cut off frequencies of 12 cycles per image (LSF), and 40 
cycles per image (HSF; see Fig. (6)) consistent with the 
ranges of cutoff frequencies that support identity judgments 
in other experiments [55]. Subjects were 50cm from the 
screen and the stimuli were 12x12cm wide (256x241 pixels), 
with the face image occupying the central 7cm, resulting in a 
LSF cut off of approximately 0.8 cycles per visual degree, 
about 6-7 cycles per face. HSF stimuli had a cutoff about 23 
cycles per face. Pilot study subjects (N=20) asked to catego-
rize the end point targets achieved accuracy levels of 73% 
(LSF) and at 82% (HSF), which were not significantly dif-
ferent. 

 Procedure (1s Adaptor). Subjects first classified a base-
line block as containing all of the target stimuli, both HSF 
and LSF, as either emotional or neutral expressions, with no 
adaptation. 

 Subjects then classified targets in four separate blocks 
(order counterbalanced between subjects). Each block con-
tained both high frequency and low frequency versions of 
faces sampled from a particular continuum, preceded by the 
BSF version of the face (the adaptor). Blocks were con-
structed as follows. The adaptor was shown for ten presenta-
tions; then four target trials in random order, as Adaptor, 
followed by HSF, Adaptor followed by LSF, Adaptor fol-
lowed by LSF and then HSF, or Adaptor followed by HSF, 
then LSF. The sequence of trials then repeated. There were 
60 trials per stimulus block comprising HSF and LSF 
morphs from positions 10-20 (34%-68%) inclusive, and 16 
HSF & LSF versions of the endpoints (3.4% and 93%). 
Adaptors and targets were shown for one second. Target 
morphs and endpoints were randomly sorted, and each sub-
ject saw each morph at least twice, once directly after the 
adaptor, and once following one intervening target of the 
other spatial frequency. 

 Procedure (23.5ms, and 11.7ms). The procedure for the 
conditions with brief adaptors (23.5ms, and 11.7ms), was 
essentially the same, except that the stimulus blocks were 
lengthened to 80 adaptor trials, with each target preceded by 
an adaptor, and the trial order fully randomized. 20 baseline 
(no adaptor) trials were included within the blocks. Subjects 
still classified a pre-training block containing all the stimuli, 
but these responses were discarded. 

 Subjects. Fourteen subjects saw 1s adaptors, Fourteen 
subjects saw 23.5ms adaptors, and seventeen subjects saw 
11.7ms adaptors. Six subjects also performed the same pro-
cedure with the same proportion of prime to test stimuli, on 
full-spectrum faces, thus enabling us to compare HSF and 
LSF adaptation expression to the BSF adaptation expression 
between subjects. 

 Analysis. Aftereffects were measured by the average 
difference in proportion of the response ‘emotional’ follow-
ing the emotional adaptor, minus the proportion of response 
‘emotional’, following the neutral adaptor. In the 1s adaptor 
condition we initially analyzed the responses preceded by the 
adaptor separately from responses where there was an inter-
vening stimulus, but found that there was no difference be-
tween them. For further analyses we collapsed across these 
two sorts of trials. We also fitted nonparametric thresholds to 
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the responses to spatially filtered, HSF and LSF targets, and 
unfiltered BSF targets. The final part of the analysis exam-
ined the correlation between the expression of the aftereffect 
in HSF and LSF targets, within individual subjects. 

Results: 1s Adaptor 

 The graphs of Fig. (5) show both the baseline (a) re-
sponses to HSF and LSF targets, and then the decision func-
tions to HSF (a), LSF (b), and BSF (c), after emotional and 
neutral adaptation. In each case, there is a clear difference 
between the two decision functions. We found significant 
aftereffects in three-way ANOVAs (morph level, and adap-
tor type, subject) for each morph set: HSF (F{1,13}=79, 
p<0.0001, MSE=10.8) and LSF (F{1,13}=18.26, p=0.02, 
MSE=2.5). Average aftereffect (Neutral adaptation – Emo-
tional adaptation), within subjects, was greater than zero for 
HSF (mean difference +/-standard deviation, 0.27+/-0.21), 
t{13}=4.9, p<0.02); and LSF (0.12+/-0.17, t{13}=2.4, 
p<0.05). The average difference between the aftereffects in 
HSF and LSF sets was also significant (0.15+/-0.19, 
t{26}=2.11, p<0.05). We also analyzed the data from the six 

subjects who saw the BSF targets, and found significant af-
tereffects, BSF (F{1,5}=30, p<0.05, MSE=3.9) which were 
of intermediate size and not significantly different from the 
effects in the LSF targets. 

 The non parametric threshold difference was largest for 
HSF morphs (21% units), smaller for BSF (14% units) and 
much smaller for LSF stimuli (3.4%). It is noticeable that the 
thresholds for both emotional and neutral-adapted LSF stim-
uli slightly shifted towards the emotional, relative to base-
line. The accuracy of classification of the endpoints also in-
creased relative to baseline in both emotional and neutral 
adaptor conditions. Both changes probably reflect increasing 
subject familiarity with the face set. 

 We also examined the extent to which adaptation of low 
and high pass filtered stimuli was correlated within the re-
sponses to each stimulus for each of the fourteen subjects. 
We compared the difference between an individual subject’s 
mean proportion of classification as ‘emotional’ before and 
after adaptation, for each morph set. Neutral adaptation ex-
pressed in the HSF morph set was weakly but significantly 

 

Fig. (5). Aftereffects with spatially filtered targets. To enable comparison with intact images (BSF), and the decision functions to the shorter 

duration targets in Fig. (6), we show all the decision functions to each different kind of target. Graph (a) shows the baseline condition with-

out adaptation, with the average proportion of emotion reported with HSF targets (triangles, and dashed linear fit) and LSF targets (circles, 

dot-dashed fit), plotted against percent emotion in the target. Graphs (b-d) show the proportion of emotional responses after neutral (solid 

line) and emotional (dashed line) adaptors, plotted against the percent emotion of high (b), low (c) and broad (d) spatial frequency stimuli. 

The pre-adaptation baseline data (dotted line) in the BSF condition is also plotted in (d). Error bars are +/- S.E.M. In the centre is an example 

spatially filtered face shown in the three conditions. The graphs show a larger adaptation aftereffect with HSF targets, than with LSF targets. 
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correlated with that expressed in the corresponding LSF set 
(r{27}=0.35, p<0.05, for single tailed t-test). Emotional ad-
aptation in the HSF set was not correlated with that in the 
LSF set. 

Results: 23.5ms Adaptor 

 The results of adaptation with a 23.5ms adaptor are 
summarized in the right-most panels of Fig. (6). We find that 
significant aftereffects in HSF and LSF stimuli are correlated 
after a 23.5ms adaptor, but that after the 11.7ms, only a weak 
residual aftereffect remains in the HSF targets. Subjects were 
73%+/-16% (STD) accurate on the individual adaptors, sig-
nificantly above chance (50%) (t-test p<.0001). The upper 
panels of Fig. (6) show a difference in the two adaptation 
conditions for both HSF and LSF targets. 

 A 3-way ANOVA with factors adaptor type (neutral, 
emotional and none) and morph level, and with subjects as a 
random effect, found a significant effect of adaptor type in 
both LSF (F{2,26}=8.42, p<0.02, MSE=0.14) and HSF tar-
gets (F{2,26}=3.24, p=0.05, MSE=0.108). One-tailed paired 
t-tests found the average aftereffect was less than zero for 
both HSF, p<0.05, and LSF faces, p<0.02. The effect was 
slightly, but not significantly larger in the LSF targets p=0.6. 
The average within subject difference between emotional 

and baseline was also significantly less than zero, in both 
HSF p<0.04, and LSF p<0.002. The differences are repre-
sented on the bar chart in Fig. (6). 

 To examine the persistence of the aftereffects, we sepa-
rated the baseline trials into those trials following an emo-
tional adaptor trial, and those following a neutral trial, and 
found there was no significant difference between them. Ac-
curacy on the endpoint images of the baseline (with no adap-
tation) was 82%+/-29% for HSF targets and 84%+/-26%, for 
LSF. 

 The size of the adaptation aftereffect (i.e., the magnitude 
of the difference in responses between emotional and neutral 
adaptation in each subject) was strongly correlated between 
the HSF and LSF stimuli, r{13}=0.92, p<0.0001. This rela-
tionship is represented in the scatter graph in Fig. (6). 

 The extent to which subjects were able to categorize the 
adaptors (percent correct on the discrimination task) was also 
weakly correlated with the average adaptation effect in the 
HSF stimuli, r=0.47, p=0.09 and significantly correlated with 
the effect in LSF stimuli, r=0.53 p<0.05. This correlation 
was largely driven by two outlying subjects, that showed the 
largest aftereffect, and near perfect adaptor discrimination. 
The correlation between the HSF and LSF effects, however, 

 

Fig. (6). Brief adaptors and spatially filtered targets.. The probability of emotional responses after a neutral adaptor (solid line) and an emo-

tional adaptor (dashed line) plotted against percentage emotion in the target, shown for 23.5ms adaptor durations (top), and for 11.7ms dura-

tions (bottom) separated into HSF (triangles) and LSF (circles) targets. Errors are not shown, for the sake of clarity. The bar chart (top right) 

shows the mean aftereffects, as mean differences +/- S.E.M. A very weak mean residual aftereffect is still present in the HSF targets, with 

adaptor duration 11.7ms, smaller than the aftereffects for 23.5ms. The correlation between average adaptation of HSF and LSF targets at 

both durations (dark 23,5ms, light 11.7ms) for each subject is shown with the regression line for the fourteen subjects that saw adaptors of 

23.5s duration.  
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survived the removal of those two points (r{12}=66, 
p<0.03). 

Results: 11.7ms Adaptor 

 The results for the 11.7ms adaptor condition are shown 
on the bottom panels of Fig. (6). In the HSF targets, the af-
tereffect is now negligible, and no longer distributed evenly 
across the central morph levels. In the LSF targets, it is now 
non-existent. 

 Subjects were 71%+/-17% accurate on the adaptor dis-
crimination trials, and therefore still statistically above 
chance (p<0.001). 

 A 3-way ANOVA, fixed factors morph and adaptor cate-
gory (neutral, emotional, and none), with subject as a ran-
dom effect, found a no overall effect for HSF targets, 
F{2,32}=2.59, p=0.09, MSE=0.13, or LSF, F{2,32}=1.95, 
p=0.16, MSE=0.016. However, there was a residual effect 
for HSF faces, in the difference between neutral and emo-
tional adapted responses, which was significantly less than 
zero in a one tailed t-test, p<0.03. We also checked to see 
whether some individual subjects might show aftereffects, 
looking for a correlation between LSF and HSF adaptation 
effects, but this was now close to zero, r=-0.08. 

DISCUSSION 

 The main purpose of these experiments was to test the 
possibility that rapid emotional processing through a LSF 
sensitive channel was driving the aftereffect at very short 
adaptor durations. The shortest duration that we expected to 
see a reliable aftereffect was 23.5ms, based on the results of 
experiment 2 but we included a shorter 11.7ms duration as a 
control, to check for a residual, smaller effect in LSF targets. 

 We found no evidence of a channel specific effect in LSF 
at short durations, as the reliable aftereffects in LSF and HSF 
targets at 23.5ms were strongly correlated within subjects. If 
anything, we found stronger effects in HSF, at both 11.7ms, 
and long (1s) durations. There are several explanations for 
this finding. One possibility is that adaptation of non face 
specific features, e.g. lines and curves, contributes to adapta-
tion of HSF targets. Channel specific attention may also play 
a role in determining the level of adaptation to adaptors 
when there is a long period of exposure. 

 Although subjects were able to discriminate the content 
of both the 23ms, and the 11.7ms adaptors, the effects on the 
following filtered targets were markedly different for the two 
durations. This is summarized in the last panel of Fig. (6). 

 A ‘coarse to fine’ hypothesis e.g., [56] suggests that LSF, 
or ‘global’ information is processed first, with HSF informa-
tion, about the fine detail of image features, gradually added. 
Our results do not immediately support such a hypothesis. 
The shortest duration induces aftereffects on the categoriza-
tion of HSF targets, rather than in LSF targets. A second 
possibility [55, 57-59] is that HSF information can also be 
accessed rapidly, but whether this occurs depends on the 
demands of the task. This explanation fits our data better, as 

one possibility is that the 11.7ms presentation time, while 
below the threshold required to fully integrate information 
about the adaptor derived through different channels (if any), 
perhaps allows subjects to perform the discrimination task on 
the basis of some individual feature. A single feature – per-
haps a high contrast feature such as the mouth, or the whites 

of the eyes, might be able to induce a rapid, very weak, “fea-
tural” aftereffect, that influences category decision [60], 
without necessarily inducing the category based (or, better, 
“whole image-based”) aftereffect. 

 Further experiments are needed to investigate whether a 
single feature alone, such as eye shape or mouth shape, can 
induce an aftereffect at the category level, in the BSF image. 
We did not find evidence of an aftereffect at 11.7ms in ex-
periment 2, but experiment 3 was a very much more sensi-
tive design than the preceding experiments with multiple 
durations and conditions. 

GENERAL DISCUSSION 

 The main findings of this paper are as follows. Experi-
ment 1 found that the adaptation aftereffect magnitude de-
pends on the duration of the adaptor, rather than on preced-
ing exposure, and that significant adaptation could be in-
duced with a 23.5ms adaptor, very much shorter than any-
thing previously reported. This is consistent with the short 
adaptation times used in complex shape adaptation, for ex-
ample, by Suzuki and Cavanagh (1998). 

 In experiment 2 we also found that the aftereffect is sen-
sitive to backward masking. We hypothesize that this sensi-
tivity is best understood as an effect of subjects’ accuracy at 
extracting category information from the adaptor. More 
speculatively, the findings are compatible with the possibil-
ity that part of the aftereffect is mediated by adaptation of 
relatively late neural firing, in high-level areas [61], consis-
tent with translation invariance of the aftereffect to relatively 
short adaptors. 

 Our finding that adaptation to emotional content occurs 
at shorter durations than adaptation to identity content sup-
ports the idea that information about emotional content is 
available earlier and hence to some extent independently, of 
identity information. However, experiment 1 showed that at 
least part of the emotion aftereffect is identity specific. 
Moreover, the results of experiment 3 in the spatial fre-
quency domain do not suggest that adaptation is mediated 
through independent spatial frequency specific pathways, as 
we did not observe a bias towards the adaptation of low spa-
tial frequency information. We did notice a bias towards 
adaptation of HSF in experiment 3, where we used relatively 
long, 1 second, adaptor durations. 

 One possible interpretation of the bias towards HSF is 
that high spatial frequency information becomes more im-
portant in relatively late occurring processing of faces. In 
particular, perhaps the integration of multiple features in 
HSF information requires more processing time. We note 
that one of the differences between the inverted face mask, 
and the quantized face mask, is the presence of more HSF 
information in the inverted face. It is possible that it is this 
late processing, or integration of HSF information that is 
interrupted by the strong masking in experiment 2. 

 It is interesting that it appears to be masking the adaptor 
with a different face that interferes with the aftereffect, per-
haps by competing for neural representational resources. 
Further work will establish whether non face salient, mean-
ingful images can also produce this effect. 

 The results of experiment 2 also raised questions about 
the relationship between the explicit extraction of category 
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information measured in the classification task, and the af-
tereffect. Our data are too sparse to allow us to say whether 
the two tasks depend differently on duration. The relation-
ship between accuracy on the classification task, and afteref-
fect magnitude, does suggest that the two tasks use some of 
the same information. In further work we will consider the 
relationship at additional intermediate durations. 

 The final issue, which we deliberately do not raise in this 
paper, is the issue of the contribution of subjective awareness 
of the adaptor to aftereffect magnitude. We presume that 
awareness is correlated on average, with duration. Further 
investigation will uncover whether awareness of the adaptor 
on individual trials plays a role in aftereffect induction. 
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