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Abstract

Repeated stimulus processing is often associated with a reduction in neural activity, as measured by single-cell recording or by haemo-
dynamic imaging techniques like PET and fMRI. These reductions are sometimes linked to the behavioural phenomenon of priming. In
this article, we discuss issues relevant to theories that attempt to relate these phenomena, concentrating in particular on the interpretative
limitations of current imaging techniques.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction While we are very much in favour of such theoretical
efforts, the purpose of the present article is to raise some

A common finding in PET and fMRI studies using in- cautionary issues, particularly concerning the interpretation
direct (or “implicit") memory tasks is a reduced haemody- of neuroimaging data. We concentrate on the effects of
namic response for repeated relative to unrepeated stimuli.face repetition on the haemodynamic response of a right
This “repetition suppression” has been associated with thefusiform region. This so-called “Fusiform Face Area” has
behavioural phenomenon of priming, as typically indexed been well-studied22], though its precise functions are still
by shortened reaction times, or improved identification debated11,16,25] Nonetheless, we believe our arguments
of degraded stimul{33]. A potential neural analogue of extend to the more general goal of relating neurophysiolog-
the haemodynamic decrease is “response suppres§ipn” ical, neuroimaging and psychological data.
which refers to a reduced firing rate of neurons on stimulus
repetition, as typically recorded in inferior temporal regions
of the nonhuman primatd-{g. 1A).

Such parallels offer the attractive possibility of devel-
oping theories that bridge these different levels of neuro-
science. Wiggs and Martifi39], for example, extending
ideas of Desimonég7], proposed that repeated processing
of a stimulus produces a “sharpening” of its cortical rep-
resentation, whereby neurons coding features unnecessar

2. Mapping between neural firing and
haemodynamic response

One set of issues concerns the mapping between neural
firing and the haemodynamic resportsEoremost, it must
be remembered that, even with event-related fMRI, the
haemodynamic response represents the integration of sev-
for processing that stimulus respond less (i.e. exhibit re- Yral seconds of neurgl/synaptic activity. This_ means that a
o decrease in the magnitude of a haemodynamic response may

sponse suppression). .Th's results in a decrease in the Meaflect a shortened duration of neural/synaptic activity, in the
firing rate of a population of neurons, and hence a decrease,

. . X absence of a change in instantaneous firing rat&s RA).
in the haemodynamic response from that region of cortex 9 g réites 0A)

(F'g' 1B)' F_urthermore’ they er’Posed ,that this sparsgr 1 There are also issues concerning the precise physiological relationship

representation allows more efficient stimulus processing, petween action potentials, local field potentials, haemodynamics and the

which can result in behavioural priming effects. BOLD response[24]. For example, it is possible for decreased rates
of action potentials leaving a region from long-range excitatory neurons
(for which electrode recordings tend to be biased) to be accompanied

* Corresponding author. Tek+-44-20-7679-1131/7833-7483; by anincreased haemodynamic response within that region by virtue of
fax: +44-20-7813-1420. increased pre-synaptic activity from short-range inhibitory interneurons.
E-mail address: r.henson@ucl.ac.uk (R.N.A. Henson). We do not discuss such physiological issues further however.
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Fig. 1. (A) An example of response suppression (or “decremental responses”) recorded from a monkey perirhinal neuron to first (top) and repegteule@eottations of pictures during a serial
recognition task (reprinted with permission of Elsevier Science from Brown and X#hgThese decreases are typically seen in a relatively large number of neurons (e.g. approximately 25% of neurons
recorded, or 50% of those visually-responsive) in many inferotemporal regions. The decreased firing rate is not nonspecific habituation, lbeuesisdtér @ single exposure to a stimulus and does

not affect the firing rate to other stimuli for which the neuron is responsive. Moreover, it can last hours/days and numerous intervening stimditig(depthe brain region, see text). (B) Schematic

of the “sharpening” theory of Wiggs and Mart[89], showing the effect of repeating an unfamiliar face (left column) on the number of responsive neurons (middle column, neurons showing response
suppression are greyed out) and the magnitude of the expected haemodynamic response (right column).
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For example, Henson and Rufitp] found that repetition ~ and associated priming, should be greater for repeated unfa-
of famous faces decreased not only the peak magnitudemiliar stimuli than for repeated familiar stimuli. Henson et al.
of the BOLD response in a right fusiform region (repeti- [17] however found the opposite pattern in the face-evoked
tion suppression), but also its peak latenByg( 2B). The BOLD response of a right fusiform region (a likely candidate
most parsimonious account of this combined change is for the formation of perceptual representations of f4ta).
that repetition caused a reduction in the duration of evoked This region showed greater repetition suppression for fa-
neural/synaptic activity (seleig. 2A legend). This interpre-  mous faces than unfamiliar facdsq. 3B). Though this pat-
tation is consistent with models that attribute priming to tern may have other explanations (e.g. relating to the specific
reduced “settling” times in attractor neural networks, owing type of face representation, or top—down feedback from more
to synaptic changes following processing of the priidle anterior temporal regions), it is consistent with alternative
These reduced settling times can occur without the decreaséabstractionist” theories of priminB6]. According to these
in mean firing rate (or increased sparsity of representation) theories, priming reflects lowered thresholds for activating
proposed by Wiggs and Martin. pre-existing representations in memory. Thus, only familiar

A second consequence of its integrative nature is that thefaces, with pre-existing representations, can be primed, con-
haemodynamic response is insensitive to whether repetitionsistent with some behavioural daf8]¢ though seg¢13]).
effects are early (e.g. “first pass”) or late (e.g. “reentrant”)
in neural termg. Neural response suppression, on the other
hand, is known to occur rapidly. In perirhinal neurons, forex- 3. Mapping between haemodynamic response and
ample, suppression can onset as early as 70 ms post-stimulubehaviour
(close to the neuron’s visual response latency), with a mean
of 150 mg[31]. These estimates have been used to argue that Priming is claimed to reflect the operation of unconscious
response suppression (even in anterior temporal regions) isor “implicit” memory [34]. This claim is based in part on
too fast for “top—down” influencepl]. These latencies are the intact priming found in cases of global amnesia, de-
considerably shorter than the latencies of repetition effects spite gross impairments of “explicit” (conscious) memory.
recorded in human ERP studies however, which typically However, the claim of neuroimaging studies that repetition
onset 250-300 ms post-stimul[&2]. suppression correlates with priming is often based solely on

For example, Puce et k8] recorded intracranial ERPs  the fact that an indirect memory task was used to elicit the
from human inferior temporal cortex and found face-specific effect. Though indirect tasks do not necessitate detection of
potentials onsetting 150—-200 ms post-stimulus, but little ev- stimulus repetition, the behavioural and imaging data ob-
idence that these potentials were modulated by repetitiontained in such tasks may include a contribution from volun-
or familiarity (Fig. 20. The earliest priming-related mod- tary or involuntary explicit memorf80]. Only a few PET or
ulation (for famous faces preceded by a matching name)fMRI studies have tried to control for such explicit memory
emerged approximately 250-300 ms. Similar findings were “contamination” by using, for example, subliminal presen-
reported by Dale et al6], who used fMRI data to con- tation of the prime[27], or an experimental manipulation
strain the source of extracranial MEG priming-related effects known to affect implicit and explicit memory differentially
during semantic decisions on words. They found an initial [1].2 The association of priming with repetition suppression
“wave” of activity that had spread to temporal, parietal and would benefit from further imaging studies that, for exam-
frontal regions by 185 mgaHg. 2D). The earliest repetition  ple, employ amnesic patienf5], or use pharmacological
effect however emerged in a left anterior inferior temporal manipulations thought to selectively affect explicit memory
region at 250 ms, and did not peak in most regions until ap- [37]. Moreover, not all brain regions showing repetition
proximately 400 ms. Data like these raise the possibility that suppression necessarily reflect the same neurophysiological
haemodynamic repetition effects, even in reasonably “early” mechanism, or have the same behavioural conseqguences;
visual regions, reflect modulation by (or interaction with) repetition-related “deactivations” in some regions (e.g. me-
more anterior (e.g. frontal) regions. dial temporal lobes), for example, have been interpreted as

Athird issue relates to stimulus familiarity. Response sup- automatic novelty-related “activations” to initial presenta-
pression between successive repetitions tends to decreasgons of stimuli, rather than priming per $&£5].
as stimuli become familiarised through multiple repetitions A second, related issue concerns whether repetition sup-
[23]. This would be expected if a sparse representation limit pression is the cause or effect of priming. Haemodynamic
is approachedHig. 3A). The implication of the Wiggs and  decreases associated with perceptual priming, for example,
Martin theory is that haemodynamic repetition suppression, might simply be a consequence of reduced gaze duration,

2 One possible approach is to “slow down” BOLD priming effects
using a gradual unmasking technigu2l]. These authors reported 3 Though even if explicit memory is shown not to contribute to a con-
priming-related increases prior to object identification, and decreases aftercurrent behavioural measure of priming, haemodynamic changes, owing
identification. To show that this was not simply a distribution—averaging to their poor temporal resolution (see earlier), may reflect processes op-
effect however, one would need to measure the BOLD response pre- anderating subsequent to the behavioural response (such as incidental recol-
post-identification when identification is defined on a trial-by-trial basis. lection of the prime).
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Fig. 2. (A) Predictions of a linear convolution model relating neural activity (rectangular functions) to the BOLD response (smooth functicnsyse de

in the peak BOLD response to repeated (red) relative to first (blue) stimulations can arise from a decrease in the instantaneous neural acplity (top gr
or in its duration (bottom graph). These possibilities can be distinguished, in principle, by differences in the BOLD peak latency (bottom ggiph, tho
nonlinearities may confound these predictions). (B) Mean percentage BOLD signal change across 12 participants, plotted every 0.5s of gost-stimulu
time (PST), for the data (top) and nonlinear model fits (bottom) in a right fusiform region (sameFag. iBO) for repeated (F2, light line) and first

(F1, heavy line) presentations of famous faces during a fame—judgmen{2@kkin this case, repetition reduced the BOLD peak latency (but not
onset latency) by 240ms (in the context of a behavioural priming effect of 172 ms). (C) Magnitude of intracranial ERP components to face repetitions,
expressed relative to first presentation, with example electrode sites from one patient inset (reprinted with permission of Oxford Univeffsitgn Press
Puce et al[28]). (D) Spatiotemporal MEG activity constrained by fMRI data on lateral (upper three rows) and inferior (lower three rows) views of an
inflated left hemisphere for first presentations of words (“novel”), repeated presentations, and their difference (highlighted by yellow hwxpSatsfo

(80, 185, 385 and 540 ms, columns left to right) in a semantic decision task (reprinted with permission of Elsevier Science from O&lg. et al.

or diminished attention, to repeated stimuli. In other words,  Finally, a small number of imaging studies have found
such changes might be an effect rather than cause of thehaemodynamic increases, rather than decreases, in the con-
behavioural priming effect (the cause presumably arising text of repetition priming. Dolan et a[8], for example,
elsewhere in the brain). In response to this argument, it is found haemodynamic increases in the right fusiform for
often noted[33] that repetition suppression is rarely ob- repeated versus initial presentations of degraded images
served in early sensory regions, where one might also expeciof unfamiliar faces when undegraded versions intervened
attentional effects, or in motor regions, where one might (Fig. 3D). This “repetition enhancement” indicates that
expect effects of priming-related decreases in reaction time.haemodynamic decreases are not associated with all forms
Nonetheless, the question of cause and effect cannot beof repetition priming (se§19] for further discussion).
fully resolved with correlational techniques such as fMRI
and PET, and the association of priming with repetition
suppression would benefit from supplementary evidence 4. Mapping between neural activity and behaviour
that a region showing repetition suppression also produces
a priming deficit when lesioned 0] or targeted by TMS. A final set of (more tentative) issues relate to the map-
A third issue relates to the automaticity of repetition sup- ping between neural firing and behaviour. Foremost, the
pression. Wiggs and Martin state that repetition suppressionassociation of priming with neural response suppression, as
“... happens automatically in the cortex.” and is “... recorded in monkey cortex, is yet to established, not least
an intrinsic property of cortical neurons providing a form because “priming” is rarely studied in animaldndeed,
of perceptual learning that allows us to identify previously the same phenomenon of response suppression in monkey
encountered objects quickly[39], p. 231). If so, one might  anterior temporal cortex is interpreted in terms of explicit,
expect to see repetition suppression in perceptual regionsrecognition memory4].
whenever a stimulus is perceived repeatedly, regardless of Secondly, Wiggs and Martif89] do not offer a mecha-
the cognitive task performed on that stimulus. However, nistic account as to why sparser representations necessarily
several imaging studies have shown that repetition-relatedallow faster/more efficient processing of stimuli. How a
responses in perceptual regions can vary with the task, par-sparse (or distributed) representation affects the speed with
ticularly whether it is a direct or indirect memory task (see which a neural network can identify a stimulus would ap-
[19] for a review). Henson et dl1.8], for example, foundthat  pear to depend on the dynamics of the network. Synaptic
the repetition suppression (for famous faces) that was seen irchanges within an attractor network, for example, may pro-
a right fusiform region in an indirect task (fame—judgement) duce faster relaxation times without a change in the sparsity
was not seen in a direct task (episodic recognititig, 30).% of firing (see earlier).
While there may be several explanations of this particu-  Thirdly, the duration of response suppression in monkey
lar task-by-repetition interaction (such as the “swamping” inferior temporal cortex typically decreases from anterior
of automatic suppression by additional top—down activa- regions (e.g. 24 h in perirhinal cortex, 10min in area TE,
tion in the direct memory task), the task-sensitivity of [4]) to posterior occipitotemporal regions (where it may not
haemodynamic repetition suppression cautions against thesurvive a single intervening stimulyg]). However, many
assumption that it is an obligatory consequence of stimulus perceptual priming effects in humans have been attributed
repetition (an assumption often implicit in the use of rep-
etition suppression as a tool to identify separate stages in

X i X L 5 . . . . . .
for example, visual ObjeCt processing, G[Iﬂ]) A possible exception is the study of Rainer and Mil[@®], which

showed that familiarisation of objects through multiple repetitions resulted
in fewer prefrontal neurons that were responsive to those objects, consis-
4 Response suppression in monkey inferotemporal regions can dependtent with the Wiggs and Martin theory, and importantly, these responses
on whether the stimulus is a target or nontarget in working memory tasks were more resistant to the effects of degrading the objects with visual
[26]. However, response suppression is still the most common finding in noise, which paralleled the monkey’s improved behavioural identification
long-term repetition—detection (serial recognition) tapks of degraded familiarised objects, relative to degraded novel objects.
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Fig. 3. (A) Schematic of apparent prediction of Wiggs and Maf88], that the difference between successive repetitions decreases as stimuli become
familiarised through multiple repetitions (see al&3]). (B) Repetition suppression for first vs. second presentations of familiar faces (F1 and F2, top
graph, jagged lines show data binned every 2 s, smooth lines show linear model fit) but not unfamiliar faces (U1 and U2, bottom graph) during an indirect
monitoring task in a right fusiform region (Talairach coordinatets —57 —24) indicated by crosshair on inferior view of brain with cerebellum artificially
removed, from Henson et gl17]. (C) BOLD repetition suppression for familiar (but not unfamiliar) faces during an indirect fame—judgment task (left)

but not a direct repetition—detection task (right) in the same right fusiform region as (B), from Hensofi8,alata binned every 1s. (D) PET adjusted
response to a degraded (binarised) image of an unfamiliar face, before presentation of intact version (Fb), and to a repeated presentatiogeof that ima
afterwards (Fa), in right fusiform region shown in transverse section (reprinted with permission of MacMillan Magazines Limited from Dolggj)et al.

to the modulation of processes supported by occipitotempo- [2] Baylis GC, Rolls ET. Responses of neurons in the inferior tempo-
ral regions[33], where haemodynamic repetition suppres- ral cortex in short term and serial recognition memory tasks. Experi-
sion typically lasts several minutes (and multiple intervening __ Mental Brain Research 1987:65:614-22.

. o . [3] Becker S, Moscovitch M, Behrmann M, Joordens S. Long-term se-
stimuli); indeed, up to 3 days in one stu8g]. The tran- mantic priming: a computational account and empirical evidence.

sience of neural response suppression in these regions would  journal of Experimental Psychology: Learning, Memory and Cogni-
certainly appear unable to account for perceptual priming tion 1997;23:1059-82.
effects that last month85]. [4] Brown MW, Xiang JZ. Recognition memory: neuronal substrates
if the judgement of prior occurrence. Progress in Neurobiology
1998;55:149-89.
. [5] Buckner RL, Koutstaal W. Functional neuroimaging studies of
5. Conclusions encoding, priming, and explicit memory retrieval. Proceedings of
the National Academy of Sciences of the United States of America

We have presented several issues relevant to theories of 1998:95:891-8. _ _
priming that attempt to link neural, haemodynamic and be- [6] Dale AM, Liu AK, Fischl BR, Buckner RL, Belliveau JW, Lewine

. . . JD, et al. Dynamic statistical parametric mapping: combining fMRI
havioural levels of neuroscience. Some of these issues are and MEG for high-resolution imaging of cortical activity. Neuron

problematic for theories like that of Wiggs and Marf8®]. 2000:26:55-67.
Though none of the issues refutes the theory, they suggest [7] Desimone R. Neural mechanisms for visual memory and their role
that the theory is insufficient to account for the range of in attention. PNAS 1996;93:13494-9.

priming—related neural effects. Though we cannot presently [8] Dolan RJ, Fink GR, Rolls E, Booth M, Holmes A, Frackowiak RSJ,

. . _ et al. How the brain learns to see objects and faces in an impoverished
offer an alternative theory that addresses the issues com- = =\ - " 1997:389:596-9.

pletely, we propose that such a theory would emphasise how [9] Ellis AW, Young AW, Flude BM. Repetition priming and face
repeated stimulus processing alters the strength of synap-  processing: priming occurs within the system that responds to the
tic transmission between different regions, which might af- identity of a face. Quarterly Journal of Experimental Psychology
fect the dynamics of a network settling on an interpretation 1990;42A:495-512.

" . . _[10] Gabrieli JDE. Cognitive neuroscience of human memory. Annual
(e.g. recognition) of that stimulus, and hence influence be Reviews in Psychology 1998:49:87-115.

hav!oural responses such as reaction t'mes' ) [11] Gauthier I, Tarr MJ, Anderson AW, Skudlarski P, Gore JC.

Finally, we note that we are not against the Wiggs and Activation of the middle fusiform ‘face area’ increases with expertise
Martin theory in principle. We have discussed it here because  in recognizing novel objects. Nature Neuroscience 1999;2:568—
it to some extent typifies the ideas held implicitly by many 73.

researchers using functional neuroimaging Indeed. we be_[lZ] Gauthier |, Tarr MJ, Moylan J, Skudlarski P, Gore JC, Anderson AW.
: ; The fusiform “face area” is part of a network that processes faces at

lieve Wiggs and Martin have greatly benefited the field by e ingividual level. Journal of Cognitive Neuroscience 2000;12:495—
making these ideas explicit. As such, the theory has proved 504,

a useful vehicle for stimulating our thoughts and for raising [13] Goshen-Gottstein Y, Ganel T. Repetition priming for familiar and
more genera' issues Concerning the goa| Of re|ating neuro- unfamiliar faces in a sex-judgment task: evidence for a common

: : : : : for the processing of sex and identity. Journal of Experimental
hysiological, neuroimaging and psychological data. route processing Ly P .
phy 9 ging psy 9 Psychology: Learning, Memory and Cognition 2000;26:1198-214 [in

process citation).
[14] Grill-Spector K, Kushnir T, Edelman S, Avidan G, Itzchak Y, Malach
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