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a b s t r a c t
Neurones in visual cortex show increasing response latency with decreasing stimulus contrast. Neurophysiological recordings from neurones in inferior temporal cortex (IT) and the superior temporal sulcus
(STS), show that the increment in response latency with decreasing stimulus contrast is considerably
greater in higher visual areas than that seen in primary visual cortex. This suggests that the majority
of the latency change is not retinal or V1 in origin, instead each cortical processing area adds latency
at low contrast. I show that, as in earlier visual areas, response latency is more strongly dependent on
stimulus contrast than stimulus identity. There is large variation in the extent to which response latency
increases with decreasing stimulus contrast. I show that this between cell variability is, at least in part,
related to the stimulus speciﬁcity of the neurones: the increase in response latency as stimulus contrast
decreases is greater for neurones that respond to few stimuli compared to neurones that respond to many
stimuli.
Ó 2009 Elsevier Ltd. All rights reserved.

1. Introduction
Neuronal response latency – the time when the stimulus elicited neuronal signal can ﬁrst be detected – is an example of a neuronal code involving precisely timed spikes (see Oram et al., 2002
for review). Given the dissociation of response magnitude and response latency (Albrecht, 1995; Bair et al., 2002; Carandini and
Heeger, 1994; Gawne et al., 1996; Reich et al., 2001a,b) it is not
surprising that response latency of individual neurons in primary
visual cortex convey information unavailable from the spike count
(Gawne et al., 1996; Reich et al., 2001a,b). Indeed, it is has been
speculated that changes in response latency are a potential source
of the temporal code revealed by principal component and information theoretic analysis of spike waveforms (Optican and Richmond, 1987; Tovee et al., 1993). Thus, understanding factors that
inﬂuence neuronal response latency may be relevant to studies
examining the role of temporal variation in ﬁring rate in visual processing (Eskandar et al., 1992; Heller et al., 1995; McClurkin et al.,
1991; Optican and Richmond, 1987; Richmond and Optican, 1990)
as well as shed light on the temporal precision of neuronal codes.
The latency of visually responsive neurones in the visual system
increases with decreasing stimulus contrast in the retina (Shapley
and ictor, 1978), LGN (Lee et al., 1981b), primary visual cortex
(Albrecht, 1995; Carandini et al., 1997, 2002; Carandini and Heeger, 1994; Gawne et al., 1996; Movshon et al., 1978; Parker et al.,
1982; Reich et al., 2001a,b; Wiener et al., 1998), area MT (Raiguel
et al., 1999) and the anterior superior temporal sulcus (Oram et
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al., 2002; van Rossum et al., 2008). The increment in response latency with decreasing stimulus contrast is considerably greater
in higher visual areas such as the anterior superior temporal sulcus
(STSa) than that seen in primary visual cortex Fig. 1 and (Oram et
al., 2002; van Rossum et al., 2008). Indeed, the average response latency in area STSa increases by 33 ± 3 ms for each halving of stimulus contrast compared to 8 ± 0.8 ms in V1 (van Rossum et al.,
2008). The increasing dependency of neuronal response latency
on stimulus contrast indicates that latency change is not retinal
or V1 in origin, instead suggesting that each cortical processing
area adds latency at low contrast (van Rossum et al., 2008).
Stimulus properties other than stimulus contrast inﬂuence response latency. For example, changes in spatial frequency inﬂuence both response magnitude and response latency of many V1
neurones (Bredfeldt and Ringach, 2002; Mazer et al., 2002). Position of moving gratings relative to the receptive ﬁeld also inﬂuence
response latency (Lee et al., 1981a), as does luminance of the stimulus (Maunsell and Gibson, 1992). On the other hand, changes in
response magnitude do not necessarily inﬂuence latency in V1
(Albrecht et al., 2002; Gawne et al., 1996; Geisler and Albrecht,
1995; Opara and Worgotter, 1996; Reich et al., 2001a,b; Tolhurst
and Heeger, 1997; Worgotter et al., 1996). Similarly, response latency of individual neurons in STSa show little dependency on response magnitude (Oram et al., 1993; Oram and Perrett, 1996,
1992) whereas changes in stimulus contrast cause large changes
(>200 ms) in response latency (Oram et al., 2002; van Rossum et
al., 2008; York et al., 2007).
In this article, I present data indicating that processing complexity may also inﬂuences neuronal response latency. Speciﬁcally,
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everyday objects were presented for 110 ms. Visual inspection of
on-line rasters and the post-stimulus time histogram (PSTH) to
each visual stimulus allowed selection of stimuli that were effective (preferred) and non-effective (non-preferred) in eliciting a response from the recorded neuron.
2.1. Stimuli

Fig. 1. Stimulus contrast inﬂuences response latency more in late visual areas than
in early areas. Mean latency (±SEM) is plotted for primary visual cortex (V1, solid
symbols, error bars lie under the symbol) and anterior superior temporal sulcus
(STS, open symbols), adapted from van Rossum et al. (2008).

I show that the response latency of neurones that respond to a
small number of stimuli is more sensitive to changes in stimulus
contrast than neurones that respond in a less discriminative or
selective fashion. The ﬁndings are discussed in terms of current
models of visual processing.

2. Methods
The experimental protocols have been described before (Oram
et al., 2002; van Rossum et al., 2008). Brieﬂy, extra-cellular single-unit recordings were made using standard techniques from
the upper and lower banks of the anterior part of the superior temporal sulcus (STSa) and the inferior temporal cortex of two male
monkeys (Macaca mulatta) performing a visual ﬁxation task. The
subject received a drop of fruit juice reward every 500 ms of ﬁxation (±3°) while static stimuli (10° by 12.5°) were displayed. During
initial screening, images of different perspective views of monkey
and human head, animals, fractal patterns, natural scenes, and

Grey-scale images of the cell’s preferred and non-preferred
stimuli were presented for 333 ms with 333 ms inter-stimulus
interval at different contrast levels in random order. Stimulus contrast was determined using foreground regions of the image. The
100% Michelson contrast (Lmax Lmin)/(Lmax + Lmin) was formed
by normalising the foreground pixel values such that they occupied the monitor’s full luminance range after adjusting the initial
grey-scale image to have mid (50%) luminance. Other contrast versions (75%, 50%, 25%, 12.5%, and 6.25%) were achieved by systematically varying the width of the distribution of the foreground
pixel values of the 100% contrast version while maintaining the
average foreground luminance. Example stimuli are shown in
Fig. 2. All manipulations were performed after correcting for the
measured gamma function of the display monitor.
2.2. Data analysis
Spike density functions were computed by smoothing a 1 ms binwidth peri-stimulus time histogram with a Gaussian ﬁlter
(s.d. = 10 ms) for each stimulus at each contrast. Response magnitude was taken as the average ﬁring rate in the 333 ms following
response latency. The response latency was extracted as the point
at which the activity exceeded the baseline activity (estimated
using the 200 ms before stimulus onset) by three standard deviations for a period of at least 20 ms. The latency was only accepted
if the activity of the neuron in the 100 ms following the estimate
was signiﬁcantly (p < 0.05) above the baseline activity (paired ttest). Population responses were generated by normalising the spike
density function of each cell to the most effective stimulus by setting the average of the 200 ms prior to stimulus onset to 0 and the
peak of the spike density function to 1, average across neurons, and
re-normalizing to the range 0–1 (Barraclough et al., 2005; Oram
and Perrett, 1996, 1992).

Fig. 2. Example stimuli at different contrasts.

Author's personal copy

M.W. Oram / Journal of Physiology - Paris 104 (2010) 167–175

169

2.3. Histological reconstruction
After each electrode penetration X-ray photographs were taken
coronally and para-sagitally. The positions of the tip of each electrode and its trajectory were measured with respect to the intraaural plane and the skull’s midline. Following the ﬁnal recording
session, the subject was sedated with ketamine, and then administered a lethal dose of barbiturate anaesthetic. After transcardial
perfusion with phosphate buffered saline and 4% glutaraldehyde/
paraformaldehyde ﬁxative, the brain was removed and soaked in
successively higher concentrations of sucrose solution or 2%
dimethylsulphoxide and 20% glycerol (Rosene et al., 1986). Sections (25 lm) were taken every 500 lm using standard techniques
(Harries and Perrett, 1991). Every 0.1 mm during sectioning slide
photographs of the remaining tissue were taken. Using the distance of each recorded neuron along the penetration, a threedimensional map of the position of the recorded cells was calculated. Alignment of sections with the X-ray co-ordinates of the
recording sites was achieved using the location of microlesions
and injection markers on the sections.
The anterior–posterior extent of the recorded cells was from
7 mm to 9 mm anterior of the inter-aural plane (Fig. 3), consistent
with previous studies showing visual responses to static images in
this region (Baylis et al., 1987; Bruce et al., 1981; Oram and Perrett,
1992; Perrett et al., 1982). The recorded cells were located in the
upper bank (TAa, TPO), lower bank (TEa, TEm) and fundus (PGa,
IPa) of STS and in the anterior areas of TE (Tanaka et al., 1991).
As deﬁned in previous studies (Barraclough et al., 2006, 2005; Baylis et al., 1987; Bruce et al., 1981, 1986; Desimone and Gross, 1979;
Distler et al., 1993; Hikosaka et al., 1988; Saleem et al., 2000; Seltzer and Pandya, 1994; van Rossum et al., 2008) these areas are rostral to FST and we collectively call the anterior STS (Barraclough et
al., 2006, 2005; van Rossum et al., 2008).

Fig. 3. Histological reconstruction of recording sites. Upper: schematic lateral view
of the macaque brain showing the target recording area. Inset: photograph of the
macaque brain at 8 mm anterior to the inter-aural plane. White dots mark the
location of recorded neurones on this slice from monkey P.

3. Results
3.1. Location of recorded neurones
Recordings were made from 55 neurones in STSa and AIT in two
male monkeys. Fig. 3 shows the location of recorded neurones following histological reconstruction. The neurones were located in
the upper bank, fundus and lower bank of the STS and in the lateral
portion of AIT. No statistical differences in response latency or
stimulus speciﬁcity were found between the recorded locations.
In view of the absence of differences between areas, I report further
population statistics after collapsing between areas.
3.2. Stimulus contrast and response latency
The responses of a single neurone in area STSa to stimuli of different contrasts are shown in Fig. 4. For this neurone, the response
latency at high (100%, solid line) contrast was 68 ms, increasing to
over 416 ms at 6.25% contrast (dotted line). An increase in response latency of 100 ms when stimulus contrast is reduced from
100% to 6.25% is typical of neurones in STSa (Oram et al., 2002; van
Rossum et al., 2008). Note that as stimulus contrast decreases the
response magnitude decreases (Oram et al., 2002), as seen in
primary visual cortex (Albrecht, 1995; Albrecht and Hamilton,
1982; Carandini et al., 2002; Carandini and Heeger, 1994; Gawne
et al., 1996; Movshon et al., 1978; Parker et al., 1982), but the sharp
response onset is retained (Oram et al., 2002; van Rossum et al.,
2008).
The average responses of the 55 neurons recorded in area STSa
to preferred visual stimuli presented at different contrasts are plotted in Fig. 5. The data show large changes in response latency as a

Fig. 4. Responses of an STSa neurone to stimuli of different contrasts. Upper:
rastergrams of responses to stimuli shown on the left. Percentage ﬁgures give the
actual contrast. Lower: spike density functions (kernel r = 10 ms) of the responses
above (shaded region = ±SEM).

function of contrast. Note that the sharp response onset to low
contrast stimuli is not seen because of averaging over increasing
between cell temporal variation in response latency. The average
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latency in the population response ranges from 90 ms for the highest contrast stimuli, to 216 ms for the lowest contrast stimuli.
3.3. Contrast, not stimulus preference determines the latency
Fig. 6 shows the average spike density function of 50 STS neurones to effective stimuli when presented at high (100%) contrast
(solid line). When effective stimuli are presented at low (25%) contrast there is a noticeable increase in response latency (dashed).
Responses to ineffective stimuli (dotted line) have the same latency as the most effective stimuli despite the very small response
(Oram et al., 2002). These ﬁndings are indicative that response latency is relatively sensitive to stimulus contrast and relatively
independent of response magnitude.
Following (Gawne et al., 1996), the extent to which response
amplitude and latency varied with stimulus identity and stimulus
contrast was examined. Neuronal response latency varied with
stimulus contrast in a systematic manner regardless of response
magnitude. An example illustrating this is shown in Fig. 7. The neurone responded well to the face view but poorly to the back view of
the head. When the estimated latency is plotted as a function of response strength elicited by the effective stimulus (face), a clear
relationship between response strength and latency is observed
(Fig. 7a, solid symbols). This relationship is, however, poor for
the ineffective stimulus (back view of the head, Fig. 7a, open symbols). However, when response latency is plotted as a function of
stimulus contrast a consistent relationship is observed regardless
of stimulus identity (Fig. 7b).
For recorded cells tested with different stimuli eliciting signiﬁcantly different response strengths (spike counts 70–370 ms, ANOVA, p < 0.05), stimulus contrast accounted for 67 ± 7% of the
variability of response latency and only 33 ± 3% of the variability
in spike count. Conversely, stimulus identity accounted for
69 ± 6% of the variability in spike count and only 20 ± 5% of the variability on response latency (Fig. 7c). Thus, in areas STSa and IT
stimulus contrast is encoded mostly by response latency whereas
stimulus identity is encoded mostly by response magnitude (Oram
et al., 2002; van Rossum et al., 2008), the same reversal as observed
in V1 (Gawne et al., 1996; Reich et al., 2001b).
3.4. Stimulus speciﬁcity determines contrast sensitivity
The neurophysiological recordings from some neurones in higher visual areas can show increases in response latency of up to

Fig. 5. Average response of STSa neurones to effective stimuli at different contrasts.
Response (±SEM) of 55 neurones to stimului of 100–6.25% contrast are shown. The
response of each neurone was normalised (peak response at 100% contrast = 1,
spontaneous activity = 0) and averaged. For plotting purposes, the average was renormalised.

Fig. 6. Stimulus contrast inﬂuences response latency more than response magnitude. The average response (±SEM) across 50 neurones to the most effective
stimulus (best) at high (100%) and low (25%) contrast (solid and dashed line
respectively). The change in contrast induces a latency shift of some 70 ms. In
comparison, the almost negligible population response to high (100%) contrast
ineffective stimuli (dotted line) has a latency that is indistinguishable from the
most effective high contrast stimuli.

300 ms when stimulus contrast is reduced to 6%. Other neurones,
however, show barely detectable increases of less than 5 ms over
the same range of stimulus contrasts. Example rastergrams and
spike density functions from single neurones illustrating this
asynchrony are shown in Fig. 8. In Fig. 8a, the response latency
of a neurones increases markedly with decreasing stimulus contrast. Another neurone (Fig. 8b) showed almost no change in
response latency. Note that the changes in response magnitude
are equivalent (p > 0.1) and so cannot account for the different
latency–contrast relationships of these two neurones. Because
the sensitivity of response latency to stimulus contrast varies
between neurones, neurones in IT and STS that respond to the
same visual stimulus become increasingly asynchronous as
stimulus contrast is reduced (van Rossum et al., 2008).
Increasing asynchrony of visual responses at low contrast could
simply reﬂect heterogeneity of neurones. It is also possible that
such asynchrony reﬂects functional aspects of visual processing.
One functional aspect of visual processing frequently investigated
is the notion of ‘‘tuning width”: the sensitivity of the neuronal responses to changes in the input stimulus. While tuning width is
well deﬁned for simple static stimulus sets such as gratings (spatial
frequency, phase, and orientation), it is less well deﬁned for neuronal responses found in higher association cortex.
During initial screening of the neuronal responses (see Section
2) a relatively variable stimulus set was used (all stimuli at 100%
contrast). Fig. 9 illustrates the responses to screening set stimuli
of two example neurones. At one end of the spectrum are highly
selective neurones which respond strongly to only one or two
images. Strong responses from the neurone shown in Fig. 9a were
elicited by only the image of an alien face (bottom right of the ﬁgure), with the neurone responding slightly to the image of a hand
(near the centre of the ﬁgure) with the other tested stimuli eliciting
little or no response. At the other end of the spectrum are neurones
which seem non-selective, responding to all the visual stimuli used
in the screening set (Fig. 9b).
A median split according to the number of stimuli that elicit a
signiﬁcant (p < 0.05) response separated the neurones into two
group. One group of neurones responded to (relatively) many stimuli (low speciﬁcity), the second group responded to a small number
of stimuli (high speciﬁcity). The sensitivity of response latency

Author's personal copy

M.W. Oram / Journal of Physiology - Paris 104 (2010) 167–175

171

in the relationship between stimulus contrast and response latency. This variability in response latency, as with neuronal response latency in general (Albrecht et al., 2002; Bair et al., 2002;
Gawne et al., 1996; Geisler and Albrecht, 1995; Opara and Worgotter, 1996; Oram et al., 2002, 1993; Oram and Perrett, 1996, 1992;
Reich et al., 2001a,b; Tolhurst and Heeger, 1997; van Rossum et
al., 2008; Worgotter et al., 1996; York et al., 2007), cannot easily
be attributed to changes in response magnitude. The speciﬁcity
of the neuronal responses, here measured simply as the proportion
of stimuli that elicit a detectable response, captures at least part of
the between cell variability in the contrast–latency relationship.
The analyses presented here do not differentiate between neurones in the upper bank, fundus, lower bank of the STS and lateral
AIT. Given that fMRI studies suggest that neurones from these different areas may have different sensitivity to motion (Nelissen et
al., 2006) treating the neurones in different sub-regions of STSa
as equivalent needs to be treated with caution. However, neurones
were included in this study only if they responded to static stimuli,
suggesting that differences based on motion selectivity are unlikely to impact on the present results. Furthermore neurones with
high and low selectivity were found in the upper bank, fundus lower bank of the STS and lateral AIT. Nevertheless, it remains a possibility that between sub-division difference exist.
4.1. Implications for visual processing

Fig. 7. Stimulus contrast inﬂuences response latency more than response magnitude. (a) Relationship between response latency and response strength. (b)
Relationship between latency and stimulus contrast. Recordings from this neurone
were made while images of the face (solid symbols) and back (open symbols) view
of the head were presented. For this neurone, as with most others, response latency
is better described as a function of stimulus contrast than of response strength
(Response latency – response strength: R2 = 0.46; Response latency – stimulus
contrast: R2 = 0.91). (c) Average R2 of regressions of stimulus identity (ID) or
stimulus contrast (Cont) on response rate (left) and response latency (right). The
proportion of variability in response rate explained by stimulus contrast (33 ± 3%)
was less (paired t-test: t = 5.8, p < 0.001) than that explained by stimulus identity
(69 ± 6%). Conversely, the proportion of variability in response latency explained by
stimulus contrast (67 ± 7%) was greater (t = 4.7, p < 0.002) than that explained by
stimulus identity (20 ± 5%).

with stimulus contrast differs between these two groups (Fig. 10).
Speciﬁcally, the response latency of neurones that respond to
many stimuli is less sensitive to change in stimulus contrast than
those neurones which respond to only a small number of stimuli.
Regression of latency on ln(stimulus contrast) for each neurone
conﬁrmed the impression from the population analysis. Response
latency increased, on average, by 21.0 ± 3.3 ms for each halving
of stimulus contrast for the low speciﬁcity neurones compared to
an increase of 43.8 ± 5.7 ms for the high speciﬁcity group. Finally,
the proportion of stimuli in the screening set that elicited a significant response also correlated with the slope of the latency–ln(contrast) relationship (Spearman’s correlation coefﬁcient = 0.39,
p < 0.01), again indicating that the more speciﬁc the neuronal
selectivity the greater the impact of contrast on response latency.
4. Discussion
The results presented here show that, as in V1, neuronal response latency is heavily inﬂuenced by stimulus contrast and is
relatively independent of response magnitude. Notably, the
changes in response latency in STSa are considerably larger than
that seen in earlier visual areas (Oram et al., 2002; van Rossum
et al., 2008). However, the average increase in response latency
as contrast is reduced hides considerable between cell variability

The cell-by-cell differences in the latency–contrast relationship
mean that signals will become increasingly asynchronous as the
stimulus contrast is reduced, particularly in the higher visual areas
such as STSa (van Rossum et al., 2008). While it has been shown
that information unavailable from spike count is carried by response latency (Reich et al., 2001a,b), it is not immediately obvious
how this information could be used by receiving neurons. The
problem for the nervous system in determining response latency
(time from stimulus onset to response onset) is undeniable. However, decoding of absolute response latency is not, under normal
viewing conditions, necessary. While some sections or areas of a
visual scene are likely to contain stimuli – or parts of stimuli – with
high contrast features (e.g. object outlines), other areas are likely to
contain elements with lower contrast (e.g. internal features of the
objects). Thus, relative response latency, rather than absolute latency, can be used. Indeed, a recent study has shown that stimulus
related information is encoded by relative rather than absolute response latency in the salamander retina (Gollisch and Meister,
2008).
It has argued that visual processing may, in part, operate using a
ﬁrst-come winner-take-all mechanism (Gautrais and Thorpe,
1998; Perrinet et al., 2004; Thorpe, 1990; Van Rullen et al., 2001;
Van Rullen and Thorpe, 2002). The use of relative response or spike
latency in decoding may help explain the robustness of human vision against large reductions in stimulus contrast (Mace et al.,
2005). However, the increasing asynchrony – up to 200 ms or more
– between neurons to low contrast stimuli will disrupt relative
spike times between different populations of neurones as much
as it disrupts the spike times within populations. Thus, the results
reported here suggest that the robustness of relative spike times
against changes in stimulus contrast (Mace et al., 2005) is likely
to be less than previously argued.
While the current results relate directly to visual processing utilising response latencies, the results also open up the far greater
challenge of dealing with asynchronous signals in general. At the
subjective phenomenological level, the present results are appealing. When viewing stimuli in low contrast conditions (e.g. fog), the
sensation is of an indistinct object gaining form and detail over
time. This is commensurate with early signals being indiscriminate
(from low speciﬁcity neurons) and later signals showing greater
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Fig. 8. Different neurones show different changes in response latency as contrast changes. (a) Neurone showing large latency increases as stimulus contrast is reduced. (b)
Neurone showing little latency increase as stimulus contrast is reduced. The relative reduction in response magnitude is almost identical for these two neurones, conﬁrming
the independence of response magnitude and response latency (see also Figs. 7 and 8).

discrimination (from high speciﬁcity neurons). At low stimulus
contrast, integration of early signals would provide coarse
information, integrators of later signals providing more detailed
information. At high stimulus contrast, the information from all
integrators would be available simultaneously, allowing subsequent processing to utilise the output associated with detailed
information. This is, of course, no more than a restatement of the
results and as such assumes that asynchronous signals are not
integrated.
Response asynchrony at low contrast will occur in any pool of
neurones unless they all share the same contrast–latency relationship. Hence, it is necessary to consider what sorts of mechanism
could allow for integration of asynchronous signals without inducing inherent instability (incorrect integration). A potential candidate would be a mechanism that low-pass ﬁlters, integrates and
then thresholds the inputs (e.g. Bugmann and Taylor, 1993).
Such integrate and threshold models are becoming increasingly dominant in modelling decision making processes. The
activity of single neurones can be viewed as evidence supporting
the presence of a particular visual stimulus (Barlow, 1972, 1985).
Once the evidence or information exceeds threshold, a decision
about the presence or absence of the stimulus can be made (Loftus and Ruthruff, 1994). The visual information acquisition and
evidence accumulation hypotheses are captured by integrate
and threshold processes such as diffusion and accumulator models (Carpenter and Williams, 1995; Gold and Shadlen, 2001; Oram
et al., 2002; Palmer and McLean, 1996; Perrett et al., 1998; Ratcliff and Rouder, 2000; Roitman and Shadlen, 2002; Schall,
2002, 2003; Schall and Thompson, 1999; Usher and McClelland,
2001; Verghese, 2001; Ward and McClelland, 1989). Of particular
relevance here is the observation that integrate and threshold
models can explain performance in dual task experiments when
signal asynchrony occurs because of contrast induced latency
changes (Oram, 2005). While such integrate and threshold models
can cope with asynchronous inputs, they cannot explain the
dependency of contrast–latency relationship on stimulus speciﬁcity described here.

4.2. Implications for models of contrast induced latency change
Models which low-pass ﬁlter and then threshold the signal (see
above) have been used to explain V1 latencies (Bair et al., 2002).
However, models based on the integrate and threshold act locally
and typically predict a relationship between ﬁring rate and latency,
a feature which is not observed in the STSa responses described
here (see van Rossum et al., 2008 for further discussion). Carandini
and Heeger (1994) have suggested inhibitory shunting feedback
reduces the membrane time constant at high contrast. However,
the effective membrane time constant observed in V1, with a resting membrane time constant typically <20 ms (Anderson et al.,
2000; Destexhe et al., 2003; Destexhe and Pare, 1999; Hirsch et
al., 1998) is too short to allow for the required 50 ms decrease
in the time constant required to explain contrast induced latency
changes observed in V1 (Albrecht, 1995; Gawne et al., 1996;
Gawne, 2000). Additionally, physiologically observed levels of inhibition do not match the shunting model (Ahmed et al., 1997;
Anderson et al., 2000), although the inclusion of noise and dendritic saturation suggests that the shunting inhibitory model may
be applicable (Prescott and De Koninck, 2003). Finally, computational studies indicate that the even shorter synaptic time constant
determines the circuit’s dynamics (Treves, 1993).
More recent models explaining latency changes with stimulus
contrast have examined the role of synaptic depression in either
feed-forward connections (Carandini et al., 2002; Chance et al.,
1998), or feed-forward and recurrent connections (Kayser et al.,
2001; van Rossum et al., 2008). It has recently been shown that
in V1 low contrast stimuli elicit greater synaptic activity (as measured from both magnitude and extent of local ﬁeld potentials)
than high contrast stimuli (Nauhaus et al., 2008). This is consistent
with reduced synaptic depression (resulting in more prolonged
synaptic activity) at low compared to high contrast and inconsistent with shunting inhibitory models where increased synaptic
activity (more shunting) is predicted to high contrast stimuli.
Current models that explain latency shifts as a result of changing stimulus contrast will not, at least in their current forms,
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Fig. 9. Stimulus selectivity varies between neurones. (a) An example of a neurone that was highly selective, responding signiﬁcantly to only 5% (2/38) of the stimuli used in
the screening set. (b) Example of a neurone responding signiﬁcantly to 100% (28/28) of the stimuli used in the screening set.

explain the results reported here. Population based models, such as
the shunting inhibition model (Carandini and Heeger, 1994), use
pooling of the responses from many neurones with varying stimulus preferences (orientation, spatial frequency, phase, etc.). The use
of the pooled activity from many other neurones is assumed to be
constant for all neurones and hence would not show the main ﬁnding reported here: increases in response latency as stimulus contrast decreases is greater for neurones that respond to few
stimuli compared to neurones that respond to many stimuli. Similarly, models with depressing synapses (Carandini et al., 2002;
Chance et al., 1998; Kayser et al., 2001; van Rossum et al., 2008)
do not differentiate rates of depression on the basis of the speciﬁcity of neurons and hence would not automatically show this

property. It remains to be seen which of the current models can
be adapted to explain the current results.
4.3. Conclusion
Response latency of neurones in STSa is more strongly dependent on stimulus contrast than stimulus identity. There is, however, large variation in the extent to which response latency
increases with decreasing stimulus contrast. This between cell variability is, at least in part, related to the stimulus speciﬁcity of the
neurones: the increase in response latency as stimulus contrast decreases is greater for neurones that respond to few stimuli compared to neurones that respond to many stimuli. These results
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Fig. 10. Sensitivity of response latency to stimulus contrast varies with selectivity.
As the stimulus contrast decreased the response latency of neurones which
responded to many stimuli (low selectivity, open symbols) increased less rapidly
than the response latency of neurones which responded to relatively few stimuli
(high selectivity, solid symbols). (Overall ANOVA: effect of contrast, F[5,220] = 18.9,
p < 0.00005; effect of selectivity, F[1,220] = 16.8, p < 0.0005; interaction F[5,220] = 4.2,
p < 0.005)

challenge current models of contrast gain control and suggest that
our understanding of visual processing will require detailed studies of how asynchronous signals can be effectively integrated.
Acknowledgements
This work was supported by EU Framework Grant (FP5-MIRROR). I would like to thank the unknown reviewers for their helpful
comments.
References
Ahmed, B., Allison, J.D., Douglas, R.J., Martin, K.A., 1997. An intracellular study of the
contrast-dependence of neuronal activity in cat visual cortex. Cerebral Cortex 7,
559–570.
Albrecht, D.G., 1995. Visual cortex neurons in monkey and cat: effect of contrast on
the spatial and temporal phase transfer functions. Visual Neuroscience 12,
1191–1210.
Albrecht, D.G., Geisler, W.S., Frazor, R.A., Crane, A.M., 2002. Visual cortex neurons of
monkeys and cats: temporal dynamics of the contrast response function.
Journal of Neurophysiology 88, 888–913.
Albrecht, D.G., Hamilton, D.B., 1982. Striate cortex of monkey and cat: contrast
response function. Journal of Neurophysiology 48, 217–237.
Anderson, J.S., Carandini, M., Ferster, D., 2000. Orientation tuning of input
conductance, excitation, and inhibition in cat primary visual cortex. Journal of
Neurophysiology 84, 909–926.
Bair, W., Cavanaugh, J.R., Smith, M.A., Movshon, J.A., 2002. The timing of response
onset and offset in macaque visual neurons. Journal of Neuroscience 22, 3189–
3205.
Barlow, H.B., 1972. Single units and sensation: a neuron doctrine for perceptual
psychology? Perception 1, 371–394.
Barlow, H.B., 1985. The twelfth Bartlett memorial lecture: the role of single neurons
in the psychology of perception. Quarterly Journal of Experimental Psychology
Section A – Human Experimental Psychology 37, 121–145.
Barraclough, N.E., Xiao, D.K., Baker, C.I., Oram, M.W., Perrett, D.I., 2005. Integration
of visual and auditory information by superior temporal sulcus neurons
responsive to the sight of actions. Journal of Cognitive Neuroscience 17, 377–
391.
Barraclough, N.E., Xiao, D.K., Oram, M.W., Perrett, D.I., 2006. The sensitivity of
primate STS neurons to walking sequences and to the degree of articulation in
static images. Progress in Brain Research 154, 135–148.
Baylis, G.C., Rolls, E.T., Leonard, C.M., 1987. Functional subdivisions of the temporal
lobe neocortex. Journal of Neuroscience 7, 330–342.
Bredfeldt, C.E., Ringach, D.L., 2002. Dynamics of spatial frequency tuning in
macaque V1. Journal of Neuroscience 22, 1976–1984.
Bruce, C., Desimone, R., Gross, C.G., 1981. Visual properties of neurons in a
polysensory area in superior temporal sulcus of the macaque. Journal of
Neurophysiology 46, 369–384.

Bruce, C.J., Desimone, R., Gross, C.G., 1986. Both striate cortex and superior
colliculus contribute to visual properties of neurons in superior temporal
polysensory area of macaque monkey. Journal of Neurophysiology 55, 1057–
1075.
Bugmann, G., Taylor, J.G., 1993. A Model for Latencies in the Visual System, vol. 1.
pp. 165–168.
Carandini, M., Heeger, D.J., 1994. Summation and division by neurons in primate
visual cortex. Science 264, 1333–1336.
Carandini, M., Heeger, D.J., Movshon, J.A., 1997. Linearity and normalization in
simple cells of the macaque primary visual cortex. Journal of Neuroscience 17,
8621–8644.
Carandini, M., Heeger, D.J., Senn, W., 2002. A synaptic explanation of suppression in
visual cortex. Journal of Neuroscience 22, 10053–10065.
Carpenter, R.H.S., Williams, M.L.L., 1995. Neural computation of log likelihood in
control of saccadic eye-movements. Nature 377, 59–62.
Chance, F.S., Nelson, S.B., Abbott, L.F., 1998. Synaptic depression and the temporal
response characteristics of V1 cells. Journal of Neuroscience 18, 4785–4799.
Desimone, R., Gross, C.G., 1979. Visual areas in the temporal cortex of the macaque.
Brain Research 178, 363–380.
Destexhe, A., Pare, D., 1999. Impact of network activity on the integrative properties
of neocortical pyramidal neurons in vivo. Journal of Neurophysiology 81, 1531–
1547.
Destexhe, A., Rudolph, M., Pare, D., 2003. The high-conductance state of neocortical
neurons in vivo. Nature Reviews Neuroscience 4, 739–751.
Distler, C., Boussaoud, D., Desimone, R., Ungerleider, L.G., 1993. Cortical connections
of inferior temporal area TEO in macaque monkeys. Journal of Comparative
Neurology 334, 125–150.
Eskandar, E.N., Richmond, B.J., Optican, L.M., 1992. Role of inferior temporal neurons
in visual memory. I. Temporal encoding of information about visual images,
recalled images, and behavioral context. Journal of Neurophysiology 68, 1277–
1295.
Gautrais, J., Thorpe, S., 1998. Rate coding versus temporal order coding: a
theoretical approach. Biosystems 48, 57–65.
Gawne, T.J., 2000. The simultaneous coding of orientation and contrast in the
responses of V1 complex cells. Experimental Brain Research 133, 293–302.
Gawne, T.J., Kjaer, T.W., Richmond, B.J., 1996. Latency: another potential code for
feature binding in striate cortex. Journal of Neurophysiology 76, 1356–1360.
Geisler, W.S., Albrecht, D.G., 1995. Bayesian analysis of identiﬁcation performance
in monkey visual cortex: nonlinear mechanisms and stimulus certainty. Vision
Research 35, 2723–2730.
Gold, J.I., Shadlen, M.N., 2001. Neural computations that underlie decisions about
sensory stimuli. Trends in Cognitive Sciences 5, 10–16.
Gollisch, T., Meister, M., 2008. Rapid neural coding in the retina with relative spike
latencies. Science 319, 1108–1111.
Harries, M.H., Perrett, D.I., 1991. Visual processing of faces in temporal cortex –
physiological evidence for a modular organization and possible anatomical
correlates. Journal of Cognitive Neuroscience 3, 9–24.
Heller, J., Hertz, J.A., Kjaer, T.W., Richmond, B.J., 1995. Information ﬂow and
temporal coding in primate pattern vision. Journal of Computational
Neuroscience 2, 175–193.
Hikosaka, K., Iwai, E., Saito, H., Tanaka, K., 1988. Polysensory properties of neurons
in the anterior bank of the caudal superior temporal sulcus of the macaque
monkey. Journal of Neurophysiology 60, 1615–1637.
Hirsch, J.A., Alonso, J.M., Reid, R.C., Martinez, L.M., 1998. Synaptic integration in
striate cortical simple cells. Journal of Neuroscience 18, 9517–9528.
Kayser, A., Priebe, N.J., Miller, K.D., 2001. Contrast-dependent nonlinearities arise
locally in a model of contrast-invariant orientation tuning. Journal of
Neurophysiology 85, 2130–2149.
Lee, B.B., Elepfandt, A., Virsu, V., 1981a. Phase of responses to sinusoidal gratings of
simple cells in cat striate cortex. Journal of Neurophysiology 45, 818–828.
Lee, B.B., Elepfandt, A., Virsu, V., 1981b. Phase of responses to moving sinusoidal
gratings in cells of cat retina and lateral genicualte nucleus. Journal of
Neurophysiology 45, 807–817.
Loftus, G.R., Ruthruff, E., 1994. A theory of visual information acquisition and visual
memory with special application to intensity-duration trade-offs. Journal of
Experimental Psychology – Human Perception and Performance 20, 33–49.
Mace, M.J.M., Thorpe, S.J., Fabre-Thorpe, M., 2005. Rapid categorization of
achromatic natural scenes: how robust at very low contrasts? European
Journal of Neuroscience 21, 2007–2018.
Maunsell, J.H., Gibson, J.R., 1992. Visual response latencies in striate cortex of the
macaque monkey. Journal of Neurophysiology 68, 1332–1344.
Mazer, J.A., Vinje, W.E., McDermott, J., Schiller, P.H., Gallant, J.L., 2002. Spatial
frequency and orientation tuning dynamics in area V1. Proceedings of the
National Academy of Sciences of the United States of America 99, 1645–
1650.
McClurkin, J.W., Gawne, T.J., Optican, L.M., Richmond, B.J., 1991. Lateral geniculate
neurons in behaving primates. II. Encoding of visual information in the
temporal shape of the response. Journal of Neurophysiology 66, 794–808.
Movshon, J.A., Thompson, I.D., Tolhurst, D.J., 1978. Spatial and temporal contrast
sensitivity of neurones in areas 17 and 18 of the cat’s visual cortex. Journal of
Physiology – London 283, 101–120.
Nauhaus, I., Benucci, A., Carandini, M., Ringach, D.L., 2008. Neuronal selectivity and
local map structure in visual cortex. Neuron 57, 673–679.
Nelissen, K., Vanduffel, W., Orban, G.A., 2006. Charting the lower superior temporal
region, a new motion-sensitive region in monkey superior temporal sulcus.
Journal of Neuroscience 26, 5929–5947.

Author's personal copy

M.W. Oram / Journal of Physiology - Paris 104 (2010) 167–175
Opara, R., Worgotter, F., 1996. Using visual latencies to improve image
segmentation. Neural Computation 8, 1493–1520.
Optican, L.M., Richmond, B.J., 1987. Temporal encoding of two-dimensional patterns
by single units in primate inferior temporal cortex. III. Information theoretic
analysis. Journal of Neurophysiology 57, 162–178.
Oram, M.W., 2005. Integrating neuronal coding into cognitive models: predicting
reaction time distributions. Network-Computation in Neural Systems 16, 377–
400.
Oram, M.W., Perrett, D.I., 1996. Integration of form and motion in the anterior
superior temporal polysensory area (STPa) of the macaque monkey. Journal of
Neurophysiology 76, 109–129.
Oram, M.W., Perrett, D.I., 1992. Time course of neural responses discriminating
different views of the face and head. Journal of Neurophysiology 68, 70–84.
Oram, M.W., Perrett, D.I., Hietanen, J.K., 1993. Directional tuning of motionsensitive cells in the anterior superior temporal polysensory area of the
macaque. Experimental Brain Research 97, 274–294.
Oram, M.W., Xiao, D.K., Dritschel, B., Payne, K.R., 2002. The temporal resolution of
neural codes: does response latency have a unique role? Philosophical
Transactions of the Royal Society of London Series B – Biological Sciences
357, 987–1001.
Palmer, J., McLean, J., 1996. Visual search: large set-size effect do not reject models
based upon independent channels. Investigative Ophthalmology & Visual
Science 37, 62.
Parker, D.M., Salzen, E.A., Lishman, J.R., 1982. Visual-evoked responses elicited by
the onset and offset of sinusoidal gratings: latency, waveform, and topographic
characteristics. Investigative Ophthalmology & Visual Science 22, 675–680.
Perrett, D.I., Oram, M.W., Ashbridge, E., 1998. Evidence accumulation in cell
populations responsive to faces: an account of generalisation of recognition
without mental transformations. Cognition 67, 111–145.
Perrett, D.I., Rolls, E.T., Caan, W., 1982. Visual neurones responsive to faces in the
monkey temporal cortex. Experimental Brain Research 47, 329–342.
Perrinet, L., Samuelides, M., Thorpe, S., 2004. Sparse spike coding in an
asynchronous feed-forward multi-layer neural network using matching.
Neurocomputing 57, 125–134.
Prescott, S.A., De Koninck, Y., 2003. Gain control of ﬁring rate by shunting
inhibition: Roles of synaptic noise and dendritic saturation. Proceedings of
the National Academy of Sciences of the United States of America 100, 2076–
2081.
Raiguel, S.E., Xiao, D.K., Marcar, V.L., Orban, G.A., 1999. Response latency of macaque
area MT/V5 neurons and its relationship to stimulus parameters. Journal of
Neurophysiology 82, 1944–1956.
Ratcliff, R., Rouder, J.N., 2000. A diffusion model account of masking in two-choice
letter identiﬁcation. Journal of Experimental Psychology – Human Perception
and Performance 26, 127–140.
Reich, D.S., Mechler, F., Victor, J.D., 2001a. Formal and attribute-speciﬁc information
in primary visual cortex. Journal of Neurophysiology 85, 305–318.
Reich, D.S., Mechler, F., Victor, J.D., 2001b. Temporal coding of contrast in primary
visual cortex: When, what, and why. Journal of Neurophysiology 85, 1039–
1050.
Richmond, B.J., Optican, L.M., 1990. Temporal encoding of two-dimensional patterns
by single units in primate primary visual cortex. II. Information transmission.
Journal of Neurophysiology 64, 370–380.
Roitman, J.D., Shadlen, M.N., 2002. Response of neurons in the lateral intraparietal
area during a combined visual discrimination reaction time task. Journal of
Neuroscience 22, 9475–9489.

175

Rosene, D.L., Roy, N.J., Davis, B.J., 1986. A cryoprotection method that facilitates
cutting Frozen-sections of whole monkey brains for histological and
histochemical processing without freezing artifact. Journal of Histochemistry
and Cytochemistry 34, 1301–1315.
Saleem, K.S., Suzuki, W., Tanaka, K., Hashikawa, T., 2000. Connections between
anterior inferotemporal cortex and superior temporal sulcus regions in the
macaque monkey. Journal of Neuroscience 20, 5083–5101.
Schall, J.D., 2002. The neural selection and control of saccades by the frontal eye
ﬁeld. Philosophical Transactions of the Royal Society of London Series B –
Biological Sciences 357, 1073–1082.
Schall, J.D., 2003. Neural correlates of decision processes: neural and mental
chronometry. Current Opinion in Neurobiology 13, 182–186.
Schall, J.D., Thompson, K.G., 1999. Neural selection and control of visually guided
eye movements. Annual Review of Neuroscience 22, 241–259.
Seltzer, B., Pandya, D.N., 1994. Parietal, temporal, and occipital projections to cortex
of the superior temporal sulcus in the Rhesus-Monkey – a retrograde tracer
study. Journal of Comparative Neurology 343, 445–463.
Shapley, R.M., Victor, J.D., 1978. The effect of contrast on the transfer properties of
cat retinal ganglion cells. Journal of Physiology – London 285, 275–298.
Tanaka, K., Saito, H., Fukada, Y., Moriya, M., 1991. Coding visual images of objects in
the inferotemporal cortex of the macaque monkey. Journal of Neurophysiology
66, 170–189.
Thorpe, S.J., 1990. Spike Arrival Times: A Highly Efﬁcient Coding Scheme for Neural
Networks. pp. 91–94.
Tolhurst, D.J., Heeger, D.J., 1997. Comparison of contrast-normalization and
threshold models of the responses of simple cells in cat striate cortex. Visual
Neuroscience 14, 293–309.
Tovee, M.J., Rolls, E.T., Treves, A., Bellis, R.P., 1993. Information encoding and the
responses of single neurons in the primate temporal visual cortex. Journal of
Neurophysiology 70, 640–654.
Treves, A., 1993. Mean-ﬁeld analysis of neuronal spike dynamics. NetworkComputation in Neural Systems 4, 259–284.
Usher, M., McClelland, J.L., 2001. The time course of perceptual choice. The leaky,
competing accumulator model. Psychological Review 108, 550–592.
van Rossum, M.C.W., van der Meer, M., Xiao, D., Oram, M.W., 2008. Adaptive
integration by recurrent cortical circuits. Neural Computation 20, 1847–1872.
Van Rullen, R., Delorme, A., Thorpe, S.J., 2001. Feed-forward contour integration in
primary visual cortex based on asynchronous spike propagation.
Neurocomputing 38, 1003–1009.
Van Rullen, R., Thorpe, S.J., 2002. Surﬁng a spike wave down the ventral stream.
Vision Research 42, 2593–2615.
Verghese, P., 2001. Visual search and attention: a signal detection theory approach.
Neuron 31, 523–535.
Ward, R., McClelland, J.L., 1989. Conjunctive search for one and two identical
targets. Journal of Experimental Psychology – Human Perception and
Performance 15, 664–672.
Wiener, M.C., Oram, M.W., Richmond, B.J., 1998. Response latency is related to
stimulus contrast but not to response strength. Society for Neuroscience
Abstracts 24, 1258 (497.6).
Worgotter, F., Opara, R., Funke, K., Eysel, U., 1996. Utilizing latency for object
recognition in real and artiﬁcial neural networks. Neuroreport 7, 741–744.
York, L., Oram, M.W., van Rossum, M.C.W., 2007. Response statistics and latencies in
higher visual areas and the comparison with a spiking neural network. Society
for Neuroscience Abstracts 394, 7.

