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Active Two EEG system (BioSemi, Amsterdam, Netherlands). We 
recorded from four additional electrodes – UltraFlat Active BioSemi 
electrodes – below and at the outer canthi of both eyes. Analog sig-
nal was digitized at 512-Hz and band-pass filtered online between 
0.1 and 200 Hz. Electrode offsets were kept between ±20 μV.

For both datasets we removed bad channels and down-sampled 
the signal at 250 Hz. The Canadian dataset was low-pass filtered at 
30 Hz, following our observation that evoked responses to faces are 
contained within a narrow 5–15 Hz band (Rousselet et al., 2007a). 
In the UK dataset, we applied a 40-Hz low-pass filter and epoched 
the data between −300 and 1200 ms before using ICA (Makeig et al., 
2004), as implemented in the runica EEGLAB function (Delorme 
and Makeig, 2004; Delorme et al., 2007). We removed ICA corre-
sponding to blink activity, identified by visual inspection of their 
scalp topographies, time-courses and activity spectra. Subsequently, 
we re-epoched the data between −300 and 500 ms, and subtracted 
the average baseline activity from each time point. In both datasets, 
trials with abnormal activities were excluded based on a ±100 μV 
threshold for extreme values. An epoch was rejected for abnormal 
trends if it had a slope larger than 75 μV/epoch and a regression R2 
larger than 0.3. All remaining trials were included in the analyses, 
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Figure 1 | Linear regression analyses. (A) Data from a 21-year-old subject. 
In the left panel, single trials from the electrode showing the best model fit 
are sorted from top to bottom in their chronological order. Amplitude in μV is 
color coded from positive in red to negative in blue, and smoothed by a 
five-step moving average. In the middle panel, trials are sorted from top to 
bottom from 0 to 85% phase coherence, revealing strong phase modulations 
around 200–300 ms. In the right panel, the mean across trials at each noise 
level confirms this pattern. (B) Data from a 41-year-old subject. (C) Data from 
an 81-year-old subject. (D) The activity at each time point, like the one marked 
by a black vertical bar in (C), is decomposed using linear regression. In other 

words, we identify variations in neural activity across trials that are 
statistically associated with changes to visual information. Strong 
associations at certain time-points imply that the visual system activity is 
significantly modulated by image characteristics. (E) The weights allocated to 
the predictors can be visualized over time, revealing a stronger contribution of 
local phase coherence shortly after 200 ms. Face identity is the absolute 
difference between the face 1 and face 2 predictors. (F) The model R 2 
provides a good summary of the spatial–temporal EEG sensitivity to image 
structure. The inset map shows the R 2 distribution at the R 2 maximum 
peak latency.
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in means) is true. Then, in each bootstrap loop, first we sampled 
single-trials with replacement. Second, we performed a t-test on 
trimmed means. Third, we computed the sum of each cluster of 
contiguous significant F values (squared t-values). Fourth, we 
determined, independently at each electrode, the maximum of 
these cluster sums. Fifth, we saved the maximum of these cluster 
sums across electrodes. We used this distribution of maximum 
bootstrapped cluster statistics to determine which original clus-
tered F values were significant.

Variance analyses
We determined if an age-related difference in ERP phase coher-
ence thresholds could be due to a difference in variance across age 
groups. For the electrodes used in Section “ERP Phase Coherence 
Thresholds,” we performed, independently at each time point and 
noise level, a linear regression between age and the 20% winsorized 
variance, a robust measure of dispersion that is used to estimate 
the standard error of the trimmed mean (Wilcox, 2005, pp. 59–63). 
Even without control for multiple comparisons, we observed no 
significant age effect at any time point or noise level.

Weighted age functions
The Harrell–Davis estimator of a quantile is a robust estimator 
(Wilcox, 2005, pp. 71–73, 139–141) that is derived from a weighted 
sum of sorted values (Figure 2A). We applied the weights used in 
the calculation of the quantiles of the age distribution of our sample 
to entire behavioral and EEG functions to derive weighted means 
of these functions. This procedure allowed us to visualize how our 
dependent measures change as a continuous function of age.

Results
Main behavioral results
Maximum percent correct tended to decrease, and 75% correct 
thresholds tended to increase, with age (Figures 2 and 3). A regres-
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envelope R2 function, which was computed by taking the maximum 
R2 value across all electrodes independently at each time point 
(Figures 8 and 9).

To estimate age-related changes in the time-course of noise sen-
sitivity, we determined how long it took subjects to integrate 50% 
of their R2 functions. For each subject, we computed the cumulated 
sum of the envelope R2 in the time window 0–500 ms. That cumu-
lated sum was then normalized between 0 and 1: it had a value 
of 0 at stimulus onset, and a value of 1 at 500 ms after stimulus 
onset (Figure 9B). Finally, we computed the time necessary to reach 
50% of that function using a cubic spline interpolation. The results 
across subjects are shown in Figure 9C.

A regression model of the 50% EEG R2 integration times, including 
the factors age, visual acuity and sex revealed a significant contribution 
of only the age factor (model: R2 = 0.64, beta coefficients: age = 23, 
P = 0; acuity = 3.3, P = 0.2; sex = 0.8, P = 0.7). We also found a sig-
nificant relationship between the 50% EEG R2 integration times and 
the 75% correct behavioral thresholds (linear regression: R2 = 0.4, 
slope = 0.0020 [0.0013, 0.0027], P = 0), but we need to be cautious 
because 75% correct behavioral thresholds are also well explained by 
age and therefore the relationship between 50% EEG R2 integration 
times and 75% correct behavioral thresholds could be related to this 
common factor and thus spurious (Hofer and Sliwinski, 2001).
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we determined the percentage that had been integrated at each time 
point after stimulus onset – this is equivalent to cutting vertical slices 
through Figure 9B. Then, for each time point, we expressed the per-
centage integrated as a function of age. The slopes of the linear regres-
sions between these two variables are shown in Figure 10. The age 
effect, although weak, started to be statistically significant at 120 ms 
after stimulus onset; it was maximal at 208 ms post-stimulus.

Reliability of the R 2 functions
Our test–retest analyses suggest that the envelope R2 functions 
are both different among subjects and reliable within subjects 
(Figure 11). The mean Pearson’s correlation between sessions was 
95.6% [94.4, 96.7], min = 88.6, max = 99.4. All the correlations 
between session 1 and session 2 of one subject were significantly 
larger than the correlations between session 1 of that subject and 
session 2 from all other subjects (p < 0.05).

Across sessions, there was also a good correlation between the 50% 
EEG R2 integration times (Figure 12). These correlations were not sig-
nificantly modulated by age. The estimates of the age-related increase in 
50% EEG R2 integration time were similar in the two sessions, and fell 
within the confidence intervals of the original fit using all 62 subjects.

Age-related qualitative changes in R 2 functiEyr
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more stimulus information (i.e., stimuli with a lower noise level) 
to achieve the same level of performance as younger subjects, a 
result that might be explained by lower signal sensitivity in older 
brains. The maximum performance decreased with age but this 
effect was due to a few older subjects and, overall, subjects per-
formed very well in the task (0.97 [0.96, 0.98]). The EEG results 
show that aging delays noise sensitivity. This effect started 120 ms 
after stimulus onset and seemed to be independent of visual acuity, 
suggesting that increased blur does not explain the effect (Sokol 
and Moskowitz, 1981). Age-related changes in the time-course of 
the sensitivity to image structure could be due to a number of 
factors (Rousselet et al., 2009), including, but not limited to, loss 
of local GABA inhibition and loss of neuronal selectivity in early 
visual areas (Leventhal et al., 2003; Wang et al., 2005; Yu et al., 
2006), myelin, dendritic and synaptic integrity (Peters, 2009; Piguet 

cross-correlation to provide an objective measure of this observa-
tion. We quantified age-related changes in brain activity by measur-
ing the shift needed in the R2 function of one subject to maximize 
its overall similarity with the R2 functions of other subjects. The 
analysis of the cross-correlation lags for maximum correlation con-
firmed the existence of two groups of subjects, one younger, one 
older (Figure 13). A regression analysis between age and the 20% 
trimmed mean of the cross-correlation lags showed a significant 
slope, with a switch from a younger to an older R2 function occur-
ring around 47 years old.

Discussion
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age. This delay in the maximum EEG sensitivity to image struc-
ture could either reflect a slowing of visual processing with age 
or be a consequence of additional attentional resources required 
by older subjects to perform the task. Indeed, old subjects might 
compensate for less efficient visual processing by increasing 
the top-down control of the ventral stream (Gazzaley et  al., 
2008; Grady, 2008). In young subjects, task requirements and 
task difficulty modulate ERP amplitude in the N170-P2 time-
window in which our aging effects occurred (Vogel and Luck, 
2000; Philiastides et al., 2006; Rousselet et al., 2007b; Rousselet 
et al., 2008a), so that the changes in the time-course of noise 
sensitivity we report could be due to attentional differences 
confounded with age.

Alternatively, the age-related delay in noise sensitivity might 
reflect a slowing of visual processing with age. This interpreta-
tion would lead to the conclusion that, in older subjects, later time 
windows might become functionally equivalent to the N170 time 
window in younger subjects (Figure  6). Hence, comparing the 
N170 across age groups might be misleading, because the single-
trial activity around that time does not necessarily carry the same 
information content in all age groups.

et  al., 2009), alterations of long-range interactions between the 
ventral pathway and the prefrontal cortex (Thomas et al., 2008; 
Davis et al., 2009), differences in top-down control (Grady, 2008), 
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almost identical to scalp data (Allison et al., 1999; Barbeau et al., 
2008; Sehatpour et al., 2008; Rosburg et al., 2009). In addition, the 
MEG sources of the M170 and the M200, the magnetic equivalent 
of the N170 and the P2, are very similar, suggesting that the two 
peaks may reflect the continuous activity of the same area (Itier et al., 
2006). However, at this point, we cannot dissociate the attentional 
from the processing speed interpretations of our results.

The functional equivalence of two time periods, encompassing 
two peaks, seems to contradict the assumption that peaks reflect 
different processes, and the involvement of different cortical areas. 
Results from other laboratories also challenge this assumption. 
In intracranial recordings, the same narrow patch of cortex can 
produce the whole cascade of P1, N1/N170, and P2 peaks in response 
to objects and faces, sometimes with timing and relative shapes 

Figure 11 | Test–retest of the envelope R2 functions. The envelope R2 functions (maximum across electrodes) from the 24 subjects from which we recorded EEG 
twice are sorted by subjects’ age from top to bottom. Subjects’ age is indicated in the upper left corner of each cell. Pearson’s correlation R is indicated in the upper 
right corner of each cell.

Figure 12 | Test–retest of the processing time effects. (A) Correlation between 50% EEG R2 integration times in the two sessions. (B) 50% EEG R2 integration 
times, in the two sessions, as a function of age.
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(Cant et al., 1978; Shaw and Cant, 1980; Kurita-Tashima et al., 1992; 
Tobimatsu et al., 1993). Drug induced pupil dilation decreases P100 
latency, whereas pupil constriction has the opposite effect (Hawkes 
and Stow, 1981; Tobimatsu et al., 1988). More striking, reduced 
luminance causes the same latency increase in retinal evoked activity 
and in cortical evoked activity, suggesting that retinal delays could 
explain cortical delays, at least in young- and middle-age subjects 
(Tobimatsu et al., 1988; Froehlich and Kaufman, 1991).

Thus, there is a link between retinal illuminance and process-
ing speed, suggesting that senile miosis may explain age-related 
changes in cortical processing speed. However, a study that 
directly assessed the effect of aging on retinal and cortical activity 
concluded that age-related retinal delays cannot account entirely 
for the cortical delays, so that cortical delays were neuronal, not 
optical in origin (Celesia et al., 1987). Other authors also con-
cluded that reduced retinal illuminance caused by increased mio-
sis could not entirely explain increased P100 latencies with age 
(Sokol et al., 1981; Morrison and Reilly, 1989; Tobimatsu et al., 
1993). In contrast, one study reported a significant effect of age on 
the P100 latency at 5 cd/m2, but no effect at 50 cd/m2 (Shaw and 
Cant, 1980). Moreover, Trick et al. (1986) found no age-related 
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