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masked prime paradigm (Eimer and Schlaghecken, 1998). A previ-
ous study with young adults using this hybrid task (Schlaghecken, 
Refaat, and Maylor, in press) demonstrated that high- and low-
level inhibitory control processes act independently of each other, 
consistent with their putative frontal vs. non-frontal localizations. 
The main questions of interest here were (1) would older adults 
show reduced inhibition at one or both levels of control, and (2) 
would the effects interact, as predicted by the dedifferentiation 
hypothesis of aging (cf. Li et al., 2004; Germain and Collette, 2008)?

In a typical Simon task (see Proctor and Vu, 2006, for an over-
view), participants have to give a spatial response to the (arbitrar-
ily assigned) task-relevant feature of a target stimulus (e.g., give a 
left- or right-hand key-press depending on the target’s shape), while 
refraining from responding to its task-irrelevant location (e.g., 
appearing to the left or right of fixation). When task-relevant and 
task-irrelevant information is associated with different responses, 
inhibitory control is required to resolve the conflict between the 
voluntarily activated (relevant) response and the automatically 
activated (irrelevant) response. Such conflict resolution is associ-
ated with neural activity primarily in the dorsolateral prefrontal 
cortex and anterior cingulate cortex (e.g., Peterson et al., 2002; Liu 
et al., 2004). Simon effects, as measured by response time (RT) 
differences between congruent and incongruent trials (i.e., where 
the task-irrelevant stimulus location matches vs. mismatches the 
required spatial response), have almost always been found to be 
significantly larger in older than in young adults, with few age dif-
ferences in error rates (Van der Lubbe and Verleger, 2002; Bialystok 
et al., 2004; Proctor et al., 2005; Castel et al., 2007; Germain and 
Collette, 2008; Juncos-Rabadán et al., 2008; Duchek et al., 2009; 
Kubo-Kawai and Kawai, 2010; Tse et al., 2010). Importantly, these 
age-related increases in the Simon effect remained significant 

IntroductIon
It has long been supposed that old age is associated with a decre-
ment in the ability to ignore irrelevant information (Rabbitt, 1965), 
a notion developed by Hasher and Zacks (1988) into the reduced 
inhibition hypothesis of aging. Supportive evidence comes from 
several domains, including memory, attention, and motor control 
(see Hasher et al., 1999; Zacks et al., 2000), and is consistent with 
neurophysiological data showing marked age-related deterioration 
of the frontal lobes, traditionally associated with executive con-
trol functions (West, 1996; Raz, 2000; Dennis and Cabeza, 2008). 
However, there have also been critiques of the notion of reduced 
inhibition as a universal aging phenomenon (e.g., Burke, 1997; 
McDowd, 1997), resulting in several refinements to the general 
hypothesis [e.g., see Guerreiro et al.’s (2010) proposal that age-
related distractibility is modality dependent].

Of particular relevance here are observations of spared inhibitory 
control in old age (see Kramer et al., 1994; Maylor et al., 2005, for exam-
ples) that suggest a distinction should be drawn between different levels 
of control over inhibitory processes. According to this account, high-
level, consciously controlled inhibitory processes tend to be impaired 
by normal aging, whereas low-level, more automatically controlled 
inhibitory processes may be spared (see Andres et al., 2008; Collette 
et al., 2009). In addition, there is recent evidence of ability dedifferentia-
tion with aging, that is, a stronger coupling between different cognitive 
processes in old age (Baltes and Lindenberger, 1997; Li et al., 2004). For 
example, Germain and Collette (2008) found that whereas inhibitory 
processes in the perceptual and motor domains were additive in young 
adults, they significantly interacted in older adults.

In the present study, high and low levels of inhibitory control 
were investigated together in a hybrid experiment combining the 
Simon spatial congruency task (Lu and Proctor, 1995) with the 
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after various measures were taken to control for general slowing 
in old age (Cerella, 1990; Myerson et al., 1990; Salthouse, 1996), 
indicating disproportionate age-related decrements. In rare cases 
where Simon effects were equivalent in young and older adults, 
the irrelevant location information was conveyed by an accessory 
stimulus (Proctor et al., 2005, accessory conditions; Simon and 
Pouraghabagher, 1978), or responses frequently had to be withheld 
(Kubo-Kawai and Kawai, 2010, go/no-go condition).

In the masked prime paradigm (e.g., Eimer and Schlaghecken, 
1998), participants give a speeded response to a simple visual target 
(e.g., a left-hand response to an arrow pointing to the left). Each 
target is preceded by a prime stimulus, which is associated with either 
the same response as the subsequent target (compatible trial), or 
with a different response (incompatible trial). Primes are presented 
very briefly (e.g., 17 or 33 ms) and backward-masked so that they 
are unlikely to be perceived consciously, as evidenced by partici-
pants’ inability to identify primes with more than chance accuracy 
(Schlaghecken and Eimer, 1997; Eimer and Schlaghecken, 1998, 
2002). Responses are faster and more accurate on compatible than on 
incompatible trials (positive compatibility effect, PCE) when prime 
and target are presented in immediate succession, but with a short 
delay between prime offset/mask onset and target onset (∼150 ms) 
the reverse is true (negative compatibility effect; NCE). This NCE is 
assumed to reflect an inhibition process that suppresses the initially 
activated motor response (e.g., Schlaghecken and Eimer, 2002, 2006; 
Schlaghecken et al., 2007; Sumner, 2007; Boy et al., 2008; Jaśkowski, 
2008b). Schlaghecken et al. (2009) demonstrated that this inhibition 
occurs at the level of motor response representations. Some have 
argued that the inhibitory process is triggered by the (conscious) 
perception of the mask (e.g., Jaśkowski, 2008b), implying that it 
reflects a top–down control process. However, evidence from both 
hemodynamic (Aron et al., 2003) and patient studies (Sumner et al., 
2007) suggests that this inhibition relies on subcortical and sup-
plementary motor cortical areas, indicating that it differs from the 
frontally controlled (high-level) inhibition triggered by consciously 
perceived stimuli as in the Simon task. In line with this, Schlaghecken 
and Sisman (2006) found that children (7- and 12-year olds) pro-
duced NCEs that were indistinguishable from those of young adults, 
even though they showed considerably less overt response control, 
corresponding to their as yet immature frontal lobes.

Data from older adults with the masked prime paradigm have 
been mixed. Whereas Sumner et al. (2007) observed NCEs in older 
adults (though note there were no young adults in their study for 
comparison), Schlaghecken and Maylor (2005) failed to find any 
NCEs in older adults1. In the latter case, this was despite evidence 
of significant PCEs for targets immediately following primes (i.e., 
there was no age-related decrement in initial activation), and 
despite extending the prime/mask-target interval to allow for the 
possibility of a delayed NCE because of general slowing. In a recent 
larger-scale study, using a fine-grained approach to each individual’s 
time course of effects, Schlaghecken, Birak, and Maylor (in press) 
demonstrated that the majority of older adults do, in fact, produce 
NCEs of the same magnitude as those shown by young adults; 
however, these occur at onset latencies that are disproportionately 

delayed (i.e., significantly greater than general slowing) and more 
variable than those of young adults. Thus contrary to notions of 
spared low-level inhibitory control (Andres et al., 2008; Collette 
et al., 2009), there is evidence for a disproportionate impairment 
of low-level inhibitory motor control in old age.

Schlaghecken, Refaat, and Maylor (in press) combined Simon 
and masked prime tasks in a hybrid procedure to explore the rela-
tionship between high-level and low-level response inhibition in 
young adults. Participants had to respond to the direction of a 
left- or right-pointing target arrow, ignoring both the target’s loca-
tion (to the left or right of fixation) and a preceding (by 150 ms) 
masked prime arrow at fixation. Both Simon effects and NCEs 
were observed, but, importantly, no interaction between them. 
Analyses of serial order effects (difference in the magnitude of 
conflict effects following conflict vs. following non-conflict trials) 
further confirmed that (high-level) location-related and (low-level) 
prime-related control processes act independently, in line with the 
assumption that they are mediated by different neural systems2.

Employing the same hybrid prime-Simon task, the present study 
aimed to compare young adults’ performance with that of normal 
healthy older adults. For young adults, we expected to replicate the 
earlier pattern of no interaction between the Simon effect and the 
NCE, that is, similar NCEs for congruent vs. incongruent Simon 
trials. For older adults, on the basis of previous studies listed above, 
we expected significantly (and disproportionately) greater Simon 
effects in terms of RTs, though not errors. Predictions regarding 
older adults’ NCEs are less clear. On the one hand, based on previ-
ous studies, we did not expect NCEs in older adults for the prime-
target interval used in the experiment (150 ms). On the other hand, 
there were two reasons for supposing that NCEs might appear, at 
least for incongruent trials. First, the additional delay to responses 
due to the Simon effect could be sufficient to compensate for the 
older adults’ delayed onset of the NCE. Second, as already noted, 
there is evidence that inhibitory effects that do not interact in young 
adults may nevertheless interact in older adults (e.g., Germain and 
Collette, 2008), consistent with the dedifferentiation hypothesis of 
aging (e.g., Li et al., 2004). To disentangle these two possibilities, 
Schlaghecken, Birak, and Maylor’s (in press) time course analysis 
was applied to the priming effects in the present study, separately 
for congruent and incongruent Simon trials.

MaterIals and Methods
PartIcIPants
There were two groups of participants, young and older, aged 18–30 
and 63–82 years, respectively. Young participants (n = 23) were 
mostly students studying at the University of Warwick who took 
part either for course credit or for payment of £6. Older participants 
(n = 28) were members of a volunteer panel who had been recruited 
through local newspapers and advertisements to join the Warwick 
Age Study. They were paid £10 to cover their travel expenses.

Background cognitive measures were collected from all but one 
of the young participants immediately after they had completed the 
experiment, whereas this information was already available for all older 

1For some evidence of delayed NCEs in middle-aged adults, see Seiss and Praamstra 
(2004, 2006).

2Note that if high-level and low-level conflict come from the same domain (e.g., 
prime shape and flanker shape in a hybrid prime-flanker task), interactions can be 
observed (see Boy et al., 2010).
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Procedure
During experimental sessions of approximately 1 h, participants 
carried out two versions of the experiment, one with masked primes 
(as in Figure 1) and the other with non-masked primes where an 
empty rectangular frame replaced the mask. The order of these 
two conditions was counterbalanced across participants in both 
age groups; only the masked prime condition is reported here.

The masked prime experiment comprised six blocks of 72 trials 
each, preceded by one practice block of 32 trials. At the end of each 
block, there was a short rest period of at least 20 s, after which par-
ticipants could initiate the next block. As illustrated in Figure 1A, 
trials began with a central fixation dot (0.1° × 0.1°) presented for 
250 ms, followed by a 650-ms blank screen. Then a prime was 
presented for 33 ms3, which was replaced immediately by a 100-ms 
mask. Following a blank screen for 50 ms, the target was presented 
for 100 ms. Participants were instructed to maintain central eye 
fixation throughout, and to respond as quickly and accurately as 
possible to the direction of the target arrows (i.e., a left-hand key-
press to arrows pointing to the left, and a right-hand key-press 
to arrows pointing to the right), regardless of the location on the 
screen of the target arrows. Finally, the intertrial interval between 
target offset and the next fixation dot was 1300 ms.

As shown in Figure 1B, trials were termed “compatible” when 
prime and target arrows pointed in the same direction and “incom-
patible” when they pointed in opposite directions. Also, trials where 
target direction and target location corresponded (e.g., left-pointing 
arrows appearing on the left of the screen) were termed “congruent” 
trials, whereas trials where direction and location were in conflict 
were termed “incongruent” trials. All trials within each block of 
72 (2 prime compatibility levels × 2 target congruency levels × 2 
responses) were presented randomly and with equal probability.

data analyses
Repeated measures analyses of variance (ANOVAs) were performed 
on mean correct RTs and percentage error rates, combined across left- 
and right-hand responses. ANOVAs were initially conducted with task 
order included as a between-subjects factor (two levels: masked condi-
tion before vs. after non-masked condition) but in neither case was 
there any effect of order or any interactions involving order. Therefore 
the reported ANOVAs were conducted with age group as the only 
between-subject factor (two levels: young vs. older), and prime com-
patibility (two levels: compatible vs. incompatible) and target congru-
ency (two levels: congruent vs. incongruent) as within-subject factors.

Additional analyses were conducted following the procedure 
outlined by Schlaghecken, Birak, and Maylor (in press), which 
allowed us to trace the development of priming effects over time 
by calculating the magnitude of priming effects separately for each 
of a series of RT latency bins. In short, we (i) calculated mean cor-
rect RTs for each of the eight conditions (2 prime compatibility × 2 
target congruency × 2 response hands) for each participant and 
each of the six experimental blocks individually; (ii) replaced any 

participants from an earlier testing session. Overall means are pre-
sented in Table 1; these do not include three young participants and one 
older participant who were excluded because of error rates greater than 
15% in the main experiment. As an estimate of crystallized intelligence, 
vocabulary was assessed by the multiple choice section of the Mill Hill 
vocabulary test (Raven et al., 1988) in which participants are required to 
select the best synonym for a target word from a set of six alternatives. 
Speed of information processing was assessed by the Digit Symbol 
Substitution test from the Wechsler Adult Intelligence Scale – Revised 
(Wechsler, 1981). Visual acuity was assessed (with glasses if worn) at the 
beginning of the experimental session using the Near Vision Test Card 
(Schneider, 2002). All participants had normal or corrected-to-normal 
vision according to self-report. The statistical comparisons in Table 1 
show the pattern expected from the aging literature (e.g., Salthouse, 
1991; Baltes and Lindenberger, 1997; Schneider and Pichora-Fuller, 
2000) of better vocabulary but reduced speed and poorer visual acuity 
in the older group than in the young group.

stIMulI and aPParatus
Stimuli were presented on a 17″ computer screen in black on a white 
background. Primes and targets were left- and right-pointing double 
arrows (<< and >>), subtending a visual angle of 2.0° × 0.9° at a 
viewing distance of approximately 1 m. Primes were followed by a 
backward-masking stimulus to reduce prime visibility. These masks 
were constructed from a virtual 8 × 6 grid (2.6° × 1.4°), randomly 
filled with overlapping horizontal, vertical, and oblique lines of differ-
ent lengths (0.1° to 1.0°; width 0.1°). A new mask was constructed on 
each trial to avoid perceptual learning of the mask and correspond-
ingly increased prime identification (see Schlaghecken et al., 2008). 
Primes and masks appeared in the center of the screen, whereas 
targets appeared 5.7° to the left or right (measured center-to-center; 
see Figure 1A). Participants were seated in a comfortable chair in a 
dimly lit, sound attenuated chamber, with response buttons mounted 
on adjustable armrests under their left and right index fingers.

Table 1 | Numbers and background details (means and SDs) of young 

and older participants, and results of comparisons between age groups.

Variable Young Older 

N1 20/23 27/28 

Males;Females 7;13 10;17 

 M (SD) M (SD) Comparison

Age (years) 20.5 (3.3) 70.3 (4.9) –

Vocabulary2 17.1 (3.9) 24.1 (4.4) t(44) = −5.56, p < 0.001

Speed3 74.6 (9.9) 52.6 (11.0) t(44) = 6.95, p < 0.001

Visual acuity4 6.6 (1.1) 5.2 (1.3) t(45) = 3.79, p < 0.001

1Number of participants whose data were included in the analyses/number of 
people tested.
2Vocabulary from the multiple choice section of the Mill Hill vocabulary test 
(Raven et al., 1988); maximum score = 33; data missing for one young participant.
3Processing speed based on the Digit Symbol Substitution test (Wechsler, 1981); 
data missing for one young participant.
4Visual acuity as measured by the number of lines read correctly from the Near 
Vision Test Card (Schneider, 2002) viewed at a distance of 16 ″ whilst wearing 
corrective glasses, with scores ranging from 1 (16/160 – lowest acuity) to 9 
(16/16 – highest acuity).

3In a staircase-based prime identification task (Schlaghecken, Birak, and Maylor, 
in press), mean prime identification thresholds did not significantly differ betwe-
en young and older adults with similar background characteristics to the present 
participants. Moreover, both young and older thresholds significantly exceeded 
33 ms, suggesting that the masked primes in the present set-up were equally below 
 threshold and subjectively subliminal for young and older adults.
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between-subject factor age (young, older), and the within-subject 
factor congruency (congruent, incongruent), and follow-up analyses 
were conducted in the form of paired t-tests, comparing effects on 
congruent and on incongruent trials separately within each age group.

results
standard analysIs
As shown by the means in Figure 2, and confirmed by the ANOVA 
results in Table 2, young adults were faster (by 150 ms), but no 
less accurate, than older adults. Responses were faster and more 
accurate on incompatible than on compatible trials (NCE), and 
faster and more accurate on congruent than on incongruent trials 
(Simon effect). The NCE was larger in young than in older adults, 
both in terms of RTs and errors, whereas the Simon effect was larger 
in older than in young adults, at least in terms of RTs4. The NCE 
was less evident on congruent than on incongruent trials for both 
RTs and errors, although for errors this may be attributable to a 
floor effect (i.e., almost no errors) for congruent trials. Finally, the 

error responses within a given block with the corresponding mean 
RT; (iii) rank-ordered RTs separately for each participant and each 
prime compatibility x target congruency condition; (iv) divided 
each RT distribution into nine latency bins of 12 trials each; (v) 
computed the mean latency of each bin by averaging across its 
compatible and incompatible RTs; and (vi) computed the priming 
effect within each bin by subtracting its mean compatible from its 
mean incompatible RT. Data from 1 older participant could not be 
analyzed because of insufficient numbers of correct responses in 1 
(out of 8) conditions, leaving 20 young and 26 older participants. 
Latency bin 9 was excluded from the analysis because the data 
were more variable and therefore less reliable than bins 1–8 due 
to occasional slow outliers (the general pattern of results was the 
same with and without bin 9).

For statistical analyses, the following parameters were extracted 
for each participant, separately for congruent and incongruent trials: 
NCE peak latency (i.e., the latency bin containing the most nega-
tive priming effect), NCE peak amplitude (the magnitude of the 
priming effect within this bin), and priming slope (the slope of the 
linear regression function fitted through the priming effects). For 
each of these, repeated measures ANOVAs were conducted with the 

Figure 1 | (A) Schematic illustration of trials showing an example of an incompatible-prime congruent-target trial. (B) Summary of trials showing the four 
experimental conditions for right-pointing primes only (compatible/incompatible primes × congruent/incongruent targets).

4The marginal interaction for errors disappeared altogether with the removal of one 
young participant with an outlying error rate for compatible-incongruent trials.
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except for the age group x target congruency interaction, which 
was marginally significant, F(1, 45) = 3.46, MSE < 0.001, p = 0.069. 
Second, standardized z scores were calculated for congruent and 
incongruent conditions by taking each person’s condition mean, 
subtracting their overall mean, and then dividing by the SD of the 
condition mean (cf. Castel et al., 2007; see also Faust et al., 1999). 
The mean difference in z scores between congruent and incongru-
ent conditions (Simon effect) was 0.65 (SD = 0.31) for young adults, 
and 0.85 (SD = 0.45) for older adults, t(43.3) = −1.82, p = 0.076, 
resulting in a Cohen’s d value of 0.51 and therefore a medium effect 
size. Thus both procedures provide marginal support (significant 
on 1-tailed tests) for the suggestion that the age-related increase 
in the Simon effect is disproportionate.

difference in the NCE between congruent and incongruent trials 
for RTs was much greater for older than for young adults. This can 
be seen more clearly in Figure 3 where RT priming effects (incom-
patible – compatible) are plotted for congruent and incongruent 
trials. Thus whereas the NCE was similar for young adults across 
the two conditions, t(19) = 1.60, p > 0.1, it was markedly different 
for older adults, t(26) = 10.30, p < 0.001, from absent on congruent 
trials to normal on incongruent trials.

To examine whether the age-related increase in the Simon effect 
for RTs (from 44 ms in young to 78 ms in older participants) was 
greater than would be expected on the basis of generalized/pro-
portional slowing, two different procedures were adopted. First, a 
further ANOVA was conducted after applying a logarithmic trans-
formation to the data (cf. Van der Lubbe and Verleger, 2002). All 
the main effects and interactions were highly significant, p < 0.001, 

Figure 2 | Mean correct response times (rTs) in ms (lines) and percentage error rates (bars) for young and older adults as a function of prime type 
(compatible and incompatible) and target location (congruent and incongruent).

Table 2 | Summary of ANOVAs on mean correct response times (rTs) in 

ms and percentage error rates with age group (young vs. older), prime 

compatibility (compatible vs. incompatible), and target congruency 

(congruent vs. incongruent) as between-, within- and within-subject 

factors, respectively.

effect

 rTs errors

 F(1, 45) MSe p < F(1, 45) MSe p <

Age 86.36 11961.92 0.001 0.13 34.67 n.s.

PComp 96.01 184.65 0.001 20.94 7.27 0.001

TCong 195.26 869.10 0.001 62.64 11.37 0.001

Age × PComp 7.83 184.65 0.01 5.25 7.27 0.03

Age × TCong 15.35 869.10 0.001 3.81 11.37 0.06

PComp × TCong 57.93 47.72 0.001 16.25 5.51 0.001

Age × PComp × TCong 24.96 47.72 0.001 0.27 5.51 n.s.

Note: PComp = prime compatibility; TCong = target congruency.
Figure 3 | Mean priming effects (incompatible – compatible) ± 1 Se for 
correct response times (rTs) in ms for young and older adults as a 
function of target location (congruent and incongruent).
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 incongruent NCE peak latency bins in young adults [congru-
ent: M = 4.95, SD = 2.70, incongruent: M = 3.85, SD = 2.66; 
t(19) = 1.23, p > 0.2], in older adults the NCE peak was signifi-
cantly delayed on incongruent relative to congruent trials [con-
gruent: M = 5.96, SD = 2.38, incongruent: M = 7.15, SD = 1.97; 
t(25) = 2.43, p = 0.022]5, F(1, 44) = 5.71, MSE = 5.20, p = 0.021. 
Furthermore, the overall delay in NCE peak in older relative to 
young adults was reflected in a significant main effect of age, F(1, 
44) = 16.37, MSE = 6.43, p < 0.001. Second, in young adults, NCE 
peak amplitude (ms) was unaffected by target congruency [con-
gruent: M = 43.4, SD = 23.3, incongruent: M = 40.0, SD = 17.6; 
t(19) < 1], whereas in older adults, NCE peak amplitude was 
significantly enhanced on incongruent relative to congruent 
trials [congruent: M = 27.2, SD = 34.6, incongruent: M = 52.1, 
SD = 23.8; t(25) = 4.70, p < 0.001], F(1, 44) = 16.69, MSE = 271.66, 
p < 0.001. Third, and most importantly, the slope of priming 
effects was unaffected by target congruency in young partici-
pants [congruent: M = −0.04, SD = 0.26, incongruent: M = 0.04, 
SD = 0.15; t(19) = 1.10, p > 0.28], but was significantly more nega-
tive on incongruent than congruent trials in older adults [congru-
ent: M = −0.17, SD = 0.34, incongruent: M = −0.28, SD = 0.42; 
t(25) = 2.67, p = 0.013], F(1, 44) = 6.10, MSE = 0.03, p = 0.017. 
Also, there was a significant main effect of age, F(1, 44) = 6.53, 
MSE = 0.17, p = 0.014, as priming effect slopes were generally 
more negative in older than in young participants.

Finally, the Simon effect is visible in Figure 4 as a right-shift 
of incongruent relative to congruent curves. Note that the dis-
proportionate increase in Simon effect magnitude in older adults 
becomes apparent in the fact that for young adults, the first bin of 
the incongruent curve coincides with the third bin of the congru-
ent curve, whereas for older adults, it coincides with the fourth. An 

The absence of an interaction between the NCE and the Simon 
effect in young adults perfectly replicates the results of Schlaghecken, 
Refaat, and Maylor (in press). For older adults, the absence of an 
NCE for congruent trials is consistent with Schlaghecken, Birak, 
and Maylor’s (in press, Figure 2) findings. The novel feature of the 
present results is the appearance of a highly reliable NCE in older 
adults for incongruent trials. As noted above, detailed time course 
analysis in our earlier study revealed NCEs in the majority of older 
adults, of the same magnitude as those of young adults, but sub-
stantially delayed. It seems plausible that in the present experiment, 
the Simon effect delayed responses in older participants sufficiently 
for the NCE to develop.

tIMe course analysIs
Figure 4 shows mean RT priming effects plotted against mean 
RTs for the first eight latency bins, separately for congruent and 
incongruent trials. For young adults, NCEs show a mildly U-shaped 
function with similar peak amplitudes and peak latencies. For older 
adults, in contrast, NCEs show marked negative-going slopes, and 
peak amplitude as well as peak latency are larger on incongruent 
than on congruent trials. In the congruent condition, older adults’ 
priming effects are initially positive (PCEs) and turn into subse-
quent NCEs with increasing RT, hence the absence of an overall 
priming effect (Figure 3).

For each participant and each condition separately, the signifi-
cance of priming effects within each latency bin was determined 
by comparing compatible and incompatible RTs with an unpaired 
t-test, using a Bonferroni-corrected significance criterion. For con-
gruent trials, a significant NCE occurred in at least one latency bin 
for 18/20 young participants, but only for 14/26 older participants, 
χ2(1) = 6.98, p < 0.01. For incongruent trials, a significant NCE 
occurred in at least one latency bin for 20/20 young and 25/26 older 
participants. (One older participant failed to produce a significant 
NCE in any latency bin for either congruent or incongruent trials.)

All three time course parameters showed significant age 
group x target congruency interactions. First, whereas there was 
no statistically significant difference between congruent and 

Figure 4 | Mean priming effects (incompatible – compatible rT) ± 1 Se in ms plotted as a function of mean response times (rTs) for each of eight rT 
latency bins from the time course analysis (see text for details). Data are plotted separately for young and older adults and for congruent and incongruent trials.

5Note that these values do not exactly correspond with Figure 4 because of betwe-
en-participant variability in the shape of the functions – hence, the overall latency 
bin for the most negative priming effect calculated by taking each participant’s peak 
bin and then averaging across participants is not necessarily the same as that obtai-
ned from averaging priming effects across participants and then taking the NCE 
peak latency bin.
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but it was also significantly delayed in older but not in young 
adults. Perhaps the most relevant finding in this context is 
that in older but not in young adults, the slope of priming 
effects was significantly steeper on incongruent than on con-
gruent trials, suggesting more powerful inhibition on these 
trials (e.g., Ridderinkhof, 2002).

Taken together, these results suggest the following scenario. 
In young adults, the inhibitory control of motor activation trig-
gered by the shape of a non-consciously perceived (masked) 
prime acts independently of the inhibitory control of motor 
activation triggered by the location of a consciously perceived 
target, as evidenced by the absence of any prime compat-
ibility x target congruency interaction. This result replicates 
Schlaghecken, Refaat, and Maylor’s (in press) findings, and is 
consistent with the conclusion that in young adults, high- and 
low-level inhibitory control processes are mediated by separate 
and independent neural systems. In older adults, in contrast, 
prime compatibility effects and target congruency effects inter-
act, suggesting that they are generated by processes that share 
neural resources.

It is worth noting that this interaction cannot be explained 
fully by general slowing. Older adults produce NCEs of the same 
magnitude as young adults, but at a much increased latency 
(Schlaghecken, Birak, and Maylor, in press). Therefore, one might 
argue that in the present experiment, older adults’ incongruent-
trial NCEs were larger than their congruent-trial NCEs because on 
incongruent trials, responses were slower than on congruent trials 
(Simon effect), allowing inhibition more time to develop. However, 
this interpretation is contrary to two aspects of the data. First, in 
Experiment 1 of Schlaghecken, Birak, and Maylor’s (in press) study, 
primes and targets were separated by intervals of up to 450 ms, 
allowing us to investigate prime-response latencies that were much 
longer than those observed in the present study. The NCE reached 
its peak magnitude for responses occurring on average 548 ms after 
mask onset for young adults and 765 ms after mask onset for older 
adults. For a mask-target stimulus onset asynchrony of 150 ms 
(as employed in the present study), these would correspond to 
young and older RTs of 398 and 615 ms, respectively. Comparing 
these values with Figure 4, the present young adults’ NCEs similarly 
peaked at RTs around 400 ms, for both congruent and incongruent 
Simon trials. However, for older adults, the NCE for incongruent 
trials in particular had not reached its peak magnitude by 615 ms 
but was still increasing at longer RTs. This indicates that longer 
response latencies as such are not sufficient to explain older adults’ 
large NCE on incongruent trials. Second, this conclusion is further 
supported by the finding that in older participants, the slope of 
priming effects (i.e., the rate of inhibition) was significantly more 
negative for incongruent than for congruent trials, suggesting that 
on incongruent trials, more – or more effective – inhibitory control 
was available than on congruent trials (e.g., Ridderinkhof, 2002).

The present findings of additive inhibitory effects in young but 
interactive effects in older adults correspond closely with those of 
Germain and Collette (2008). These authors used tasks involving 
“perceptual” conflict (e.g., respond with a left/right key-press to a 
left-/right-pointing arrow regardless of its left/right location on 
the screen), tasks involving “motor” conflict (e.g., respond with 

additional feature, perhaps less readily apparent from Figure 4, is 
the changing size of the Simon effect across the RT distribution. 
For young adults, there was an almost linear decrease in the Simon 
effect from 55 to 34 ms across bins 1–8, which is consistent with 
previous studies (e.g., De Jong et al., 1994; Pratte et al., 2010). 
Some suggest that this decrease reflects passive decay over time in 
the activation of the response code corresponding to the location 
of the stimulus (Hommel, 1994); others attribute it to active sup-
pression (Ridderinkhof, 2002). Previous studies are less consistent 
with respect to older adults: Kubo-Kawai and Kawai (2010), Proctor 
et al. (2005), and Van der Lubbe and Verleger (2002) found the 
same decreasing pattern in older adults as in young adults, whereas 
both Castel et al. (2007) and Juncos-Rabadán et al. (2008) found a 
decrease in young adults but an increase in older adults. The pre-
sent older adults showed a small monotonic increase in the Simon 
effect from 79 to 86 ms across bins 1–6, followed by a monotonic 
decrease to 72 ms by bin 8. Thus there is greater support here for 
Castel et al.’s (2007) conclusion of a more sustained influence of 
the irrelevant stimulus location across the RT distribution in older 
than in young adults.

dIscussIon
The present study employed a hybrid procedure combining the 
Simon task with the masked prime task to investigate both high- 
and low-level inhibitory control processes and their interactions 
in young and older adults. Results can be summarized as follows:

(1) Consistent with previous findings (e.g., Van der Lubbe and 
Verleger, 2002; Castel et al., 2007), the Simon effect was signi-
ficantly larger in older than in young adults. Importantly, 
this age difference was not entirely accounted for by general 
slowing, suggesting a disproportionate impairment in high-
level consciously controlled inhibitory processes in old age 
(cf. Hasher and Zacks, 1988).

(2) Standard RT analysis (Figures 2 and 3) showed reliable 
NCEs in young adults for both congruent and incongruent 
Simon trials, whereas older adults showed a reliable NCE for 
incongruent trials only. The aging pattern for target-con-
gruent trials (NCE in young but not in older adults) replica-
tes results from an earlier masked prime study with centrally 
presented targets (Schlaghecken and Maylor, 2005), thus 
supporting the conclusion that low-level automatically con-
trolled inhibitory processes are not always spared in normal 
aging, contrary to some accounts (e.g., Andres et al., 2008; 
Collette et al., 2009).

(3) However, the fine-grained time course analysis (Figure 4) 
confirmed Schlaghecken, Birak, and Maylor’s (in press) more 
recent demonstration that the NCE is not completely absent 
in older adults, but rather is disproportionately delayed (i.e., 
delayed beyond overall slowing, as evidenced by the signifi-
cant difference in NCE peak latency bins between young and 
older adults).

(4) Importantly, the time course analysis also confirmed that in 
older but not in young adults, priming effects and Simon 
effects interact. Not only was the incongruent-trial NCE peak 
larger than the congruent-trial NCE peak in older but not in 
young adults (a result already seen in the standard analysis), 
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a left/right key-press to a right-/left-pointing arrow at fixation), 
and tasks involving both (e.g., respond with a left/right key-press 
to a right-/left-pointing arrow regardless of its left/right location 
on the screen). Their results suggested that perceptual and motor 
inhibitory processes draw on separate cognitive resources in young 
adults, but on shared cognitive resources in older adults, which the 
authors interpreted in terms of dedifferentiation in old age.

We propose a similar model for the present results: in young 
adults, inhibition of motor tendencies triggered by masked 
primes and inhibition of motor tendencies triggered by task-
irrelevant target location are separate and independent pro-
cesses, whereas in older adults, they rely on shared cognitive 
or neural resources. Moreover, the pattern of results suggests 
a specific direction of these dedifferentiation effects, namely, 
a shift toward high-level and away from low-level, automatic 
control processes. The evidence for this is twofold. First, in the 
present study as well as in Schlaghecken, Birak, and Maylor (in 
press), older adults’ NCEs were disproportionally delayed rela-
tive to young participants’ NCEs (i.e., delayed more than can 
be accounted for by general slowing). One of the remarkable 
features of the NCE in young adults is that it occurs early: a 
prime-target interval of only 150 ms is sufficient for this effect 
to occur. In contrast, reversed priming effects with non-masked 
primes are only observed with intervals of about 800–1200 ms 
(e.g., Machado et al., 2007; Jaśkowski, 2008a), at least as long 
as non-masked primes are not immediately followed by poten-
tially task-relevant, target-like distractors, which might actively 
encourage the activation of the prime-opposite response (e.g., 
Jaśkowski, 2008b). These differences in timing are consistent with 
the notion that the NCE with masked primes occurs at early, low-
level stages of the perceptuo-motor processing stream (e.g., Aron 
et al., 2003), whereas inhibitory control of consciously perceived 
irrelevant information involves higher, presumably prefrontal 
processing stages that take noticeably longer to become activated. 
If this reasoning is correct, then the disproportionate delay of 
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