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Summary

Early psychologists, including Galton, Cattell, and
Spearman, proposed that intelligence and simple sensory
discriminations are constrained by common neural pro-
cesses, predicting a close link between them [1, 2]. However,
strong supporting evidence for this hypothesis remains
elusive. Although people with higher intelligence quotients
(1Qs) are quicker at processing sensory stimuli [1-5], these
broadly replicated findings explain a relatively modest pro-
portion of variance in Q. Processing speed alone is, argu-
ably, a poor match for the information processing demands
on the neural system. Our brains operate on overwhelming
amounts of information [6, 7], and thus their efficiency is
fundamentally constrained by an ability to suppress irrele-
vant information [8-21]. Here, we show that individual vari-
ability in a simple visual discrimination task that reflects
both processing speed and perceptual suppression [22]
strongly correlates with 1Q. High-lQ individuals, although
quick at perceiving small moving objects, exhibit dispropor-
tionately large impairments in perceiving motion as stimulus
size increases. These findings link intelligence with low-
level sensory suppression of large moving patterns—
background-like stimuli that are ecologically less relevant
[22—-25]. We conjecture that the ability to suppress irrelevant
and rapidly process relevant information fundamentally
constrains both sensory discriminations and intelligence,
providing an information-processing basis for the observed
link.

Results

Motivated by fundamental roles of suppressive processes in
neural function [8-21], we hypothesized that individual differ-
ences in a low-level visual task that reflects both processing
speed and perceptual suppression should closely correlate
with intelligence quotient (IQ). To estimate perceptual sup-
pression, we used a simple visual task in which subjects iden-
tified motion direction of briefly presented grating stimuli [22]
(Figure 1A; see also Supplemental Experimental Procedures
available online). We adaptively adjusted stimulus duration
to estimate the shortest exposure durations sufficient for
threshold-level performance. This approach is analogous to
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conventional inspection time measures [2-4] and provides an
estimate of perceptual processing speed. The critical manipu-
lation was stimulus size (Figure 1B). We previously found that
as stimulus size increases, motion direction of high-contrast
patterns becomes markedly harder to perceive [22] (Figure 1C).
This counterintuitive result, termed spatial suppression, is
believed to reflect inhibitory mechanisms that render motion-
selective neurons less responsive to large, background-like
motion patterns, stimuli that are less likely to be perceptually
relevant [22-28]. Importantly, subjects were not asked to
suppress or ignore large moving stimuli; rather, they were in-
structed to identify motion direction of each individually pre-
sented stimulus as accurately as possible. To quantify the
strength of spatial suppression, we computed suppression in-
dex (Sl) (Figure 1C), simply defined as the difference between
the threshold for large stimuli and the threshold for small
stimuli [27-30] (Figure 1C). Thus, Sl indexes the degree of
impairment in motion perception with increasing stimulus size.

We first tested the hypothesized link between perceptual
suppression and 1Q in subjects who completed a short-form
Wechsler Adult Intelligence Scale Il (WAIS-III) [31]. The results
(study 1) revealed a significant correlation between 1Q and SI
(Figure 2A; r = 0.64; p = 0.02). To test the robustness and repli-
cability of this finding, in study 2 we introduced several meth-
odological and stimulus changes (Supplemental Experimental
Procedures), including the administration of the full-length
WAIS-IV [32]. Again, we found that Sl strongly correlates with
IQ (Figure 2B; r = 0.71; p = 107% 95% confidence interval
[CI] = [0.55, 0.82]). The observed relationship between Sl and
1Q is considerably stronger than those reported for other sen-
sory measures [2-4] and approaches in magnitude correla-
tions between full-scale 1Q and WAIS-IV primary indexes
(ranging between 0.72 and 0.86) [32].

To test the robustness of the SI-IQ link, we carried out a
Monte Carlo simulation using study 2 data. We generated
9,999 data sets, each consisting of 15 subjects randomly
sampled without replacement, and computed the SI-IQ corre-
lation for each data set. The resultant correlation distribution
(Figure 2C) is positively skewed with median r = 0.72 (95%
Cl = [0.43, 0.89]). Notably, nearly all (93.3%) of the obtained
correlations were statistically significant, indicating that arela-
tively small sample size is sufficient to reveal the SI-1Q link.

The two studies presented here differ in methods and stim-
ulus parameters (Supplemental Experimental Procedures), yet
both reveal strong SI-IQ links. Stimulus size differences
(Figure 1C), however, preclude a direct comparison of SI
values. To circumvent this problem, we fitted each subject’s
data with a simple exponential model (a x e°*), where the scale
parameter, a, determines the lower asymptote, while the slope,
b, is an estimate of suppression strength that is not explicitly
linked to specific stimulus sizes (Figure 1C). Importantly, for
both data sets, the exponential slope and Sl are highly corre-
lated (r > 0.996). The combined distribution of slope estimates
again reveals that as the stimulus size increases, high 1Q is
linked with increasing motion perception impairments (Fig-
ure 2D; r = 0.68; p = 10~'%; 95% CI = [0.53, 0.80]).

Next, we examined the relationship between SI and WAIS-
IV index scores (study 2). Sensory measures tend to be better
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Figure 1. Measurement of Spatial Suppression:
Task, Stimuli, and Group-Level Results

(A) The sequence of events constituting a single

trial. Subjects’ task was to simply identify motion

direction of a briefly presented moving stimulus.
- The space-time plot illustrates a rightward-
moving stimulus. The depicted stimulus duration
(53 ms) corresponds to the average threshold for
the 3.6° stimulus size (see C). Vertical and
horizontal scale bars represent 10 ms and 1°,
- respectively.

(B) Three stimulus sizes used in study 2. Only one

stimulus was shown on each trial.

(C) The effect of stimulus size on duration thresh-

-

3
Stimulus size (deg)

10 olds for discriminating motion direction. Data
were fit with an exponential model (a x €%, R? >
0.993). Slope, b, is 0.116 and 0.139 for study 1

and study 2, respectively. As detailed in Supplemental Experimental Procedures, raw threshold values cannot be compared across studies. Arrows illustrate
the computation of S, defined as the difference of logy, thresholds for large and small stimuli; SI = logyo(large-stimulus threshold) — log,o(small-stimulus

threshold). Data are represented as mean = SEM.

predictors of the performance aspects of 1Q, often exhibiting
weak or no relationship with verbal intelligence [33]. In
contrast, Sl is a good predictor of broad intellectual ability:
correlations between Sl and the Verbal Comprehension,
Perceptual Reasoning, Working Memory, and Processing
Speed Indices were r = 0.69, 0.47, 0.49, and 0.50, respectively
(1072 > p > 107%). For the purposes of magnitude com-
parison, we note that these relationships are in the same
range as WAIS-IV interindex correlations (ranging between
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Figure 2. The Relationship between Spatial Suppression and 1Q

(A and B) The relationship between Sl and 1Q in two studies.

(C) Results of a Monte Carlo simulation showing the distribution of SI-IQ
correlations for 9,999 random samples (with n = 15) from the data shown
in (B). The triangle indicates median correlation.

(D) Combined data from two studies with suppression strength
estimated from slope, b, derived from exponential fits (a x €) to individual
subject’s data.

0.45 and 0.64) [32]. Additionally, S| strongly correlates with
the General Ability Index (r = 0.69; p = 107%), a WAIS-IV
measure of general intellectual ability. Overall, we show that
Sl is strongly linked with a broad range of psychometric
indices of intelligence.

What drives the SI-I1Q relationship? Sl indexes the difference
between one’s ability to perceive small and large moving
stimuli (Figure 1C). Thus, the observed relationship indicates
an interactive link between motion perception and 1Q. Indeed,
correlations between IQ and subjects’ ability to perceive
motion of small and large stimuli were significantly different
(Figures 3A and 3B; both z > 2.0, p < 0.04). As IQ rises, SI
increases because of (1) faster processing of small stimuli
coupled with (2) a diminishing ability to perceive large moving
stimuli. Neither effect alone was sufficient to account for the
observed SI-IQ link; only small-stimulus thresholds in study 2
significantly correlated with 1Q (r = —0.46, p = 0.0005), indi-
cating that performance with large stimuli is a key component
of the SI-IQ link. Thus, we considered factors that may affect
the correlation between 1Q and large-stimulus thresholds.
The ability to perceive large moving stimuli is determined
both by spatial suppression [22] and by nonspecific factors
(e.g., general motion sensitivity and motivation). Such general
factors tend to be positively correlated with 1Q [3, 34], but they
should affect motion perception regardless of stimulus size,
allowing us to statistically control for nonspecific effects. First,
to control for the shared variance between subjects’ perfor-
mance with small and large stimuli, we computed semipartial
correlations between stimulus thresholds and 1Q (study 2).
The results revealed significant but opposite correlations
between 1Q and small-stimulus (Figure 3C; sr = —0.71, p =
107°) and large-stimulus (Figure 3D; sr = 0.55, p = 10~°) thresh-
olds. These results were further supported by a multiple linear
regression analysis with thresholds for small and large stimuli
as predictors of IQ scores (R? = 0.52, F5 50 = 26.7, p =105, vari-
ance inflation factor < 1.7). High 1Q was associated with lower
thresholds for small moving stimuli (3 = —0.92, t5o = —7.2,
p = 107°) and higher thresholds for large moving stimuli (5 =
0.72, tso = 5.6, p = 1076). We found analogous results for the
four WAIS-IV index scores (all R? > 0.23, Fos0 > 7.55, p <
0.001), where high 1Q was predicted by lower small-stimulus
thresholds (—0.89 < B < —0.58; all p < 0.006) and higher
large-stimulus thresholds (0.68 > § > 0.41; all p < 0.011). In
conclusion, rather than being linked with an overall speeding
of motion perception, we found that high 1Q is associated
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Figure 3. The Relationship between Motion Discrimination Thresholds
and 1Q

(A and B) The relationship between 1Q and duration thresholds for large (<)
and small () moving stimuli. Data are represented as mean = SEM.

(C) The relationship between 1Q (study 2) and standardized residuals after
regressing thresholds for the small stimulus on large-stimulus thresholds.
(D) Same as (C), except that thresholds for the large stimulus were re-
gressed on small-stimulus thresholds.

with increasingly selective low-level sensory processing that
favors smaller moving stimuli relative to large.

Lastly, we examined whether the observed link between
motion perception and 1Q is specific to suppressive processes
or extends to other motion phenomena that change with
increasing size. Spatial suppression is restricted to middle
and high contrasts. As stimulus contrast decreases, spatial
tuning of motion perception gradually shifts from spatial sup-
pression to spatial summation [22], which is manifested as
improved discriminability of low-contrast motions with
increasing stimulus size [22, 35, 36]. Thus, by simply reducing
stimulus contrast, we can measure perceptual discriminations
under a regime largely unaffected by suppressive processes.
Such low-contrast stimuli were tested in study 1 (2.8%
contrast, other methods unchanged). The results (Figure 4A)
showed that as stimulus size increased, thresholds decreased
(F2,20 = 20.7, p <107°), yielding pronounced spatial summation
(i.e., negative Sl). Confirming our hypothesis, spatial summa-
tion strength did not correlate with 1Q (Figure 4B; r = 0.07;
p = 0.82). Instead, for both large and small stimuli, subjects
exhibited similar trends toward better performance with
increasing 1Q (Figure 4C; r = —0.48, —0.51; p = 0.10, 0.09).
These results indicate that our main results (Figure 2) are
specific to the suppressive effects that occur at suprathres-
hold contrasts.

Discussion

Our findings endorse Sir Francis Galton and Charles
Spearman’s original hypotheses [1] and reveal a close
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Figure 4. The Relationship between 1Q and Motion Discriminations at Low
Contrast

(A) The effect of stimulus size on duration thresholds for discriminating
motion direction at low contrast. Data are shown as mean + SEM.

(B) The relationship between Sl and 1Q for low-contrast stimuli.

(C) The relationship between 1Q and duration thresholds for large (<)
and small (M) moving stimuli at low contrast. Data are represented as
mean = SEM.

empirical link between sensory discriminations and intelli-
gence. Since the early days of intelligence research, psy-
chologists have hypothesized that sensory discriminations
and intelligence are constrained by common underlying mech-
anisms [1, 2]. The proposed sensory correlates held promise of
providing nonverbal, culture-fair measures of intelligence
within a biologically constrained theoretical framework.
Indeed, it is well established that IQ scores correlate with mea-
sures of inspection time: high-1Q subjects require shorter stim-
ulus exposure times to make simple perceptual judgments
[1-5]. Similar results were found using reaction time measures
[1-4]. These findings are intuitive—rapid information pro-
cessing is important for both sensory discriminations and
intelligence. However, the reported links were modest, with
uncorrected correlations typically between 0.2 and 0.4 [2-4].
Still, there are indications that the underlying relationship
between sensory discriminations and 1Q is likely stronger
than suggested by bivariate correlations. Structural equation
modeling has revealed remarkably strong links (0.68 < r <
0.92) between two latent traits: general intelligence and gen-
eral sensory discrimination [37, 38]. Moreover, basic sensory
processing has been shown to account for intelligence varia-
tions in old age, suggesting that acommon cause might under-
lie both cognitive and sensory declines in senescence [39].
Why do our results exceed previously documented empir-
ical links between 1Q and sensory discriminations? By using
time-limited stimuli, our approach incorporates the key feature
found in studies that show the most consistent empirical links
between IQ and sensory tasks [5]. Our results, however, show
that while processing speed is indeed related to IQ, it alone is
insufficient to account for the SI-1Q link. Rather, it is the relative
inability to quickly perceive large moving stimuli (i.e., Sl) that
predicts variations in 1Q scores. This finding supports the argu-
ment that rapid processing is of limited utility unless it is
restricted to the most relevant information. This is critical for
any system that operates on information that exceeds its
processing capacity—a description that characterizes both
perception and intelligence and suggests a possible informa-
tion-processing basis for the observed relationship. However,
while information relevance in the context of intelligent cogni-
tion changes depending on task demands, the implicit
assumption behind our perceptual results is that the relevance
of different sizes of moving stimuli is predetermined. This
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assumption has ecological validity, given that large moving
stimuli are more likely to come from typically less relevant
background motion [40]. Moreover, the insensitivity to back-
ground motion is built into responses of motion-selective
neurons as center-surround suppression [23]. A key exception
occurs at low-contrast levels, where weakening of suppres-
sion is exhibited by both neural center-surround mechanisms
[41] and behavioral motion sensitivity [22]. Paralleling this
weakening of spatial suppression, we did not find a link
between Sl and 1Q at low contrast (Figure 4).

While our results are the first report linking sensory suppres-
sion and intelligence, the central importance of inhibition
in cognitive processing is well established [12-19, 42].
Working-memory performance is predicted not by neural
enhancement of task-relevant information but rather by indi-
vidual differences in neural suppression of distractors [12,
13]. The ability to ignore highly distracting items in working
memory predicts individual differences in intelligence [18]
and can account for differences in prefrontal cortex activity
between low- and high-1Q individuals [16, 17]. Our results,
while consistent with this framework, differ in important
ways by implicating a very different form of neural suppres-
sion. Our subjects were not asked to ignore distracting stimuli
or inhibit a prepotent response. Instead, our approach
involves a low-level motion discrimination task that likely in-
volves inhibitory center-surround receptive field mechanisms
in middle temporal cortical area [22-27]. We also considered
the possibility that attentional differences might underlie our
results. If high-1Q individuals were somehow less attentive to
large moving stimuli, such attentional effects, even if uncon-
scious, would implicate top-down processes. We, however,
find that explanation highly unlikely. Our subjects’ only task
was to discriminate motion direction of a single stimulus pre-
sented in isolation. This absence of competing stimuli along
with brief stimulus durations (~100ms) precludes most top-
down attentional effects [9]. In study 2, stimulus sizes were
randomly interleaved, ruling out differences in sustained atten-
tion. Additionally, when stimuli were presented at low contrast,
we found a positive trend between 1Q and performance with
large moving stimuli (Figure 4C)—a finding inconsistent with
top-down attentional biases against large stimuli. Finally, as
outlined above, the behavioral results reported here are
believed to reflect neural center-surround suppression [22,
25, 27]. These suppressive mechanisms are found both in
awake [24, 25] and anesthetized animals [23], further ruling
out a possible role of attention.

Overall, our results highlight the fundamental importance of
suppression in neural processing. Suppressive mechanisms
play critical roles in low-level sensory processing, where they
enable our perceptual systems to efficiently process an enor-
mous amount of incoming sensory information [8, 10, 11].
Suppression plays an analogous role in intelligent cognition
[15-17, 20, 21], contributing to overall neural efficiency
[43]. While above we outlined an information-processing
framework for the link between perceptual suppression and
intelligence, we can only speculate about underlying neural
mechanisms. Based on prior work [12-19, 42], we posit that
the efficacy of neural suppression could provide a mechanistic
explanation of our results. However, neural suppression is not
a unitary mechanism but includes a broad range of inhibitory
processes. Many such processes are only weakly related
with one another, and only some strongly predict IQ scores
[44, 45], namely measures of attentional and working-memory
control over distracting information [16-18]. To determine

whether Sl is related to these higher-level suppressive pro-
cesses, we measured working-memory performance using a
three-back task that incorporates highly distracting lure
targets (Supplemental Experimental Procedures). Consistent
with earlier results [16-18], we found that subjects’ perfor-
mance on distracting lure trials was correlated with 1Q scores
(r = 0.55, p = 0.001), while target and nontarget trial perfor-
mance was not (r < 0.25, p > 0.19). Notably, S| was correlated
with lure trial performance (r = 0.43, p = 0.016), but not with
performance on other types of trials (r < 0.23, p > 0.22). These
results link the efficacy of low-level perceptual suppression
with a measure of top-down suppression that has been linked
with 1Q. Of course, bottom-up visual and top-down working-
memory suppression involve very different neural mecha-
nisms. However, we speculate that different biological
instantiations of suppression might, at least in part, depend
on similar underlying computations. One possible candidate
is normalization, a divisive neural computation that may under-
lie operations in a wide range of brain systems, ranging from
perceptual suppression to decision making [8].

In conclusion, we report a strong link between low-level
sensory discriminations and intelligence, based on a simple
visual task that involves reasonably well-understood neural
mechanisms of motion processing, spatial suppression, and
evidence accumulation [22, 24, 25, 27, 46]. As such, Sl pro-
vides a tractable paradigm for investigating sensory correlates
of intelligence.

Supplemental Information

Supplemental Information includes Supplemental Experimental Procedures
and can be found with this article online at http://dx.doi.org/10.1016/j.cub.
2013.04.053.
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Supplemental Experimental Procedures

Subjects

Sixty-seven subjects (33 females) participated in two studies. Study 1 included typical subjects
(n = 12) described in [29], who completed four-item short form WAIS-III [31] (mean IQ =
100.4, st. dev. = 15.9, derived from Similarities, Vocabulary, Block design and Matrix reasoning
tests). All Study 1 subjects were screened for history of mental illness or neurological disorders.
Study 2 subjects (n = 53) completed full WAIS-IV [32](mean IQ = 112.9, st. dev. = 12.8). The
average age in the two studies was 36 (st. dev. = 7.2) and 33.1 (st. dev. = 13.4). Partialing out
age did not change correlations between SI and 1Q (Study 1: P > 0.98; Study 2: P > 0.93). In
Study 1, we also collected education level data, measures of social functioning and schizotypal
personality tendencies [29]. Partialing out each of these measures resulted in small, non-
significant increases in the SI-1Q correlation (P > 0.79). Subjects were recruited from the general
population via newspaper and online advertisements (www.craigslist.org). Inclusion criteria were
normal or corrected-to-normal visual acuity and absence of visual pathology. For 15 subjects, we
made full measurements of near (reading distance) and far (at 20 ft.) visual acuity. As expected
from our recruitment criteria, measured acuities clustered tightly around “normal” visual acuity
(median near/far acuity in logMAR units = 0/0; 1% quartile = 0/-0.15; 3™ quartile = 0.05/0). This
sub-sample exhibited strong correlation between SI and IQ (» = 0.67, P = 0.003), but no
significant links between acuity and either 1Q or SI (for both near and far acuity; all || <0.28, all
P >0.31). Partialing out near acuity increased SI-IQ correlation to 0.79, while partialing out far
acuity slightly decreased SI-IQ correlation to 0.65. Note that because our recruiting procedure
excluded individuals with vision problems this result does not address links between acuity and
intelligence that are found in individuals with moderate and poor acuity [39].

Data Analysis

All correlations (Pearson r) are uncorrected. Parametric analyses were used as all data passed
normality tests (as assessed by Chi-square, Lilliefors and Jarque-Bera tests). We also analyzed
the relationship between SI and IQ using rank-order correlations and found very similar
relationships (Study 1 ry = 0.72; Study 2 r, = 0.70). All tests are two-tailed. Correlation
differences were tested using a variant of Fisher’s r-to-z transformation for correlated samples
[47]. Standardized weights are reported in the multiple regression analysis.



Two distant outliers (Study 2) were excluded because their data was 3.2 inter-quartile ranges
beyond the third quartile (these subjects had trouble performing the motion task and were not
included in the mean IQ and sample size reported above).

Stimuli

Stimuli were created in MATLAB and shown on linearized displays. Study 1 used a CRT
monitor (800 x 600 resolution, 120Hz, 60.5 cd/m? background). Viewing distance was 83 cm.
Study 2 used a custom 360Hz DLP projector [48](1280 x 720 resolution, 113.7 cd/m?
background). Viewing distance was 146 cm.

Stimuli were briefly presented sine-wave gratings, moving either leftward or rightward
with speed of 4°/s (Figure 1A). Peak stimulus contrast was 42%, which is sufficiently high to
guarantee spatial suppression but low enough to avoid ceiling effects [22]. Stimulus spatial
frequency was low (1 cycle/°), excluding the possibility that typical acuity variations limited task
performance. Stimulus duration was defined as the full-width at half-height of the temporal
envelope [27], which was either Gaussian (Study 1) or trapezoidal [27] (Study 2). Note that these
envelope differences preclude raw threshold comparison between studies (e.g., because of long
Gaussian ‘tails,” the effective duration of Study 1 stimuli was longer). Importantly, the exact
definition of duration affects only the vertical position of the data in Figures 1C and 3A, B,
having no effect on scale-free estimates of suppression strength (Figure 2).

Stimulus size was defined by the stationary spatial envelope through which moving
gratings were shown. Each study included three different stimulus sizes (Figure 1B), selected on
the basis of previous results [22] with an aim to include both small stimuli where performance is
high and large stimuli where spatial suppression reduces motion sensitivity. This envelope was
either Gaussian (Study 1) or raised cosine (Study 2). In both cases, size was measured as the
visible stimulus diameter, with visibility defined as local contrast higher than 1% (choosing other
visibility cutoffs (0.1-3%) had negligible effects on the results). Different sizes were run in
separate, randomized blocks (Study 1) or were interleaved within each block (Study 2).

Procedure

On each trial, a moving stimulus was presented and a subject simply identified perceived motion
direction (leftward vs. rightward). Feedback was provided. Unlike conventional measures of
inspection time [2, 4], discriminations of stimulus motion are not confounded by visual
persistence, precluding the need for a backward mask. The dependent variable was
log;o(stimulus duration) [22, 27-29, 48]. For each condition, eight duration thresholds (82%
correct) were estimated by QUEST staircases [49]. The first two were measured on a separate
day and used as practice. The highest and lowest results were excluded and the remaining
thresholds were averaged. This yielded very high split-half reliabilities. The average (over three
sizes) split-half reliability was 0.978 and 0.985 for Study 1 and 2, respectively. The QUEST
procedure is designed to ‘work’ in the log space [49], directly estimating log;o(threshold). Thus,
data presented here are not log transformed, but rather they were natively estimated in the log
space.

Working-Memory Task

Subjects (n = 30 from Study 2) performed a 3-back match-to-sample task. Stimulus bank
consisted of 100 face images [50] and 100 most frequently used nouns taken from the Academic
Word List [51]. Face images were scaled to 3.8° x 5.2°, while words were 3.8° wide. Each



stimulus was presented for 1s. Subjects’ task was to respond if the presented stimulus (either a
face or a word) matched the stimulus presented 3 trials behind (target trials, occurred on ~25% of
total trials). Lure trials were defined as trials associated with either a 2-back, 4-back or 5-back
match (~25% of trials). These are high interference trials that require suppression of lures [16].
Trials without a preceding match were non-target trials (~50% of trials). Feedback was provided.
Standard deviations of between-subjects results for different trial types were relatively constant,
ranging between 11.3% and 15.2%. For this data set, the correlation between SI and IQ scores
was 0.65.
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