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Perception, cognition, and working memory: interactions, technology,
and applied research

Research questions

The research questions addressed in this Research Topic span from our senses to
perception to cognition and behavior, as well as theoretical and mathematical models to
explain such processes. In particular, the studies have helped answer questions in visual
perception (Bernardinis et al.; Orima and Motoyoshi; Wu et al.; Vargas and Moreno-Rios),
working memory (Liu et al; Wang A. et al; Zacharov et al.), attention (Kandana Arachchige
etal.), detection (Branch et al.), emotion (Liang et al.), memory (Guo et al;; Chén et al; Zhou
et al; Setti et al.), auditory processing (Fan et al.), language (Wang Y. et al; Cui et al; Zhu
and Aryadoust), cognition (Krupitzer et al; Ren et al; Shi), actions (Bitu et al; Zhu et al;
Lukashova-Sanz et al; Ren et al.), and human-machine interactions (Loriette et al; Zhang
etal.).

Methods

To address the research questions in the above fields, the studies in our Research
Topic used multiple research methods, such as psychophysical experiments (Vargas
and Moreno-Rios; Shi), behavioral tasks (Bitu et al; Lukashova-Sanz et al), survey
questionnaires (Zhu et al.) and virtual reality simulations (Krupitzer et al.; Lukashova-Sanz
et al.). They also used eye tracking to record the participants’ eye movement patterns (Wang
Y. et al; Zacharov et al), and revealed the underlying neural mechanisms through EEG
(Liang et al; Orima and Motoyoshi; Cui et al.; Shi) or its connectivity by transcranial direct
current stimulation (tDCS) (Wu et al.).
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Theories

Given the complexity of the tasks, it is a challenge to find
an overarching unified theory to explain underlying mechanisms.
By contrast, existing theories often explain a narrower collection
of data derived from tasks. The current issue tries therefore to
collate papers that help face down such challenges, bringing them
to our attention, and thus provides an outlet for such research to
be published. For example, cognitive load theory (Sweller, 1988;
Mayer and Moreno, 2003; Sweller et al., 2011; Bitu et al.; Zhu and
Aryadoust) explains how limited amount of cognitive resources are
used for a task. Flexible resource (attention) theory (Sandry et al,
2014; Sandry and Ricker, 2020; Zhou et al.) argues that attention
resources are allocated flexibly to items in working memory and
that their allocation to one item is at the cost of the others. These
theories suggest that we have limited capacity in attention, cognitive
resources, and working memory (Miller, 1956). This Research
Topic also brought up a mathematical modeling for priming (Chén
et al.). However, there is still a lack of theories for brain-computer
interfaces (Loriette et al.), especially for the connections among
sensation, perception, cognition, memory and action.

Applications

In addition to neurotypical participants, these methods are
beneficial for people at a disadvantage, such as the blind and
visually impaired (Setti et al.) or those with Parkinson’s disease
(Bernardinis et al.). Similarly, they may also help provide practical
support to those with autism spectrum disorder (Zacharov et al.).
They cover studies that tested children (Zacharov et al;; Bitu et al.),
soccer players (Ren et al; Krupitzer et al.), college students (Ren
et al.), adults (e.g., Branch et al.) and older adults (Zhu et al.).
Setti et al. showed that the blind participants exhibited impaired
performance in a spatial memory task of sound locations, adapted
from the card game “Memory,” thus confirming “the pivotal role of
visual experience in the active manipulation of memorized spatial
information.” This suggests that auditory spatial memory benefited
from visual integration. While auditory spatial memory of the
location is affected by visual experience, it might also be interesting
to test participants’ responses to tasks that do not require any visual
cues of the space, and to examine if the increased sensitivity of
one sensory modality is at the cost of the other(s) or enhanced by
the other(s).
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Future research

Complex tasks and concepts can often be dissected into
distinct steps that occur sequentially or simultaneously. Based
on existing theories of limited cognitive resources, the former
may be more reasonable, but it also depends on the time
scale of this analysis. In a fine grained time-scale, such as
milliseconds, it is more likely to be sequential than simultaneously.
Different research methods may be able to address the tasks from
various perspectives. Therefore, future research may call into the
integration of these perspectives, and the underlying mechanisms
and theories.
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This study was to investigate whether human listeners are able to detect a binaurally
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participants with normal hearing were tested in Experiment 2b for both down-gliding and
frequency-steady noises. Listeners were able to detect a BIAC in the frequency-steady
noise (center frequency = 400 Hz) and two types of frequency-gliding noises (center
frequency: between 100 and 1,600 Hz). The duration threshold for detecting the BIAC in
frequency-gliding noises was significantly longer than that in the frequency-steady noise
(Experiment 1), and the longest interaural delay at which a duration-fixed BIAC (200 ms)
in frequency-gliding noises could be detected was significantly shorter than that in the
frequency-steady noise (Experiment 2). Although human listeners can detect a BIAC in
frequency-gliding noises, their sensitivity to a BIAC in frequency-gliding noises is much
lower than that in frequency-steady noise.

Keywords: auditory system, binaural hearing, center frequency, interaural correlation, frequency gliding,
interaural delay

INTRODUCTION

The auditory system usually implicates functions of two ears, integrating the sound information
from both ears. The binaural hearing has been recognized as a critical function of the central
auditory system, offering substantial advantages in localizing sounds, dealing with reflections,
and improving speech recognition in adverse environments (Kohlrausch et al, 2013).
Interaural coherence (the degree of similarity of the sound waveforms at the two ears) can
be physically measured as the maximum value of the cross correlation between the sound
wave at the left ear and the sound wave at the right ear when one of the two sounds has
been time shifted (within limits, e.g., 1 or +2 ms) to maximize the correlation (Grantham, 1995;
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Aaronson and Hartmann, 2010), which is called “interaural
correlation” If the sound wave at the left ear is an identical
copy of the wave at the right ear, the interaural correlation
is one. In contrast, if the sound waves at the left and right
ears are independently generated, the interaural correlation is
near to zero. The interaural correlation can be represented at
both the neurophysiological level (Wang et al., 2018) and the
perceptual level (Blauert and Lindemann, 1986). When sounds,
i.e., arbitrary noises, arrive at the two ears simultaneously,
identical sounds (interaural correlation = 1) at the two ears
are perceptually fused into a single image at the center area
of the head, while binaurally independent sounds are perceived
as two separated sound images at each ear (Blauert and
Lindemann, 1986).

Several previous studies have shown that human listeners
are able to discriminate changes in the interaural correlation
across two binaural noises. Particularly, the discrimination was
extremely sensitive to a slight drop in the interaural correlation
from binaurally identical noise (with an interaural correlation
of one; Pollack and Trittipoe, 1959; Gabriel and Colburn, 1981;
Akeroyd and Summerfield, 1999; Culling et al., 2001; Boehnke
et al.,, 2002; Chait et al., 2005). Furthermore, the sensitivity to
the dynamic change in interaural correlation has been investigated
using a binaural analog of the gap-detection paradigm by placing
a binaurally uncorrelated fragment, ie., a break in interaural
correlation (BIAC; a pair of binaurally independent noises), in
the temporal center of two bursts of binaurally identical noise
(markers: Akeroyd and Summerfield, 1999; Boehnke et al., 2002).
Introducing a BIAC does not alter the energy or spectrum of
the arbitrary noise but modifies the auditory images, including
the perceptual compactness/diffuseness of the noise image (Blauert
and Lindemann, 1986; Edmonds and Culling, 2009). The duration
threshold (the minimum duration required to detect a BIAC)
is measured to determine the sensitivity to a dynamic change
in interaural correlation. Previous studies have proved that human
listeners are sensitive to a BIAC in either broad-band or narrow-
band noise whose spectral information does not vary with time
monaurally (Akeroyd and Summerfield, 1999; Boehnke et al., 2002).

Moreover, understanding of the interaural correlation
processing is incomplete without considering the impact of
the interaural delay. As the interaural delay increases from
zero, the perceptually fused single auditory image of binaurally
identical noise initially moves toward the leading ear, then
becoming increasingly diffuse and eventually indistinguishable
from the sound image of the binaurally independent noise
(Blodgett et al., 1956). Our previous studies have shown
that the sensitivity to a BIAC decreased dramatically as the
interaural delay increased from zero to several milliseconds,
and the maximum interaural delay, at which a BIAC can
be detected (the delay threshold), has been used to determine
the impact of the time delay between the sounds at the two
ears on the sensitivity to a change in interaural correlation
(Huang et al., 2008, 2009a,b, 2019; Li et al, 2009, 2013;
Kong et al.,, 2012, 2015; Qu et al.,, 2013).

Ecologically, communication sounds with time-varying spectra
are common for humans and other species. For example, the
frequency modulation is a fundamentally acoustic component

in human speech, critical to the discrimination of vowels
(Jenkins et al, 1983), the recognition of Mandarin tones
(Kong and Zeng, 2004), and the speech recognition in noise
(Zeng et al., 2005).

Moreover, it has been shown that the auditory system is
sensitive to the binaural cues even in frequency-gliding tone
(frequency range: 3-8 kHz; Hsieh and Saberi, 2009). To our
knowledge, however, the issue of the sensitivity to changes in
interaural correlation in frequency-gliding sound has not
been reported.

Previous binaural models share a fundamental notion that
binaural performance, e.g., interaural correlation processing,
is based on frequency-band-by-frequency-band comparisons of
bandpass-filtered signals at two ears (Stern and Trahiotis, 1995;
Ungan et al, 2019). The frequency selectivity of binaural
processing is not necessarily poorer than that for monaural
processing (Verhey and van de Par, 2018), since it has been
shown that the auditory system is capable of integrating binaural
information across different frequency channels (Jain et al,
1991; Hsieh and Saberi, 2009). Thus, we hypothesized that
human listeners can hear a dynamic change in interaural
correlation in noises with center frequency varying
unidirectionally when both the spectral and temporal integrations
are involved.

MATERIALS AND METHODS

Participants
All participants were young adult university students at the
Peking University. They had pure-tone thresholds no higher
than 25 dB HL between 0.125 and 8 kHz, and the threshold
difference between the two ears at each testing frequency was
less than 15 dB HL. They gave written informed consent and
were paid a modest stipend for their participation. All the
experimental procedures were approved by the Committee for
Protecting Human and Animal Subjects in the School of
Psychological and Cognitive Sciences at Peking University.
Ten participants (eight females, 18-26 years old, mean
age = 20.5 years) took part in Experiment 1. Twenty-one
different participants (15 females, 17-24 years old, mean
age = 19.1 years) were tested in Experiment 2a. Another group
of the participants (13 females, 18-27 years old, mean
age = 20.7 years), who did not participate in Experiment 1
and Experiment 2a, were tested in Experiment 2b.

Apparatus and Stimuli
The participant was seated in a chair at the center of a sound-
attenuated chamber (EMI Shielded Audiometric Examination
Acoustic Suite). Frequency-steady and frequency-gliding noises
(sampling rate = 16 kHz; duration = 2,000 ms; rise/decay
time = 50 ms) were synthesized using MATLAB (the MathWorks
Inc., Natick, MA, United States).

To produce frequency-steady noise, Gaussian wideband noise
(0-8 kHz) was generated and bandpass filtered (the 400-Hz
geometric center frequency with a bandwidth of 1.585 octave).

Frontiers in Psychology | www.frontiersin.org

June 2021 | Volume 12 | Article 692785


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles

Fan et al.

Binaural Processing of Frequency-Gliding Sounds

To produce frequency-gliding noises, the wideband noises were
cut into temporal frames using a Hanning window. The frame
length was 62.5 ms (duration of on/off ramps = 31.25 ms)
and the frameshift time was 15.6 ms (with an overlap between
successive frames). The energy of each of the frames was set
to a fixed value. These wide-band noise frames were filtered
into narrow-band noise frames by a 1.585-octave wide bandpass
filter in the frequency domain, and the frequency components
outside the passband were set to zero. Each narrow-band frame
had a center frequency in the range from 100 to 1,600 Hz
(log spaced). The sequence of the center frequencies was from
100 to 1,600 Hz or from 1,600 to 100 Hz for the up-gliding
and down-gliding noises, respectively. Note that all the frames
were concatenated together by overlap and sum method, and
played out. Figure 1 shows spectrograms of up-gliding noise
(left), frequency-steady noise (middle), and down-gliding
(right) noise.

The BIAC was always in the temporal center of the noise.
For example, to insert a BIAC with a 200-ms duration, the
noise section between 900 and 1,100 ms (from the noise onset)
in the left-ear channel was substituted by an interaurally
independent segment (interaural correlation = 0) with the same
parameters. For frequency-gliding noises, the center frequency
of the BIAC in up-gliding noise changed from 348 to 459 Hz
and the center frequency of the BIAC in down-gliding noise
changed from 459 to 347 Hz during the 200-ms BIAC. The
center frequency was always 400 Hz, 1,000 ms after the
noise onset.

In Experiment 1, the duration of BIAC varied while the
overall duration of the noise stimuli was kept at 2,000 ms.
The minimum duration required to detect a BIAC (duration
threshold) was examined using the frequency-steady noise,
up-gliding noise, and down-gliding noise. In Experiment 2,
the duration of the BIAC was fixed at 200 ms. When an
interaural delay was introduced, a quiet segment with a
duration equal to the interaural delay was added to the
beginning of the stimulus for the right ear and the end of
the stimulus for the left ear. The maximum interaural delay
at which the 200-ms BIAC could be detected (delay threshold)
was tested for both up-gliding noise and frequency-steady
noise in Experiment 2a, and the delay threshold was determined

for both down-gliding noise and frequency-steady noise in
Experiment 2b.

Sound stimuli were generated using a Creative Sound Blaster
PCI128 (Creative SB Audigy 2 ZS, Creative Technology Ltd.,
Singapore) and delivered by headphones (HD 265 linear,
Sennheiser, Germany). The sound intensity was calibrated using
a Larson Davis Audiometer Calibration and Electroacoustic
Testing System (AUDit and System 824, Larson Davis, Depew,
NY, United States). The overall sound level was 63 dB SPL.

Design and Procedure
The BIAC was perceived as a “central-to-diffuse” change in
the noise. The percepts of the BIAC in frequency-gliding were
similar to those embedded in frequency-steady noise, except
the frequency-gliding noise has a continuous pitch gliding.
Note that any auditory event coinciding in time with the BIAC
could not be detected when only noise at one ear was delivered.
A brief training session was used before Experiment 1 and
Experiment 2a and 2b to ensure that each participant understood
the instructions and was able to detect the BIAC in each of
the three noise types, especially in frequency-gliding noises.
In Experiment 1, the duration threshold for detecting the
BIAC was measured for each of the noise types using adaptive
two-interval, two-alternative, and forced-choice procedures. In
each trial, the BIAC was randomly assigned to one of the
two intervals, which were separated by 1,000 ms. The participants’
task was to detect an auditory change in the middle of the
noises and identify which of the two intervals contained the
change by pressing the left or right button on a response box.
The BIAC duration was set to 65 ms at the beginning and
manipulated using a three-down one-up procedure: The duration
was decreased after three consecutive correct responses and
increased after one incorrect response. The initial size of the
change in the duration of the BIAC was 16 ms, and the step
size was altered by a factor of 0.5 with each reversal in direction
of duration change until the minimum value of 1 ms was
reached. Feedback was given visually after each trial via a
LCD monitor in front of the participant. Each adaptive procedure
(i.e., a run) was terminated after 10 reversals, and the duration
threshold for a run was defined as the arithmetic mean duration
across the last six reversals. For each noise type, the arithmetic
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FIGURE 1 | Spectrograms of up-gliding, frequency-steady, and down-gliding noises.
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mean of the duration thresholds for three runs was taken as
the duration threshold.

In Experiment 2, the delay threshold for detecting the BIAC
was measured using a similar procedure to that for Experiment 1,
except that the BIAC duration was fixed at 200 ms. The
interaural delay systematically varied in Experiment 2 and was
at the beginning set to 0 ms, which is the easiest condition
for a listener to detect the BIAC. The interaural delay was
increased after three consecutive correct responses and decreased
after one incorrect response. The step size started at 16 ms
and decreased by half for each reversal until it reached 1 ms.
Each adaptive procedure (ie., a run) was terminated after 10
reversals, and the delay threshold for a run was defined as
the arithmetic mean interaural delay across the last six reversals.
For each noise type, the arithmetic mean of the delay thresholds
for three runs was taken as the delay threshold. A brief training
session was also provided before the experiment.

RESULTS

Experiment 1

The duration thresholds for detecting the BIAC were obtained
from 10 participants for each of the noise types when the
noise at one ear was delivered simultaneously with that delivered
on the other ear. Our results clearly showed that listeners
were able to detect a dynamic change in interaural correlation
for binaural noises with the unidirectionally varied center
frequency. Figure 2 shows the group-mean duration thresholds
and standard errors of the mean for each noise type. An
important feature was that the binaurally uncorrelated fragments
embedded in frequency-gliding noises were much harder to
detect than that embedded in frequency-steady noise. The
mean thresholds for detecting a BIAC for up-gliding noise,

90 q
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30 1
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FIGURE 2 | Group-mean duration thresholds for detecting a break in
interaural correlation (BIAC) in three types of noises: frequency-steady noise,
up-gliding noise, and down-gliding noise (Experiment 1). The error bars
represent the standard errors of the means (SEM). **p < 0.01.

down-gliding noise, and frequency-steady noise were 48.4 ms,
34.4 ms, and 4.7 ms, respectively.

ANOVA across the three conditions of the noise type was
performed to determine whether the duration threshold for
frequency-gliding noises was much longer than that for
frequency-steady noise. The ANOVA showed that the main effect
of noise type on the duration threshold was significant
[F (2,18) = 7.152, p < 0.01]. LSD post-hoc analyses showed that
the duration threshold for detecting the BIAC in frequency-steady
noise was significantly shorter than that in up-gliding noise
(p < 0.01) and down-gliding noise (p < 0.01). Moreover, the
duration threshold in up-gliding noise was not significantly
different from that in down-gliding noise (p = 0.354).

Experiment 2

Among the duration thresholds obtained in Experiment 1,
when the interaural delay was zero, the longest duration threshold
for up-gliding noise was 119.4 ms and the longest duration
threshold for down-gliding noise was 92.9 ms. Thus, it is
reasonable to predict that most human listeners are able to
detect a 200-ms BIAC in the frequency-gliding noises when
the interaural delay is zero. In Experiment 2a, the longest
interaural delays at which a 200-ms BIAC could be detected
(delay thresholds) were obtained from 21 participants for
up-gliding noise and frequency-steady noise. The delay thresholds
for down-gliding noise and frequency-steady noise were obtained
from another 19 participants in Experiment 2b.

In consistent with the results in Experiment 1 that the
BIAC in frequency-gliding noises was much harder to detect
than that in frequency-steady noise, the maximum interaural
delay for detecting the BIAC in frequency-gliding noises was
shorter than that for frequency-steady noise. The group-mean
delay threshold for detecting the BIAC was 7.3 ms for up-gliding
noise and 9.2 ms for down-gliding noise while that for frequency-
steady noise was 12.0 ms in Experiment 2a and 12.1 ms in
Experiment 2b. Figure 3 shows the group-mean delay thresholds

Steady Hm Up-gliding
16 1 *
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B Down-gliding

*x
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L L
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£
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FIGURE 3 | Group-mean interaural delay thresholds for detecting a BIAC in
for three types of noises: frequency-steady noise, up-gliding noise, and
down-gliding noise (Experiment 2). The error bars represent the SEM.

*0 < 0.05, *p < 0.01.
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for up-gliding noise and the frequency-steady noise in Experiment
2a, and those for down-gliding noise and frequency-steady
noise in Experiment 2b.

A paired t-test was performed to determine if the delay
threshold for up-gliding noise was significantly shorter than
that for the frequency-steady noise. The paired t-test showed
that the difference was significant (t = —9.895, p < 0.001,
Experiment 2a). Similarly, a paired t-test showed that the delay
threshold for the down-gliding noise was also significantly
shorter than that for frequency-steady noise (t = —5.846,
p < 0.001, Experiment 2b). In contrast to the comparison
between the duration threshold for up-gliding noise and that
for down-gliding noise, a non-matched samples ¢-test showed
that the delay threshold for the up-gliding noise was significantly
shorter than that for down-gliding noise (t = —2.859, p < 0.01).

DISCUSSION

The primary aim of our study was to determine the sensitivity
to a change in interaural correlation when the center frequency
of binaural noises varied over time (frequency-gliding noises).
The results of this study showed that young adults with normal
hearing were able to detect a BIAC embedded in frequency-
gliding noises (center frequency: between 100 and 1,600 Hz).
However, the duration threshold for frequency-gliding noises
was significantly longer than that for frequency-steady noise
(center frequency: 400 Hz).

As the detection of a BIAC is determined by the perceptual
contrast in the interaural correlation between the uncorrelated
segment and the marker (the noise sections flanking the BIAC),
the detection difficulty in frequency-gliding noises might
be based on the possible decrease in the perceptual contrast
between the BIAC and marker in frequency-gliding noises.
Given that most models of binaural processing are based on
the assumption that sounds are filtered into narrow-band signals
and the processing of the binaural information is based on
comparisons of interaural differences in a band-by-band manner
(Durlach et al., 1986; Stern and Trahiotis, 1995; Akeroyd and
Summerfield, 1999), the detection of the BIAC for frequency-
gliding noises should be based on both the processing of
interaural correlation within the frequency band where the
BIAC embedded and the across-band information from the
other frequency bands which frequency-gliding noises
passed through.

For the processing of interaural correlation within the
frequency band where a BIAC embedded (center frequency:
400 Hz), the detection of the BIAC may have been influenced
by forward and backward masking from the marker. The
duration of the forward fringe for frequency-steady noise would
be 997.65 ms, based on the duration of the whole noise, and
the mean duration threshold for frequency-steady noise is
4.7 ms. For frequency-gliding noises, however, the effective
duration of the marker noise within each frequency band would
be affected by the speed of the sweep and the bandwidth of
the auditory filters. According to the auditory filter bandwidth
of Glasberg and Moore (1990), the bandwidth [equivalent

rectangular bandwidth (ERB)], the frequency range of the
frequency band (center frequency = 400 Hz), was calculated:

ERB(f)=0.108f +24.7 (1)

where f is the center frequency. Based on the frequency
range of the band (366 Hz-434 Hz) and frequency-gliding
noises used in this study, the overall duration of frequency-
gliding noises in the frequency band (center frequency = 400 Hz)
was 125 ms. If the mean duration threshold for frequency-
gliding noises is used to estimate the duration of the forward
fringe in the frequency band centered on 400 Hz, the duration
of the forward fringe is 38 ms for up-gliding noise and 45.3 ms
for down-gliding noise. Although no prior study has assessed
the effect of forward fringe duration on the detection of a
BIAC, the discrimination between binaural noises with different
interaural correlation was virtually impossible for durations of
10 and 32 ms (Pollack and Trittipoe, 1959). Although it is
possible that the listener can detect the BIAC when only the
frequency band where the BIAC embedded was monitored,
the detection of BIAC is extremely hard based on the output
of binaural processing from the frequency band with the center
frequency of 400 Hz according to the findings of Pollack and
Trittipoe (1959).

Comparisons of binaural information across frequency play
an important role in the binaural lateralization of bandpass
noises (Stern and Trahiotis, 1995; Ungan et al, 2019). For
example, the interaural time difference of a bandpass noise
which is consistent over frequency has been found to be the
true interaural time difference of the stimuli (straightness; Stern
and Trahiotis, 1995). The detection of the BIAC in frequency-
gliding noises probably needs to integrate over a wider frequency
range where more binaural information of the marker noises
(interaural correlation = 1) is provided than the single frequency
band centered on 400 Hz. Around the frequency band with
a center frequency of 400 Hz, six frequency bands for the
frequency from 82 to 366 Hz and eight frequency bands for
the frequency from 434 to 1,724 Hz were included according
to the auditory filter bandwidth of Glasberg and Moore (1990).
The effective duration of noises in different frequency bands
ranged from 78 to 250 ms. It has been shown that the percentage
of correct discrimination between binaural noises with an
interaural correlation of 0.998 and reference noises with an
interaural correlation of 0.922 decreased from 100 to 60% as
the noise duration decreased from 316 to 32 ms (Pollack and
Trittipoe, 1959). It is speculated that the interaural correlation
processing of the marker noises for frequency-gliding noises
might be affected by the relatively short duration of marker
noises in individual frequency bands.

Our results showed that participants were able to detect a
BIAC in frequency-gliding noises even when an interaural delay
of several milliseconds was introduced. The human auditory
system is able to process binaural cues with interaural delays
much longer than those experienced in free-field listening
which is usually less than 600 microseconds (Blodgett et al.,
1956). Our previous studies have also shown that human
listeners can detect a BIAC at larger interaural delays than
those experienced in free-field listening for broad-band or
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narrow-band noises (Huang et al., 2009a,b; Li et al, 2009;
Kong et al., 2012, 2015). In the present study, the delay threshold
for detecting a fixed-duration BIAC (200 ms) in frequency-
gliding noises was significantly shorter than in frequency-steady
noise. Fine-structure signals from the leading ear must
be maintained (or delayed) for several milliseconds to allow
interaural processing of binaural noises with large interaural
delays and the maintained information progressively decays as
the interaural delay is increased (Huang et al., 2009a; Li et al.,
2013). Consistent with the difficulty in detecting a brief BIAC
in frequency-gliding noises with no interaural delay, it appears
that the maintenance of the fine-structure information for
frequency-gliding noises is harder than that for frequency-
steady noise.

It has been widely accepted that binaural responses are
temporally sluggish when compared with monaural responses
(Grantham, 1995; Akeroyd and Summerfield, 1999). The binaural
sluggishness is supported by the temporal-window theory that
the duration of the binaural temporal window is shown to
be significantly longer than that of the monaural temporal
window (Akeroyd and Summerfield, 1999). Given the sensitivity
to a dynamic change in interaural correlation over time is
affected by the binaural temporal window, one possible
explanation for the difficulty in detecting the BIAC in frequency-
gliding noises might be the increase in the duration of the
binaural temporal window for frequency-gliding noises. It has
been proved that the processing of interaural correlation makes
it harder to perceive the temporal changes in the frequency
(Krumbholz et al., 2009). However, whether the binaural temporal
window for frequency-gliding noises is broader than that for
frequency-steady noise cannot be determined until the just
noticeable difference of the interaural correlation for frequency-
gliding noises is tested in further studies.

Many sounds in natural environments have frequency
modulations, e.g., speech and other communication sounds
(Hsieh and Saberi, 2009). Investigation of the interaural
correlation processing of sounds with frequency modulations
should lead to a better understanding of the mechanism
underlying their spatial coding and recognition against a noisy
background. For example, considering the detection of a target
sound, i.e., speech, against a noisy background when both the
target and noise are delivered binaurally through headphones,
the detection performance is significantly improved by inverting
either the target signal wave or the masking noise wave in
one ear (Licklider, 1948). This binaural unmasking effect is
suggested to be closely related to the sensitivity to a change
in interaural coherence (the degree of similarity of the sound
waveforms at the two ears; Durlach et al, 1986). However,
the interaural correlation of the stimulus has been found to
be a poor predictor of this binaural unmasking effect
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In this work, we investigate the effect of Parkinson’s disease (PD), and common
corresponding therapies on vision-based perception of motion, a critical perceptual
ability required for performing a wide range of activities of daily livings. While PD has
been recognized as mainly a motor disorder, sensory manifestation of PD can also play
a major role in the resulting disability. In this paper, for the first time, the effect of disease
duration and common therapies on vision-based perception of displacement were
investigated. The study is conducted in a movement-independent manner, to reject the
shadowing effects and isolate the targeted perceptual disorder to the maximum possible
extent. Data was collected using a computerized graphical tool on 37 PD patients [6
early-stage de novo, 25 mid-stage using levodopa therapy, six later-stage using deep
brain stimulation (DBS)] and 15 control participants. Besides the absolute measurement
of perception through a psychometric analysis on two tested position reference
magnitudes, we also investigated the linearity in perception using Weber’s fraction. The
results showed that individuals with PD displayed significant perceptual impairments
compared to controls, though early-stage patients were not impaired. Mid-stage
patients displayed impairments at the greater of the two tested reference magnitudes,
while late-stage patients were impaired at both reference magnitudes. Levodopa and
DBS use did not cause statistically significant differences in absolute displacement
perception. The findings suggest abnormal visual processing in PD increasing with
disease development, perhaps contributing to sensory-based impairments of PD such
as bradykinesia, visuospatial deficits, and albbnormal object recognition.

Keywords: Parkinson’s disease, perception, vision, displacement, levodopa, deep brain stimulation, de novo,
non-motor

INTRODUCTION

Although movement abnormalities have clinically defined Parkinson’s disease (PD) since its 19th
century definition, the motor system is not necessarily the sole root of abnormalities (Jankovic,
2008). Accurate movements rely on the initial collection and processing of environmental
information by the sensory nervous system, sensorimotor integration, and the production of motor
output signals sent to muscles, with disruption of any system impairing movement (Singer, 1980;
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Noback et al., 2005). As exemplified with force computing
and reproduction that is accurate in simple tasks, but slowed
and variable during complex tasks, aspects of the abnormal
motor functionality of PD can be rooted in neural dysfunction
(Stelmach et al, 1989; Lafargue et al., 2008). Accordingly,
movement abnormalities in PD are not necessarily due to
abnormal motor function alone. Rather, motor dysfunction may
be influenced by improper neural processing of stimuli, which
along with PD-induced sensorimotor integrative deficiencies
could lead to the observed motor dysfunction. However, due to
movement generation being heavily used as a measure of the
response in most clinical studies on PD it is not possible to
decipher if abnormalities arise through the perceptual, motor, or
sensorimotor integration deficits.

Visual information involving object and spatial properties is
crucial for navigation and the production of accurate active and
reactive movements (Azulay et al., 1999; Davidsdottir et al., 2005).
Modern visual experience theory suggests vision to be a means to
gain knowledge used to explore and manipulate the space around
the host through motor activities (O'Regan and Noé, 2001).
Considering this, vision perception and motion production
are linked processes, with visual information processing being
imperative for movement. Anatomically, visual perceptions are
linked to a dorsal parietal stream involved in mapping an object’s
location in space, and a ventral occipitotemporal stream involved
in object identification and memory (Goodale and Milner, 1992;
Horwitz et al., 1992).

Visuospatial abnormalities in memory and representation of
three-dimensional space are common among individuals with
PD (Davidsdottir et al., 2005). These impairments can contribute
to balance and navigation deficits increasing fall risk and injury
(Azulay et al., 1999; Wood et al., 2002; Davidsdottir et al., 2005).
Although visually-related deficits are common characteristics
of PD (Corin et al, 1972; Wright et al, 1990; Haug et al,
1994; Biittner et al., 1995; Adamovich et al., 2001; Barnes
and David, 2001; Zhu et al., 2016; Joyce et al., 2018), there
is no systematic investigation on processing abnormalities of
visual information for tasks relevant to movement that are not
confounded by motor impairment. Furthermore, past findings of
object recognition and navigational impairments observed in PD
(Wood et al., 2002; Laatu et al., 2004; Davidsdottir et al., 2005;
Lawrence et al.,, 2007; Clark et al., 2008; Almeida and Lebold,
2010; Martens and Almeida, 2012; Nantel et al., 2012) indicate
PD-induced impairments in ventral occipitotemporal visual
processing may exist. Recently, we have designed a computerized
movement independent task using a virtual reality environment
to generate computational statistical models of visual perceptions
of time, which showed deficits in the accurate discrimination
of temporal durations for those with PD (Bernardinis et al,
2019). The current paper extends the use of the computerized
module allowing for statistical understanding of vision-based
displacement perception.

We propose that the perceptual “tuning” of individuals
with PD may be distorted, leading to improper processing of
perceptual stimuli, thus causing inappropriate motor output.
Although this motor output may be what one might expect based
on the perception (i.e., is congruent to the perception), it is still

incorrect due to perceptual inaccuracy, exemplified in healthy
individuals by the changing of one’s stride length and speed when
perceiving a surface to be icy even if it eventually determined to be
dry. To investigate this phenomenon, we must first assess the pure
perceptual ability of PD patients. In this work, we have studied
visual processing in PD through a perceptual task resembling
movement-related displacement perception tasks (Demirci et al.,
1997; Konczak et al., 2007), while isolating visual processing from
movements and sensorimotor integration. Thus, we observed the
ability of individuals with PD in accurately perceiving movement-
independent visual displacement information. The impact of
disease duration and the effect of dopaminergic and surgical
treatment were also assessed, providing deeper insight on how
the disease affects visual processes and the treatment effect on
these abnormalities.

MATERIALS AND METHODS

Experimental Design

To study visual displacement perception independent of
movement, a two-alternative forced-choice experiment
(displayed in Figure 1A) was conducted. In the task, the
displacement distance between two circular displacements
presented in series is compared. Each displacement began with
a white circle presented near the top or bottom of the monitor,
followed by a displaced green circle. The participant responded
(without time constraint) which displacement they perceived to
be the largest in distance. In each of the 160 trials, one of two
“standard stimuli” (10 and 17.5 cm) were compared to one of 8
“comparison stimuli.” The comparison stimuli magnitudes for
the 10 cm standard stimulus were 7, 8.5, 9, 9.5, 10.5, 11, 11.5,
and 13 cm; and the comparison magnitudes for the 17.5 cm
standard stimulus were 12.25, 14.85,15.75, 16.62, 18.36, 19.25,
20.1, and 22.75 cm. Comparison values were chosen based on
pilot testing of healthy adults, in which comparison stimuli
differing in magnitude the most from the standards were always
answered correctly, and those differing in magnitude the least
were answered correctly 50% of the time.

Testing Apparatus

Experimental visual stimuli were solely displayed on an
LG Flatron W2242PM 22-inch visual monitor (resolution:
1,680 x 1,050). Participants sat in a comfortable, upright
position approximately 60 cm (~2 feet) in front of the monitor
(Figure 1B). Both the height of the chair and monitor were
adjusted for optimum viewing. Each participant, along with
the examiner, were in an isolated room, minimizing auditory
and visual distractions. The visual perception test was run in
a virtual-reality environment designed at the Canadian Surgical
Technologies and Advanced Robotics (CSTAR) lab and was
connected to a real-time Matlab-Simulink program controlled by
the experimenter.

Participants
Thirty-seven patients with PD (30 males, seven females) and
15 healthy, age-matched controls (12 females, three males) with

Frontiers in Neuroscience | www.frontiersin.org

July 2021 | Volume 15 | Article 676469


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Bernardinis et al.

Visual Displacement Perception in PD

A C Standard
Stimulus
10cm
17.5cm

B D

Proportion of Answers Given Greater than
Reterence

FIGURE 1 | Experimental Design. (A) Visual Displacement Perception Trial — Participant compares displacement distance between circles (D; line not visible in the
experiment). (B) Experimental Setup. (C) Cumulative Gaussian Distributions heat map of PD participants and controls, in which distributions more blue in colour
signify a greater slope (thus greater participant perceptual sensitivity), and those more red/orange in colour signifying a lesser slope (and worse participant perceptual

ability). (D) Example analysis of Cumulative Gaussian Distribution to obtain DL.
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no known neurological or psychiatric disorders were recruited
from the Movement Disorders Program at London Health
Sciences Centre, University Hospital in London, Ontario, Canada
(Table 1). Recruitment involved assessing potential participant
enrollment eligibility based on cognitive aptitude, participants
fitting into the early-stage de novo, mid-stage levodopa using, or
later-stage DBS using subgroups (based on the progression of PD
and therapy usage), and the exclusion of candidates exhibiting PD
symptoms that would impair experimental assessments (such as
inabilities to focus, excessive fatigue, dystonia, etc.). These eligible
candidates were met during clinic visits, where the experiment
was described and their ability to conduct the experiment was
further assessed based on cognitive fitness. Control participants
generally had relation to PD participants, often being a spouse,
family member, or friend, and were also contacted during clinic
visits. The study protocol for this work was approved by the
Research Ethics Board of the University of Western Ontario
(REB 107253). All participants provided informed consent for

participation in the study. All experiments were performed in
accordance with the Tri-Council Policy Statement of Ethical
Conduct for Research Involving Humans in Canada, as well as the
Declaration of Helsinki. Of the 37 PD patients, 25 were treated
using levodopa medication daily (half-life: 1-1.5 h) (Brooks,
2008). Though individual equivalent dose of levodopa differed
from patient to patient, most consumed 200 mg of levodopa 3-4
times a day. Prior to experimentation, PD patients refrained from
taking levodopa for at least 12 h to achieve a clinically defined
OFF state. These patients initially conducted the experiment
OFF levodopa, after which they were administered 300 mg of
levodopa (unless their regular dose was 100 mg or lower, in
which case they were administered 200 mg) and performed the
task again (ON phase). No participants displayed dyskinesia with
this acute dose. The ON and OFF experiments were conducted
on the same day, involving a mandatory break of an hour after
levodopa administration. Motor symptoms were assessed ON
and OFF levodopa using section 3 (motor sub-scale) of the
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Unified Parkinson’s Disease Rating Scale (UPDRS). To further
augment the findings and report additional observations, a pair
of small-sample patient groups (n = 6 for both groups) relating
to later-stage deep brain stimulation (DBS) using patients and
early-stage de novo patients not yet using any PD therapy at
the time of experimentation were analyzed as “case studies.”
The intention of these case studies was to observe potential
trends regarding the visual displacement perception abilities of
shorter and longer duration PD patients, and to observe the
perceptual effects of DBS use. Due to the small sample sizes
of these groups, the statistical tests act only as indicators of
potential trends rather than a confirmation that differences are
occurring between certain populations. If later-stage patients
using DBS were also using levodopa, they refrained from using
the medication 12 h prior to the experiment and throughout
the day of testing. It should be noted that OFF DBS refers to
OFF-OFF conditions (OFF stimulation and OFF dopaminergic
medication), with ON DBS referring to ON-OFF conditions
(ON stimulation, OFF dopaminergic medication). Prior to
experimentation, DBS devices were turned OFF. After a 45-
min waiting period, patients carried out the task in the same
fashion as patients using levodopa. Experimentation occurred
initially in the OFF-stimulation state, followed by the device
being turned on and an hour break before experimentation in
the ON state. Of note, the average age of later-stage patients
using DBS was substantially lower than the levodopa patient
group (Table 1). This is largely due to the presence of cognitive
impairment in many elderly later-stage patients. Early-stage de
novo PD patients (n = 6) only carried out the experiment
once. Cognitive assessment of PD patients was conducted using
the Montreal Cognitive Assessment (MoCA) (Nasreddine et al.,
2005). Diagnostic assessments for visual acuity (using reading
tasks and the Snellen eye chart), and smooth pursuit and
saccadic eye movements were performed on all participants
(PD and control) by an experienced clinician. PD patients were
excluded from the study if they displayed visual, oculomotor, or
substantial cognitive (MoCA < 25) impairments. Furthermore,
PD patients experiencing visual hallucinations (PD-VH) or using
PD medications other than levodopa were excluded from the
study. It should be noted that patients included in the study did
not exhibit severe impairments in color perception that would
affect experimental performance.

Statistical Analysis

Initially, the correctness of patient responses was computed
for each comparison value of a given standard stimulus. This
data was then used to generate a probabilistic model (ie,
cumulative Gaussian distribution psychometric function) of the
patient’s perceptual ability for assessment where increased slope
and shift signify perceptual impairment (Figure 1C; Friind
et al, 2011). For this, the Psignifit 4.0 third party Matlab
toolbox was used. The participants’ point of subjective equality
(PSE) for both standard stimuli were calculated. The upper
threshold (UT) and lower threshold (LT) were obtained through
analysis of the psychometric function (Figure 1D), signifying
the magnitude of displacement that was discerned from the
standard stimulus 75% of the time (Gescheider, 2013). To

assess an individual’s absolute perceptual sensitivity for vision-
based displacement perception, a two-forced alternative-choice
assessment comparing two linear displacements was carried
out as described by G. Gescheider (2013). The Difference
Threshold (DL; DL = PSE-LT or DL = UT-PSE) was the
unit used to measure perceptual sensitivity, signifying the
difference in magnitude necessary to differentiate a stimulus
from the standard stimulus. A participant’s DL is inversely
proportional to their perceptual sensitivity, with smaller DLs
indicating greater perceptual ability. In each trial of the
experiment one of the two standard stimuli magnitudes was
compared to a smaller or larger comparison stimuli based on
the standard stimulus present. Datum points were considered
outliers and omitted from analysis if they were 1.5 x Interquartile
Range (IQR) above the third quartile, or 1.5 x IQR below
the first quartile.

The paired two-tailed t-test was utilized to statistically
assess perceptual differences based on patient therapeutic state,
and independent samples two-tailed ¢-tests were used for
comparisons between PD and control groups. Furthermore,
perceptual linearity rooted in “Weber’s Law” (Baird and Noma,
1978) was analyzed to provide boosted sensitivity toward
detecting potential abnormalities that may not have been
observed through absolute assessment of the probabilistic
models. Based on Weber’s law, the ratio between an individual’s
DL and the amplitude of the standard stimulus is constant
(Coren, 2003; Gescheider, 2013). The quantifiable value of
Weber’s Law, Weber’s Fraction (WF), is defined as WF = DL/S,
where S represents standard stimulus magnitude. Perceptions of
healthy humans measured by WF have shown a strong linear
relationship, following Weber’s Law.

TABLE 1 | Summary of Demographic and Clinical Data for Tested PD Patients.

Levodopa DBS De novo Control
Demographic
data
Number (n) 25 6 6 15
Age (years) 70.04 £ 6.80 55.16 £8.89 74.17 £3.97 67.71 £8.82
Gender (m/f) 22/3 4/2 4/2 3/12
Total Years of 184 +£4.36 13.33+250 13.00+1.67 13.76 £ 1.80
Education
Years Since 6.88+4.36 11.5+4.04 312+20 N/A
Diagnosis
Clinical data
MoCA (out of 30) 26.68 +2.17 26.67 £3.08 27.83 £2.14 27.23 +£1.59
UPDRS motor 23.92 +£ 6.69 34 + 10.51 22.33+7.91 N/A
sub-scale OFF
Therapy
UPDRS motor 14.72 £6.07 22.33+£7.92 N/A N/A
sub-scale ON
Therapy
UPDRS motor 9.20+5.09 21+5.62 N/A N/A

subscale OFF vs.
ON Difference

UPDRS, Unified Parkinson’s Disease Rating Scale; MoCA, Montreal

Cognitive Assessment.
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RESULTS

PD vs. Control Displacement Perception
Findings

Part A

When comparing all PD patients (those using levodopa, DBS,
and de novo patients) with the control participants, there were
no perceptual abnormalities seen at the smaller standard stimulus
for those with Parkinson’s disease OFF their respective primary
therapies (p-value = 0.595; average DL for PD patients OFF
therapy: 1.69 £ 0.48; average DL for control participants:
1.60 &= 0.58) and ON their respective therapies [p-value = 0.566;
average DL for PD patients ON therapy: 1.50 + 0.47)
(Figure 2A)]. However, for the larger tested standard stimulus
of 17.5 cm, PD patients displayed significant impairments in
visual displacement perception OFF their respective therapies
(p-value = 0.006; average DL for PD patients OFF therapy:
2.22 £ 0.75; average DL for control participants: 1.70 & 0.44),
as well as significant impairments while ON their PD therapies
(p-value = 0.033; average DL for PD patients ON therapy:
2.10 £ 0.78) (Figure 2B).

Part B

Focusing only on mid-stage PD patients using levodopa, for the
standard stimulus of 10 cm, the average DL for PD patients
OFF levodopa did not differ (p-value = 0.954) from the DL
of control participants (average DL for patients OFF levodopa:
1.61 £ 0.49; average DL for control participants: 1.60 =+ 0.58).
This group of PD patients also displayed insignificant differences
(p-value = 0.372) in their DLs when ON levodopa compared
to the tested controls (average DL for patients ON levodopa:
1.41 + 0.36) for the standard stimulus of 10 cm (Figure 2C).
For the larger tested stimuli (compared to the 17.5 cm
standard stimulus), the DLs of PD patients OFF levodopa were
significantly greater (p-value = 0.041) than control participant
DLs (average DL for patients OFF levodopa: 2.09 % 0.68; average
DL for control participants: 1.70 & 0.44). In addition, there was
no significant difference (p-value = 0.120) regarding greater DLs
for PD patients ON levodopa compared to control participants
(average DL for patients ON levodopa: 2.03 =+ 0.79) (Figure 2D).
Levodopa administration did not directly elicit any significant
effects on the absolute perceptual sensitivity of displacement
for PD patients. Regarding the standard stimulus of 10 c¢m, an
insignificant trend (p-value = 0.164) toward reduced DLs was
observed after the patients received levodopa (average DL of
patients OFF levodopa: 1.61 =+ 0.51; average DL of patients ON
levodopa: 1.44 & 0.56). In addition, for the standard stimulus of
17.5 cm there were no changes to average DL (p-value = 0.655)
after the participants received levodopa (average DL of patients
OFF levodopa: 1.95 £ 0.59; average DL of patients ON levodopa:
2.03 £ 0.79) (Figures 2C,D).

Case Study A: Later-Stage Patients

Using Deep Brain Stimulation
When looking at DLs between control participants and later-
stage PD patients using DBS therapy at the standard stimulus of

Standard Stimulus of 10 cm
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FIGURE 2 | Control vs. PD absolute perceptual ability comparisons.
Comparison of visual displacement perceptual abilities (quantified using DL)
between control participants and PD patients subdivided into groups based
on therapeutic treatment. Red lines represent median DL for each group, with
bars representing the data spectrum. (A) Comparisons to all PD participants
with the 10 cm standard. (B) Comparisons to all PD participants with the 17.5
cm standard. (C) Comparisons to PD participants using levodopa with the 10
cm standard. (D) Comparisons to PD participants using levodopa with the
17.5 cm standard. (E) Comparisons to PD participants using DBS with the 10
cm standard. (F) Comparisons to PD participants using DBS with the 17.5 cm
standard. (G) Comparisons to de novo PD participants with the 10 cm
standard. (H) Comparisons to de novo PD participants with the 17.5 cm

standard.
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10 cm, PD participants displayed on average significantly greater
DLs (p-value = 0.032) than controls when OFF DBS (average
DL for patients OFF DBS: 2.07 £ 0.29). However, when ON
DBS, there was no difference in DLs (p-value = 0.976) between
PD patients and controls (average DL for patients ON DBS:
1.61 £ 0.20) (Figure 2E). Regarding the standard stimulus of
17.5 cm, patients OFF DBS displayed significantly greater DLs (p-
value = 0.025) compared to control participants (average DL for
patients OFF DBS: 2.99 4 0.86). At the larger standard stimulus,
no differences in DLs (p-value = 0.158) were seen for PD patients
ON DBS compared to controls [average DL for patients ON DBS:
2.35 £ 0.94) (Figure 2F)].

For the PD patients using DBS, no significant differences in
DLs were seen between ON and OFF states. For the smaller
tested stimulus magnitudes (compared to the 10 cm standard
stimulus), there was no significant DL difference (p-value = 0.167)
when patients were ON DBS (average DL of patients OFF DBS:
2.06 £+ 0.17; average DL for patients ON DBS: 1.57 £ 0.21)
(Figure 2E). At the larger tested magnitudes (standard stimulus
17.5 cm) there was again no difference in DL (p-value = 0.560)
when the patients were using DBS (average DL for patients OFF
DBS: 2.99 =+ 0.86; average DL for patients ON DBS: 2.58 £ 0.37)
(Figure 2F). It should be noted that a relatively strong trend
toward reduced DLs was observed when participants were ON
DBS (Figures 2E,F). However, due to the small sample size of the
DBS PD group (n = 6), it is possible that the statistical analysis
is not representative of the therapys impact on perceptual
improvements. All but one of the patients using DBS displayed
reduced DLs when ON DBS at both standard stimuli magnitudes.

Effect of Levodopa vs. DBS

Although no direct comparison on an individual’s perceptual
response to levodopa or DBS were made, comparisons of the
therapies’ efficacy can still be inferred from the data. First, when
comparing the UPDRS motor subsection scores of patients using
levodopa to DBS users OFF their respective therapies (in their
base PD state), we see DBS users have significantly greater
(p-value = 0.006) UPDRS scores than levodopa users (average
UPDRS section III score for DBS PD patients: 34.00 £ 10.50;
average UPDRS section III score for levodopa PD patients:
23.92 + 6.69) (Table 1). As expected, later-stage DBS users had
significantly greater motor impairment compared to mid-stage
PD patients using levodopa therapy. Similarly, when comparing
the DL for the standard stimulus of 17.5 cm, DBS patients OFF
therapy (mean DL: 2.99 £ 0.86) displayed significantly greater
(p-value = 0.015) DLs than patients using levodopa (mean DL:
2.09 &+ 0.68). Furthermore, at the standard stimulus of 10 cm,
very substantial trends (p-value = 0.059) toward greater DLs in
DBS patients (mean DL: 2.07 £ 0.29) were observed compared
to levodopa only patients (mean DL: 1.61 £ 0.49). This again
is to be expected based on the earlier mentioned findings, as
later-stage PD patients displayed more severe impairment in
the tested vision-based perception compared to mid-stage PD
patients. However, when these patients were ON their respective
therapies no significant differences were observed between DLs
at both the 10 cm standard (p-value = 0.478; mean DL for DBS
PD patients: 1.61 & 0.20; mean DL for levodopa PD patients:

1.43 £ 0.52) and the 17.5 cm standard (p-value = 0.412; mean
DL for DBS PD patients: 2.35 & 0.94; mean DL for levodopa
PD patients: 2.03 £+ 0.79). These findings may suggest that
DBS therapy has a greater efficacy in treating the vision-based
perception of displacement when movement is not involved
compared to levodopa.

Case Study B: Early-Stage de novo
Patients

Considering early stage de novo patients, for smaller stimuli
magnitudes compared to the standard stimulus of 10 cm, there
were insignificant differences between DLs (p-value = 0.749) of
de novo PD patients compared to the control group (average DL
for de novo patients was 1.68 £ 0.44) (Figure 2G). At the larger
tested standard stimulus of 17.5 cm, de novo patients displayed
an insignificant trend toward greater DLs (p-value = 0.158)
compared to the control group (average DL for de novo patients:
2.35 £ 0.94) (Figure 2H). Thus, early-stage PD patients did not
display significant differences in DL compared to controls.

Displacement Perception Linearity

Indeed, this study agreed with Weber’s Law, showing a very
strong correlation between the WF of the standard stimuli for
healthy controls [Pearson correlation (R): 0.928, p-value < 0.001].
When comparing all PD patients OFF their respective therapies,
they did not display significant correlations (R = 0.250, p-
value = 0.135). However, when all PD patients were using
their respective therapies, there were significant correlations seen
between WFs (R = 0.762, p-value < 0.001). A similar pattern was
observed when specifically looking at the levodopa group. For
this group significant correlations were not observed when OFF
levodopa (Pearson correlation: 0.235, p-value = 0.258). However,
when these PD participants were administered levodopa strong
correlations were observed between the WFs of different stimuli
(Pearson Correlation: 0.821, p-value < 0.001) (Figure 3). Thus,
administration of levodopa did appear to elicit some positive
effects toward vision-based displacement perception.

DISCUSSION

This work shows that PD leads to visual, allocentric displacement
perception impairments. These perceptual impairments arise
without related movements, suggesting that the observed
abnormality is intrinsic to the processing of visual information,
and not dysfunctions occurring in sensorimotor integration
or with the motor system. Although working memory and
attentional deficit are well-noted symptoms of PD (Brown and
Marsden, 1988; Calderon et al., 2001), it is improbable that these
contributed to the observed perceptual abnormalities for the mid-
stage PD patient group (using levodopa therapy) as no deficits
were observed at the smaller tested magnitudes. Rather, the
findings of the current study point toward impairment occurring
in the ventral occipitotemporal and/or dorsal visual processing
stream(s) in PD, showing a behavioral response to this known
pathway. This provides a rationale regarding the potential basis
for observed PD-induced deficits in activities utilizing ventral
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visual processing such as object and facial recognition (Laatu
et al., 2004; Lawrence et al., 2007; Clark et al., 2008). This
also is in similitude with the belief that freezing of gait (FoG)
in PD is rooted in perceptual rather than motor deficiencies
(Almeida and Lebold, 2010; Nantel et al., 2012). As proposed,
the observed motor output may be an appropriate transformation
of the instructions from the motor systems. However, the motor
systems may be responding to errors in the processing and
integration of visual information. Considering how this relates
to FoG, errors in perception of distances processed through
egocentric coordinates (using oneself as a reference) occurring
in PD (Lee et al., 2001; Martens et al., 2013), as well as
impairments in allocentric distances observed in the current
study could lead to incorrect internal perceptions of one’s
own dimensions and the dimensions of objects and structures
in their surrounding environment. Thus, movement outputs
are produced in relation to the skewed visual processing, for
example, leading to errors in which an individual overestimates
their size while underestimating the width of the doorframe,
causing gait freezing.

When considering the effect of PD therapies, levodopa and
DBS were shown to not directly increase perceptual sensitivity on
the tested visual displacement task for either tested magnitudes.
Though this agrees with prior work questioning dopamine’s
relevance in movement-independent tasks impaired by PD and
notions that common PD therapies are not beneficial for non-
motor symptoms of the disease at their administered dosage
(Deep-Brain Stimulation for Parkinson’s Disease Study Group,
etal,, 2001; Ahlskog, 2005; Chaudhuri et al., 2006), it is interesting

nonetheless due to the current studies task (and visual processing
in general) being tightly linked to movement processes. However,
linear relationships between perceptual sensitivity and magnitude
(as per Weber’s Law) were very weak when PD patients were OFF
dopaminergic treatment, becoming strong when ON levodopa.
We postulate this is due to dopaminergic treatment “tightening”
the regulatory bounds of perception, in that the topology of
the perceptual map re-orients after levodopa use, leading to
greater overlap with controls in some domains. This would imply
topographic perceptual maps are not normalized or “tightened”
enough to allow all aspects of the perception to be improved.
It is worth noting some aspects of non-motor disorders in
PD do improve with levodopa use at the later-stages of the
disease, specifically with the reduction of pain and anxiety
(Fabbri et al., 2017).

Comparing patients using levodopa to those using DBS, we see
that in OFF Parkinsonian states, the DBS-using participant group
displayed significantly worse displacement perception abilities
than levodopa-using patients. However, once these groups were
administered their respective therapies, this gap in perceptual
ability greatly shrank. This suggests that the improvements
provided by subthalamic stimulation are greater than those
brought on from dopaminergic treatment. However, it is possible
that levodopa does indeed act in a beneficial manner toward
correcting the visual displacement perceptual deficits in PD, and
that it is other neurochemical imbalances (such as abnormal
noradrenaline balances) or the widespread effect of levodopa
targeting undesired neural regions that led to the observed
perceptual abnormalities. It should be noted that a relatively

Frontiers in Neuroscience | www.frontiersin.org

July 2021 | Volume 15 | Article 676469


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Bernardinis et al.

Visual Displacement Perception in PD

A No Significant Deficits in
Perceptual Sensitivity
from Baseline (Controls)

PD Participant Disease

Duration Legend:
()  short-Duration

— Mid-Duration
=

Long-Duration

10 cm
Standard
Stimulus

ON DBS PD
Patients

17.5¢cm
Standard
Stimulus

ON DBS PD

Patients

Significant Deficitsin B
Perceptual Sensitivity
from Baseline

FIGURE 4 | Displacement Perception in PD Summary. (A) Findings on displacement perception sensitivity between PD patient groups compared to control
(baseline) participants. (B) Findings on the state of perceptual linearity according to Weber’s law.

Perceptual Linearity
Across Stimuli
Magnitudes (Weber’s
Law)

Linear Relationship Legend:

Linear Non-Linear
— X
Displacement Magnitude
10 cm 17.5cm
Standard Standard

Control Control
(10 cm) (17.5 cm)
ALL PD ALL PD
OFF (o]3
Therapy Therapy

ALL PD ALL PD

OFF DBS PD

Patients

ON ON

Therapy Therapy

OFF OFF
Levodopa Levodopa
ON ON
Levodopa Levodopa

OFF DBS PD
Patients

strong trend regarding reductions in patient DL when ON DBS
(compared to OFF DBS) was observed, along with impairments
in subject DL (compared to controls) only being observed when
OFF DBS (Figure 2). Thus, based on the results it appears
that DBS might improve absolute visual displacement sensitivity
for PD patients while levodopa did not cause improvement.
However, statistical analysis was not fully representative of the
population due to small power, necessitating future work for
validation. If DBS does indeed display greater efficacy toward
normalizing perceptual processing compared to dopaminergic
therapies, it may support discussions and further investigations
regarding the benefit of earlier surgical intervention.

The duration of PD appears to be related to performance
in the tested allocentric visual perception task. Though the
sample size is a limitation, de novo patients in the early stages
of PD did not display any significant perceptual impairments
in the current task compared to control participants. Patients
in mid-stages of PD utilizing the dopaminergic medication
as their primary PD therapy did display deficiencies in the
displacement perception task. However, these were limited
to the greater stimuli magnitudes compared to the standard
stimulus of 17.5 cm, whereas late-stage patients (utilizing
DBS therapy) displayed impairments at both tested standards.
The results suggest that increased disease severity broadens
the range of affected magnitudes. As tested individuals using
DBS were at later stages of the disease, impaired memory
and/or attentional performance might be involved (although
subjects with observable deficits in these areas were rejected

from study participation). Alternatively, increasingly severe PD
symptoms may lead to a broader range of perceptual deficits
through increasingly impaired occipitotemporal processing.
This phenomenon should be further investigated as visual
allocentric displacement perception may provide a valuable
sensory modality that can be used to monitor PD progression
without the use of motor function.

To conclude our findings (Figure 4), allocentric visual
displacement perception deficits independent of associated
movements were observed in PD, with longer disease duration
appearing to lead to more widespread perceptual abnormalities.
Levodopa therapy did not appear to directly improve base
perceptual ability; however, it may have modulated the
parameters of perception to be more like controls (seen through
improved perceptual linearity). DBS appeared to be more
effective toward improving the studied perception, warranting
further work analyzing its effect on non-motor perceptions.
Future work should further investigate the neurological basis for
these abnormalities and investigate the use of visual displacement
perception for disease monitoring. Furthermore, future work
should expand on the major limitations of the study, namely, the
small sample sizes (particularly for the later-stage DBS using and
early-stage de novo patient subgroups), and the discrepancy in the
sex-makeup of the PD group (largely male) and control group
(largely female) that may have impact on sex-based perceptual
abilities (Herrera-Guzmdn et al., 2004). The age discrepancy
between later-stage patients using DBS and mid-stage patients
using levodopa should be noted, along with the possibility of
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slight residual effects from levodopa occurring in participants
using the treatment, though they are in a clinically defined OFF
state.
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The primate visual system analyzes statistical information in natural images and uses it
for the immediate perception of scenes, objects, and surface materials. To investigate
the dynamical encoding of image statistics in the human brain, we measured visual
evoked potentials (VEPs) for 166 natural textures and their synthetic versions, and
performed a reverse-correlation analysis of the VEPs and representative texture statistics
of the image. The analysis revealed occipital VEP components strongly correlated with
particular texture statistics. VEPs correlated with low-level statistics, such as subband
SDs, emerged rapidly from 100 to 250 ms in a spatial frequency dependent manner.
VEPs correlated with higher-order statistics, such as subband kurtosis and cross-band
correlations, were observed at slightly later times. Moreover, these robust correlations
enabled us to inversely estimate texture statistics from VEP signals via linear regression
and to reconstruct texture images that appear similar to those synthesized with the
original statistics. Additionally, we found significant differences in VEPs at 200-300 ms
between some natural textures and their Portilla-Simoncelli (PS) synthesized versions,
even though they shared almost identical texture statistics. This differential VEP was
related to the perceptual “unnaturalness” of PS-synthesized textures. These results
suggest that the visual cortex rapidly encodes image statistics hidden in natural textures
specifically enough to predict the visual appearance of a texture, while it also represents
high-level information beyond image statistics, and that electroencephalography can be
used to decode these cortical signals.

Keywords: image statistics, visual evoked potentials, texture perception, stimulus reconstruction, naturalness
perception

INTRODUCTION

The visual field is full of complex image regions called “textures.” Increasing evidence shows that
textural information, or ensemble statistics, play a key role in the rapid perception and recognition
of scenes, objects, and surface materials (Lowe, 1999; Oliva and Torralba, 2001; Motoyoshi et al.,
2007; Whitney et al., 2014; De Cesarei et al., 2017; Fleming, 2017; Nishida, 2019).

It has widely been suggested that the perception of a texture is essentially based on the
spatial distributions of low-level image features and their relationships (Julesz, 1965; Graham
et al, 1992; Landy and Graham, 2004). Following extensive investigations into the neural
computations underlying texture segregation (Bergen and Adelson, 1988; Zipser et al., 1996;
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Baker and Mareschal, 2001), recent studies have re-formalized
the theory in terms of image statistics (Portilla and Simoncelli,
2000; Freeman and Simoncelli, 2011; Freeman et al., 2013; Wallis
et al., 2017). Specifically, the early visual cortex decomposes
an image into multiple subbands of different orientation and
spatial frequency, encodes moment statistics and correlations
across subbands of different orientation and spatial frequency,
and exploits these statistics to discriminate among various texture
images. Compelling evidence for this framework is provided by
texture-synthesis algorithms (Heeger and Bergen, 1995; Portilla
and Simoncelli, 2000), which can synthesize a texture image
that looks similar to a given texture by simply matching image
statistics of white noise to those of the target texture.

Recent studies adopting functional magnetic resonant
imaging and electrophysiology suggest that texture statistics are
represented in the early visual cortex (Freeman and Simoncelli,
2011; Freeman et al., 2013; Okazawa et al., 2015, 2017). Yet,
it is unclear how each class of statistic is encoded in the
human brain, especially during the early processing of the
image. To examine such a rapid cortical response in humans,
electroencephalography (EEG) has widely been used as an easy
and non-invasive measure. In visual neuroscience, classical
studies have examined visual evoked potentials (VEPs) for a
specific image feature, but with artificial patterns composed of
lines and dots (Victor and Conte, 1991; Bach and Meigen, 1997,
1998; Peterzell and Norcia, 1997; Bach et al., 2000; Norcia et al.,
2015; Kohler et al., 2018). More recently, several studies directly
measured VEPs for natural images. Adopting reverse correlation
analysis (DeAngelis et al, 1993), they successfully extracted
VEP components correlated to particular image features, such
as pixel statistics, phase statistics, the scene “gist; and deep
features (Rousselet et al., 2008; Scholte et al., 2009; Bieniek et al.,
2012; Groen et al., 2012a,b, 2017; Hansen et al., 2012; Ghodrati
et al., 2016; Greene and Hansen, 2020). However, these features
are not powerful enough to fully describe the perception of
individual images of scenes and objects they employed, and it is
uncertain if the VEP components correlated with those features
are truly relevant to the perception. In addition, those features
are indifferent to texture perception.

In contrast to the perception of scenes and objects, the
perception of textures is well described and even synthesized
by a particular set of image statistics (Portilla and Simoncelli,
2000). Moreover, such image statistics are spatially global
measurements, whose neural representations could be captured
by EEG with a low spatial resolution. Taking advantage of these
facts, the present study elucidates human cortical responses to
texture statistics using a reverse correlation between VEPs for
various natural textures and image statistics that are critical for
the perceptual appearance of a texture. Our analysis revealed
VEP components specifically correlated with low- and high-level
texture statistics. On the basis of this robust correlation, we
reconstructed image statistics from VEPs with linear regression
and successfully synthesized perceptually mimicked textures
simply from VEP signals. These results suggest that VEPs can
capture neural responses to texture statistics specifically enough
for the prediction of the perceptual appearance of individual
images. We found different VEPs between natural textures and

their synthetic versions, but those VEPs were limited to images
in which texture statistics were not sufficient to synthesize the
appearance of natural textures.

MATERIALS AND METHODS

Observers

Fifteen naive, paid observers (22 years old on average)
participated in the experiment. All participants had normal or
corrected-to-normal vision. All experiments were conducted in
accordance with the guidelines of the Ethics Committee for
experiments on humans at the Graduate School of Arts and
Sciences, The University of Tokyo. All participants provided
written informed consent.

Apparatus

Visual stimuli were displayed on a gamma-corrected 24-inch
liquid-crystal display (BENQ XL2420T) with a frame rate of
60 Hz. The pixel resolution was 1.34 min/pixel at a viewing
distance of 100 c¢m, and the mean luminance of the uniform
background was 33 cd/m?.

Stimuli

The visual stimuli comprised 166 natural texture images, each
subtending 5.7° x 5.7° (256 x 256 pixels; Figure 1A). Images
were taken from our original natural-texture image database or
from the Internet. All RGB images were converted to gray scale,
and the mean luminance was normalized to 33 cd/m?, which was
equal to that of the gray background.

For comparison with the original natural textures, we
additionally employed two types of synthesized image. One was
an image synthesized by means of the Portilla-Simoncelli (PS)
algorithm (Figure 1B; Portilla and Simoncelli, 2000), which can
create a perceptually similar texture by matching low- and high-
level image statistics of a white noise image, including moment
statistics [i.e., standard deviation (SD), skew, and kurtosis] and
cross-band correlations, to those of the original texture image.
The synthesis was performed with a typical parameter setting
as used in the original algorithm (except for the number of
iterations) (Portilla and Simoncelli, 2000). The other synthetic
textures were made by randomizing the spatial phase of the
original natural textures (Figure 1C). These phase-randomized
images were equivalent to the original image only in terms of the
global spatial frequency spectrum.

Procedure

Electroencephalographys were measured in an electrically
shielded, dark room. In each experimental session, each of 166
natural textures was presented once in random order, with a
500-ms duration followed by a 750-ms interval of the uniform
gray background. Observers viewed the stimulus binocularly with
steady fixation on a small black dot (10.8-min in diameter) that
was shown at the center of the display throughout the session.
For each observer, the sessions were repeated 24 times. The
same measurements were also run as different blocks for the
PS-synthesized textures and for the phase-randomized textures.
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A Natural textures

FIGURE 1 | Examples of visual stimuli used in the experiment: (A) natural textures; (B) Portilla—Simoncelli (PS)-synthesized versions; and (C) phase-randomized

versions.

Each block was conducted in the same order for all participants
on different days. Therefore, each observer spent 3 days in
total participating in the EEG recordings (i.e., measurements
were made for natural textures on the first day, PS-synthesized
textures on the second day, and phase-randomized textures
on the third day).

EEG Recordings and Preprocess

The EEG recordings were conducted using electrodes positioned
at Fpl, Fp2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T7, T8,
P7, P8, Fz, Cz, and Pz, in accordance with the international
10-20 system, at a 1,000-Hz sampling rate, using Ag-AgCl
electrodes and an electrode cap of appropriate size (BrainVision
Recorder, BrainAmp amplifier, EasyCap; Brain Products GmbH).
An additional electrode, which served as the common ground
electrode, was placed midway between Fz and Fpz. All electrodes
were referenced to another electrode positioned between Fz
and Cz, and they were re-referenced off-line using the average

amplitude of all electrodes. The EEG was resampled at 250 Hz,
band-pass filtered at 0.1-100 Hz, and converted to epochs of
—0.4 to 0.8 s from the stimulus onset. The power frequency
component (50 Hz) was automatically rejected when the EEG was
recorded. The baseline was from —0.1 to 0 s with respect to the
stimulus onset, and the EEG was corrected relative to the baseline.
Artifact components (i.e., eye movements) were removed by the
heuristic examination of independent components. To remove
epochs with eye blinks, epochs with an amplitude outside the
range from —75 to 75 pV (i.e., 1.7% of all epochs) were rejected.
VEPs for each image were defined as the average across the
24 repetitions. We compensated for machinery delay that was
measured in each trial.

Analysis of Image Statistics

We analyzed image statistics for each texture image. In
the analysis, the PS statistics space was not used directly
because it was primarily designed for synthesis and consists
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of very complicated combinations of parameters, which are
not suitable for visualizing the results. Instead, we chose
several classes of statistics that are known to be particularly
important in human texture models, including the PS model
(Portilla and Simoncelli, 2000; Simoncelli and Olshausen, 2001;
Landy and Graham, 2004). In any natural image, some of these
statistics may be correlated with each other, but we defined them
as independent classes in terms of their properties. Thus, we
decomposed each image into different orientation and spatial
frequency subbands and computed five representative image
statistics: the SD, skew, kurtosis, correlation between different
orientation subbands, and correlation between different spatial
frequency subbands. In this space, we confirmed that natural
textures and their PS-synthesized versions had almost identical,
or very similar, image statistics (r = 0.83 on average).

For each texture, the luminance image was first decomposed
to subbands of seven spatial frequencies (2-128 cycles/image, 1-
octave steps: 0.35, 0.70, 1.40, 2.80, 5.61, 11.2, and 22.4 cycles/deg)
(e.g., De Valois and De Valois, 1980) and eight orientation bands
(0-157.5°, 22.5° steps) by using a linear Gaussian band-pass
filter with a spatial frequency bandwidth (i.e., full width at half-
maximum) of 1 octave and an orientation bandwidth of 30°.
For each subband image, three moment statistics (i.e., log SD,
skewness, and log kurtosis) were calculated. The central three
panels in Figure 2 show these three moment statistics obtained
from a sample image (left-most image in Figure 2) and plotted
as functions of orientation (x-axis) and spatial frequency (y-
axis). We did not consider pixel statistics because visual cortical
neurons have no direct access to pixel information.

In addition, correlations between subband “energy”
images of different orientation and spatial frequency were
calculated. These are known to be important high-level
image statistics in texture synthesis (Portilla and Simoncelli,
2000). In detail, the cross-orientation energy correlations
are related to how much local features in the image are
oriented, and the cross-frequency energy correlations are
related to how much the local luminance modulations are
edgy or stepwise (Portilla and Simoncelli, 2000; Balas et al.,
2009). Here, the energy image was given as a vector sum
of the cosine and sine parts of the subband image. We
calculated correlations in the energy image between different
orientation bands along the same spatial frequency and
between different spatial frequency bands along the same
orientation. We then averaged the resulting correlations across
orientation because the absolute orientation rarely matters in
texture perception.

Specifically, we computed the “cross-orientation correlation”
(XO) between subbands of variable orientation difference (A6) at
each spatial frequency (f) according to Eq. 1. The panel second
from the right in Figure 2 shows the resulting cross-orientation
correlation plotted as a function of A6 (x-axis) and f (y-axis).

Xer’f _ Z corr (We’fI;W9+Ae’f) (1)
0

In a similar manner, we also computed the “cross-frequency
correlation” (XF) for the difference of a variable pair of spatial
frequencies (f and f') according to Eq. 2. The right-most panel in

Figure 2 shows the resulting cross-frequency correlation plotted
as a function of f’ (x-axis) and f (y-axis).

corr (we ¢, o/
XFrp=> corr (wog. Wor) elg o) )
6

Here, K is the number of orientations, corr stands for the
correlation coefficient, and 0 is the orientation of the subband.

We did not adopt correlation between “linear” subbands in
our analysis because it had an extremely small variation across
images (i.e., the variance was approximately 1/256 of that of
energy subbands) owing to the narrow bandwidth of the spatial
filters that we used, i.e., 30° in orientation and 1 octave in
spatial frequency. While the linear cross-scale correlation is
closely related to the cross-scale phase statistics and important in
representing “edgy” structures in the image (Concetta Morrone
and Burr, 1988; Kovesi, 2000; Portilla and Simoncelli, 2000), it
plays a small role in texture perception unless one scrutinizes the
image at the fovea (Balas, 2006; Balas et al., 2009).

Partial-Least-Squares Regression

Analysis

To obtain the regression model for the VEPs and the image
statistics of the visual stimulus, we conducted a partial-least-
squares regression analysis between them. We assigned the VEPs
to the predicator and the image statistics to response variables.
We implemented the SIMPLS algorithm through the MATLAB
function “plsregress”. There were seven components, which
minimized the prediction error of the response in a 10-fold cross
validation in the training set (The mean squared error of the
response was 80.0).

RESULTS
VEPs

Figure 3A shows the average VEPs for all images. Each row
shows the results for one image type; i.e., natural textures, PS-
synthesized textures, and phase-randomized textures. For all
types, large-amplitude VEPs (~10 wV) were observed at the
occipital electrodes (O1/02). As we did not find any systematic
and independent components in the other cortical regions, we
here focus on VEPs from those two occipital electrodes.

Figure 3B shows the time course of VEP amplitudes at the
occipital electrodes (i.e., the averaged responses from O1 and O2)
for the different types of stimuli. The light-blue curves show the
average VEPs for the individual images whereas the thick blue
curves are the VEPs averaged across all images. The potentials at
the occipital electrodes began to rise at 100 ms after the stimulus
onset and reached a first small peak at around 120 ms followed by
a second large peak at around 250 ms. The basic waveforms were
also similar across images, but there were large variations across
individual textures.

Correlation Between VEPs and Image

Statistics
We conducted a reverse-correlation analysis of the VEPs and each
image statistic. We conducted the reverse-correlation analysis

Frontiers in Neuroscience | www.frontiersin.org

July 2021 | Volume 15 | Article 698940


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Orima and Motoyoshi

Natural Texture Perception With EEG

Sample image
SD (log)

SF (c/deg)

180 0

Skew

22.4
0.35
22.4
0.35
22.4
0.35

Orientation (deg)
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plotted as functions of the spatial frequency and orientation of the subband. The two right-most panels show the cross-orientation energy correlation plotted as a
function of the spatial frequency and the orientation (Ori) difference between subbands, and the cross-frequency energy correlation plotted as a function of the
spatial frequency (SF) and the paired SF. The color of each pixel represents the value of the statistics, separately scaled for each class of statistics.
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for individual observers but the resulting data were noisy and
lacking in robustness. This was thought to be because the
number of repetitions for each image (24 repetitions) was small
for the reverse-correlation analysis. To address this problem,
in accordance with the method used in the previous studies
(Scholte et al., 2009; Hansen et al., 2011), we computed z-scored
VEPs at each time point for each observer and averaged
them across observers. We then computed the coefficient of
correlation between each image statistic and the z-scored VEP at
each time point.

Figure 4 shows the dynamics of the correlations between
image statistics and occipital VEPs (01/02). Each pixel in
the heatmap indicates the coefficient of correlation between
the VEPs at a particular timepoint (e.g., 100 ms) and a
particular image statistic (e.g., log SD at 0-deg orientation
and 2-c/image spatial frequency). Red indicates a positive
correlation and blue indicates a negative correlation. Progressing
downward, each row shows the results for a class of image
statistics; i.e., log SD, skew, log kurtosis, cross-orientation
correlation, and cross-frequency correlation. To address the
multiple comparisons among time points and image statistic
parameters, we adopted the Benjamini-Yekutieli false discovery
rate (FDR)-correction method (Benjamini and Yekutieli, 2001).
The significant correlations (FDR-corrected, p < 0.05) are
indicated by vivid colors.

For all classes of image statistics, we found strong correlations
with the VEPs that systematically develop over time. For instance,
the VEPs had a strong positive correlation with the low-spatial-
frequency SDs from ~100 to ~150 ms, a negative correlation with

the mid-/high-spatial-frequency SDs from ~150 to ~180 ms,
and a positive correlation with the mid-/high-spatial-frequency
SDs from ~190 to ~260 ms. Such systematic rises and falls of
correlations were found for the other classes of image statistics,
with different timing. As we had obtained maps of the correlation
dynamics for VEPs from other electrodes (F3, Fz, F4, P7, and P8),
we confirmed that they were all similar to, or just sign-reversed
from, the results obtained for the occipital electrodes (Figure 4).

Correlation Between VEPs and

Summarized Image Statistics

The correlation maps shown in Figure 4 appear somehow
redundant. Regarding the moment statistics, for instance, the
correlations with VEPs are nearly constant across all absolute
orientations, as expressed by vertical “bands” in the maps. For the
cross-band correlations, the absolute correlation with VEPs was
always higher where the target subbands were close together in
orientation (i.e., small A6) and in spatial frequency (small | f-f']),
which is expressed as diagonal spreading on the maps. This
is not surprising given that VEPs can hardly resolve a neural
response across different absolute orientations. In addition, the
absolute orientation plays a small role in the visual appearance of
a texture. Accordingly, we calculated the correlations between the
VEPs and further summarized measurements, so that we could
interpret the temporal dynamics of VEPs correlated with each
class of image statistics more easily. To that end, the summarized
moment statistics (i.e., log SD, skew, and log kurtosis) were
defined as the averages across the orientation for each spatial
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FIGURE 3 | Visual evoked potentials (VEPS) for texture images. (A) Topography of the grand average VEPs for the natural textures, PS-synthesized textures, and

phase-randomized (PR) textures, in rows from top to bottom. (B) VEPs at the occipital electrodes (mean of O1 and O2). The light-blue traces show VEPs for
individual images and the thick blue traces represent the averages across images.
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FIGURE 4 | Correlations between image statistics and VEPs. The rows from top to bottom show the correlation of VEPs with the log SD, skew, log kurtosis,
cross-orientation correlation, and cross-frequency correlation. Red indicates positive correlations and blue indicates negative correlations. The colors are desaturated
for values that are not statistically significant (o > 0.05, FDR corrected). The format of each panel follows that in Figure 2. The maps are arranged in columns for
different time points, from 88 to 316 ms. SF, spatial frequency; Ori, orientation; and r, correlation coefficient.

frequency. The summarized cross-orientation correlation was
given as the average across-orientation difference (A0 except
A6 = 0) for each spatial frequency. The summarized cross-
frequency correlation was given as the average across-frequency
difference (f-f except f=f').

Figure 5 shows the dynamics of correlation between VEPs
and the summary image statistics. The results are shown for
the three types of texture stimulus: natural, PS-synthesized,
and phase-randomized textures. The vividly colored regions
indicate statistically significant correlations identified using the
Benjamini-Yekutieli FDR-correction method (p < 0.05). Similar
patterns of the results were obtained for the other electrodes. We
also confirmed that nearly the same results are obtained if we

use image statistics calculated within the central or peripheral
region in the image.

The temporal development of VEPs correlated with the
summary image statistics is now clearly visible. VEPs correlated
with SDs were particularly strong (7,,4x &~ 0.8) and dynamically
rose and fell in a spatial-frequency-dependent manner. They had
a first peak at ~120 ms for low-spatial-frequency bands (2-
16 c/image), a second negative peak at ~150 ms for middle spatial
frequencies (4-64 c/image), and a third peak at ~200 ms for high
spatial frequencies (8-128 c/image). VEPs correlated to skewness
were observed at ~200 ms only for middle spatial frequencies
(16-64 c/image). Even after 300 ms from the stimulus onset, we
could observe significant correlations of VEPs to SDs and to some
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other statistics. VEPs correlated to kurtosis, cross-orientation
correlation, and cross-frequency correlation appeared to have
similar dynamics. They commonly tended to have a first positive
peak at ~150 ms and a second negative peak at ~200-250 ms, but
only for middle and high spatial frequencies. This similarity may
be partly due to mutual correlations among the three statistics,
which we confirmed not only for our texture stimuli but also
for a wide range of natural images. However, as many texture
models assume, they have independent roles in the perceptual
discrimination of textures, and we confirmed that merging these
VEP components prevented us from reconstructing textures
from VEP signals.

The temporal dynamics of correlation were qualitatively
similar across different types of image, that is, original, PS-
synthesized, and phase-randomized images (Figure 5). The
correlation maps in Figure 5 are highly correlated with each
other; i.e,, ¥ = 0.83 (p &~ 0) for the original and PS-synthesized
textures. However, we still found a small difference in the results
between the original and PS-synthesized textures despite the
equality of image statistics between the two types of texture. We
will discuss this difference later in detail.

Reconstruction of Texture Image From
the VEP

The series of analyses described above reveal a robust correlation
structure between VEPs for natural textures and image statistics.
This led us to the hypothesis that image statistics of a texture are
predictable from VEP signals. In testing this possibility, we next
sought to apply linear regression analysis, to inversely estimate
the image statistics of texture stimuli from the VEP signals, and
to determine if the estimated image statistics would enable us
to synthesize images perceptually similar to the original texture.
If such reconstruction was to be successful, it would further

support the notion that the temporal pattern of VEPs for natural
textures represents the neural processing of perceptually relevant
image statistics.

For the purpose of texture synthesis from VEP signals, we
adopted the texture statistics used in the PS texture-synthesis
algorithm instead of the image statistics used in the above
analyses (Note that most PS statistics are essentially equivalent
or closely related to the image statistics used in the above reverse-
correlation analysis). To construct a linear regression model of
PS statistics and VEPs, we used partial-least-squares regression
analysis. The number of statistics vectors in the PS texture space is
too large to be used in such a regression model, and we therefore
reduced PS statistics by applying a compression method inspired
by a previous study (Okazawa et al., 2015): we set the number of
orientation bands and number of scales each to 3, and the number
of positions to 1; rejected the constant parameters; and utilized
the symmetrical parameters in the cross-subband correlations.
Thereafter, as mentioned in the section “Materials and Methods,”
we chose to utilize these reduced PS-synthesis (cPS) parameters
instead of the original PS statistics. We took VEPs for a period of
0-496 ms (125 points) as the predicator, and the cPS statistics
(110 points) as the response variables. The training data set
consisted of 299 natural and PS-synthesized texture images used
in the experiment (about 90% of all the data), and the test set
consisted of the remaining 33 texture images (about 10%). The
regression model from the VEPs to the cPS-synthesis parameters
was trained on the training set. There were seven components,
which minimized the prediction error of the response in a 10-
fold cross validation on the training set. Finally, the cPS statistics
for the test set were predicted using the trained regression model.

The results indicate that cPS statistics were well predicted
by the temporal pattern of VEP signals, suggesting a robust
relationship between image statistics and VEPs, as also
demonstrated by the reverse-correlation analyses above. R?
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(train) was 0.35 and R? (test) was 0.20. The correlation between
reconstructed cPS statistics and original cPS statistics was 0.88.

We synthesized textures using the estimated cPS statistics, to
perceptually verify the quality of reconstruction. The synthesized
textures are shown in Figure 6. The images in the upper row show
the textures synthesized from the original cPS statistics, and the
images in the lower row show textures synthesized with the cPS
statistics as estimated from the VEPs. It is found that the VEP-
based textures are very similar to, or almost indistinguishable
from, the original cPS textures.

To obtain behavioral measures of this perceptual similarity
between the original and VEP-based cPS textures, we had five
observers (all of whom participated the EEG experiment) rate the
quality of the VEP-based cPS textures in a separate experimental
block after the EEG recordings. In the experiment, the original
cPS textures and VEP-based cPS textures (7.8° x 7.8°) were
displayed randomly on the left or right side on a uniform
gray background of 40 cd/m?. The observers inspected the
two textures with free viewing and rated their dissimilarity
on a five-point scale; that is, from 4 (not similar at all) to 3
(not similar), 2 (similar), 1 (very similar), and 0 (hard to see
the difference). For each observer, the rating was done with
three repetitions for each of 31 of the 33 textures from the
test dataset (The PS-synthesis algorithm did not work for two
images). The results showed that the average dissimilarity rating
across images was 2.04 (s.e. of 0.22), with an average cross-
observer correlation of 0.90. Defining a rating of less than 2.0
as a successful synthesis, 52% of the textures were successfully
synthesized from VEPs.

Difference Between Natural and
Synthetic Textures

While we observed that the average VEPs were similar
among natural, PS-synthesized, and phase-randomized textures
(Figure 3), we still found differences between the conditions with
regard to individual images. Figure 7 shows the differential VEPs
between natural and PS-synthesized textures (Figure 7A) and
those between PS-synthesized and phase-randomized textures
(Figure 7B). By means of the statistical test introduced
by VanRullen and Thorpe Vanrullen and Thorpe (2001)(i.e.,
significant if p < 0.01 for 15 consecutive periods), we found
a significant mean difference between the natural textures and

PS-synthesized textures at 148-384 ms and between the PS-
synthesized textures and phase-randomized textures at 212-
284 ms. Meanwhile, we found a large variation in the differential
VEPs across individual images (light-blue traces); i.e., large
differential VEPs were found for some images but little or no
difference for other images.

What gave rise to these variations in the differential VEPs?
Whereas the PS synthesis successfully equalized image statistics
in the natural textures for all images, it did not always successfully
replicate the appearance of the natural texture and occasionally
produced texture images that appeared unnaturalistic. Figure 7C
shows example textures that produced small (left) and large
(right) differential VEPs, on average, from 148 to 248 ms.
Especially for the difference between natural and PS-synthesized
textures, these pairs of images illustrate that synthesized textures
that produced large differential VEPs appeared to be unnatural
and perceptually unlike the original natural texture. These
observations led us to the notion that variations in the differential
VEPs are related to variation in the “unnaturalness” of PS-
synthesized textures.

In testing this possibility, we carried out a simple rating
experiment to measure the unnaturalness of each PS-synthesized
texture in a separate experimental block after the EEG recordings.
In that experimental block, all observers who participated in the
EEG experiment used a five-point scale to rate how closely each
PS-synthesized texture appeared like a photograph of a natural
texture (0, almost the same as a natural texture; 1, similar to a
natural texture; 2, a little dissimilar to a natural texture; 3, a little
unnatural; 4, obviously unnatural). We also asked the observers
to rate the unnaturalness of phase-randomized textures, but we
found extremely high ratings (unnatural) for almost all images,
and we therefore did not use those data in the analysis. The other
experimental settings were the same as in the rating experiment
for EEG-based texture synthesis.

We then analyzed how the perceptual unnaturalness of
a synthesized texture was related to the differential VEP
between the natural and PS-synthesized textures. Figure 7E
shows the dynamics of correlation between the PS-synthesized
minus natural differential VEPs and the unnaturalness ratings.
Significant correlations (p < 0.05, FDR-corrected) were observed
at a temporal epoch (168-268 ms) similar to that for the
differential VEPs shown in Figure 7A. This indicates that PS-
synthesized textures that looked unnatural gave rise to VEPs

Compact PS
(cPS)

cPS from VEPs

ratings

FIGURE 6 | Compact Portilla-Simoncelli (cPS) synthesized textures and compact-PS-synthesized textures with the image statistics as estimated from VEPs. The

perceptual dissimilarity ratings (0-4) are given below the images.
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different from those of the original texture, even if they had nearly
equal image statistics.

DISCUSSION

The present study investigated the temporal dynamics of
cortical responses to biologically plausible image statistics of
natural textures, by applying a reverse-correlation analysis
between VEPs and image statistics. The analysis revealed that
VEPs at the occipital electrodes are systematically correlated
with image statistics that are known to be important for
human texture perception. Moreover, on the basis of the
robust relationship between the VEPs and image statistics,
we successfully synthesized textures using image statistics as
estimated from VEPs via a linear regression. These results
support the notion that the human visual cortex rapidly encodes
image statistics that play critical roles in the perception of natural
textures. Although small differences were found for images that
were not successfully synthesized, similar VEPs and correlation
dynamics were observed for synthesized textures that had image
statistics equivalent to those of the original natural textures.
Visual evoked potentials that correlated with the subband SD
appeared in a spatial-frequency-dependent manner. They first
peaked for low spatial frequencies at ~100 ms after the stimulus
onset, then peaked for middle spatial frequencies at ~150 ms,
and finally peaked for high spatial frequencies at ~200 ms
(Figure 5). This dynamic shift is consistent with “coarse-to-
fine” processing, as suggested by a number of psychophysical
studies on object/stereo processing (Schyns and Oliva, 1994;
Hegdé, 2008). It is also consistent with physiological findings that

magnocellular cells, which are tuned to low spatial frequencies,
respond faster than parvocellular cells, which are tuned to high
spatial frequencies (e.g., Nowak et al., 1995), and that the spatial
frequency tuning of V1 cells shifts in a time-dependent manner
from low to high spatial frequencies (Bredfeldt and Ringach,
2002; Mazer et al., 2002).

Visual evoked potentials also correlated with higher-order
statistics, such as kurtosis and cross-subband energy correlations,
with a similar temporal profile beginning as early as ~120 ms
after the stimulus onset. Considering the nature of each statistic,
and past electrophysiological and psychophysical findings
regarding texture processing, we speculate that these types of
image statistic have a common functional and physiological basis.
Kurtosis is primarily associated with spatial sparseness in the
energy (complex-cell) outputs of a subband image (Kingdom
et al., 2001; Olshausen and Field, 2004). As mentioned earlier,
the cross-orientation energy correlations are related to the
orientation of local features whereas the cross-frequency energy
correlations are related to local luminance modulations (Portilla
and Simoncelli, 2000; Balas et al., 2009). Neural computations for
each of these three types of measurement are essentially based
on inhibitory interactions among cortical neurons across space,
orientation, and spatial frequency, respectively (Morrone et al.,
1982; Ohzawa et al., 1982; Ferster, 1988; Zipser et al., 1996; Ferster
and Miller, 2000; Nishimoto et al., 2006). These interactions
are also functionally approximated as the second-order filters
proposed in the human texture-vision model; i.e., filters that
detect gradients of the energy output of a subband across space,
orientation, and spatial frequency (Bergen and Adelson, 1988;
Motoyoshi and Kingdom, 2003; Landy and Graham, 2004). It
is likely that VEPs correlated with the three image statistics
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indicate the temporal dynamics of such interactive computations
among neural channels in V1 and V2. It is not surprising
that VEPs for such higher-order image statistics are observed
at latencies as short as or only a little longer than those
for SDs (except for very low spatial frequencies), given that
the sharp orientation and spatial-frequency tuning of V1 cells
emerges from the cross-channel interactions (Morrone et al,
1982; Ohzawa et al., 1982; Ferster and Miller, 2000).

The robust correlational structure between VEPs and image
statistics allowed us to reconstruct texture images from image
statistics that were inversely estimated from VEPs (Figure 6).
In the present study, we deliberately applied a linear regression
model even though it had lower prediction accuracy, in general,
compared with prevailing non-linear “black box” models,
including the deep neural network (DNN). Yet, the model we
used still had an ability to reconstruct image statistics from
occipital VEP signals accurately enough to synthesize textures
that were perceptually similar to the target images. These results
support the idea that the perceptual appearance of texture is
ruled by such image statistics as encoded in the early visual
cortex, and that the analysis of simple VEPs can extract these
types of information.

While similar results were obtained for the natural and
PS-synthesized textures, a small difference in VEP was
found for some textures that were less successfully PS-
synthesized and appeared “unnatural,” even though they
had virtually equivalent image statistics (Figure 7). When
we reanalyzed the dynamic correlations without such mal-
synthesized stimuli (“unnaturalness” rating exceeding 3.0),
at 88-300 ms after the stimulus onset, the results of the
natural images and the PS-synthesized image were closer
(with a root-mean-square error of 0.12) than those for the
whole visual stimuli (with a root-mean-square error of 0.17).
This result further supports the notion that VEPs largely
reflect cortical responses to image statistics. However, it is
noted that differential VEPs of unnatural textures were clearly
observed for the period of 180-250 ms from the stimulus
onset. This VEP component indicates that there is a rapid
neural processing of information beyond image statistics.
We also found significant differences in VEPs between PS-
synthesized and phase-randomized textures. According to
previous imaging (Freeman et al., 2013) and electrophysiological
(Ziemba et al, 2019) studies, these differences could be
related to differential neural processing in V1 and V2 for
naturalistic textures.

The present study was limited to achromatic natural textures,
and the texture image reconstruction was restricted to the texture
perception that can be described by image statistics. Despite
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The controversy in the relationship between item memory and source memory is a
focus of episodic memory. Some studies show the trade-off between item memory
and source memory, some show the consistency between them, and others show the
independence between them. This review attempts to point out the connection-strength
model, implying the different types and strengths of the important role of the item—source
connections in the relationship between item memory and source memory, which is
based on the same essence in the unified framework. The logic of the model is that when
item memory and source memory share the same or relevant connection between item
and source, they positively connect, or they are independently or negatively connected.
This review integrates empirical evidence from the domains of cognition, cognitive
neuroscience, and mathematical modeling to validate our hypothesis.

Keywords: item, source, memory, connection-strength, model

INTRODUCTION

Effective retrieval cues play an important role in memory recovery. The effect of these cues
is reflected in many research studies on memory: (1) directed forgetting paradigm (Sahakyan
and Kelley, 2002); (2) mood-dependent paradigm (Lewis and Critchley, 2003); (3) emotional
enhancement effects (Talmi et al., 2019); (4) false memory paradigm (Bookbinder and Brainerd,
2016), and (5) context maintenance and retrieval mathematical model to prove the importance
of memory cues (Polyn et al, 2009). These phenomena reflect the implicit decision-making
of memory based on effective cues that researchers call “sources” (Johnson et al., 1993), and these
memory phenomena belong to declarative memory, which include episodic memory and semantic
memory (Squire, 2004; Tulving, 2004).

Episodic memory and semantic memory are two different memory systems that were proposed
by Tulving to cover human memory. Tulving believed that the differences between episodic
and semantic memory are self-involvement, autonoetic awareness, and subjective sense of time
(Tulving, 2004). Such features imply the specific attribute of episodic memory: connections. The
differences between episodic and semantic memory are different types of connections. Researchers
have confirmed the existence of a semantic network, which is called the spreading-activation theory
(Collins and Loftus, 1975). Research shows that semantic memory also has connections, supported
by connecting capacity in the hippocampus (Manns et al., 2003; Duff et al., 2020) and that patients
with bilateral lesions have an impairment in semantic memory capacity relatively shortly before
or after the damage has occurred but not in remote memory for factual knowledge. The relatively
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smaller damage to semantic memory, compared with episodic
memory, in the hippocampus (Vargha-Khadem, 1997) is
because semantic information is easier to connect to the
semantic network, and this process is relatively automatic
and unconscious. This idea will be discussed in section
“Different Sources.” As a result, episodic memory and semantic
memory form a large network, including items and sources,
and memory is divided into two categories, item memory and
source memory, based on attention allocation (which will be
explained in detail in the next section). The former emphasizes
the retrieval of an item based on implicit sources, while the latter
emphasizes the explicit retrieval of sources.

Item memory usually explains a lot of phenomena including
false memory (Reyna, 2000), working memory (Raaijmakers
and Schiffrin, 1981), emotional memory (Talmi et al., 2019),
and other forms of memory, such as recognition and recall
(Johnson, 2005). These memories are all item memories based
on “source information.” For example, time information is
used as a source. Other research studies are focused on factors
that affect the formation of source memory (for review, refer
to Mather, 2007; Mitchell and Johnson, 2009). Relatively little
attention has been paid to the relationship between item
memory and source memory. The existing empirical evidence
shows the dissociative (Glisky et al, 1995; Davachi et al,
2003; Slotnick et al., 2003), positive (Madan et al, 2017),
or negative (Mather et al., 2006) relationship between item
memory and source memory. Several research studies show
that some factors have different effects on item memory
and different source memory, such as attention and emotion
(Mather, 2007).

However, there was a lack of a unified theoretical framework
to explain the different relationships between item memory
and source memory. We suggest that item memory and source
memory share the same essence connections.

The connection-strength model emphasizes the important
role of connections between item (semantic feature) and sources
in the processes of encoding and retrieval of memory, and the
relationship between the item and source memory, including
positive, negative, or independent relationships.

Hence, we will form and introduce the connection-strength
model to explain the relationships between item and source
memory in the integrated framework, which is deeply based on
item-source connections.

Commonness Among the Different Kinds

of “Memories” — Connections

In the study of memory, there are many different forms of
memory. From the view of time, the memory includes “working
memory, “short-term memory,” and “long-term memory” and
from the view of retrieval, the memory includes “item memory,’
“source memory, “context memory, and “associative memory.”
For Tulving (2002), memory can be divided into “episodic
memory” and “semantic memory.” For Squire (2004), memory
can be divided into “declarative memory” and “non-declarative
memory.” Without a proper framework, these different types of

memories seem to represent different connotations.

However, further reflection shows that these memories
share different connections: “working memory,” “short-term
memory, and “long-term memory” depend on different item-
temporal connections; “item memory,” “source memory, and
“associative memory” depend on similar or different item-
sources connections, which will be elucidated in the following
sections. “Declarative memory” and “non-declarative memory”
are retrieved relatively intentionally or automatically based on
connection, respectively.

From the view of Chalfonte and Johnson (1996), there is
no essential or inherent difference between “item” and “source;”
although they seem to be two different concepts. Such dichotomy
comes from our attention focus: the focus of attention is
called “item,” and other information is called “source.” For
example, in psychological experiments, subjects always treat
semantic features as the focus of our attention and treat
other perceptual features as secondary information. Otherwise,
only when the experimenters asked the subjects to focus on
the secondary information, which researchers call source, the
perceptual become “item” and “the semantic” become the new
source. The “item” and “source” are two points of “connection”
that are like a seesaw; sometimes one end is higher, and some
other times, the other end is higher.

Consequently, memories are merely the associative network,
and “episodic memory,” “semantic memory,” “source memory,
“associative memory,” and “context memory” are the subdivisions
of such network. Different concepts underlie different endpoints
in the connections. Source memory emphasizes retrieving source
features, item memory emphasizes the retrieval of semantic
features, and associative memory emphasizes the connection
between different semantic features. Even emotions can be
included in this network: mood-dependent memory (Lewis and
Critchley, 2003). The view that emotion is merely one joint in
our memory networks that tries to explain emotion-associated
memory is called emotional priming.

However, there is an extensive concept or term confusion
among these manifestations, such as “item” and “source™
sometimes, researchers equate “item” to “semantic meaning’;
sometimes, “item” means the episodic concept, the association.
Therefore, in the remaining part of the manuscript, we will use
the connection: “item”-“source;” in which “item” means semantic
features, and “source” means other information associated with
“semantic.” However, in memory systems, “item” in “item
memory” means the connection. We use these depictions because
most researchers utilize these terms in such a manner. In this
logic, all kinds of memory can be divided into two types based
on our attention focus. The relationship is shown in Figure 1.

Balance Between Item and Source
Memory

From the perspective of the experiences of individuals, item
memory and source memory are two parts of episodic memory,
which are about the semantic and its association with subjective
experiences, including when, where, and how an event happened.
Source memories are results of questions that ask us to explicitly
point out when, where, and how an event happened. The
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FIGURE 1 | Interactions between items and sources.

differences between item memory and source memory are as
follows: the former tries to retrieve the item based on one kind
or different kinds of sources, and the latter tries to retrieve one
kind of source from the item. Hence, source memory and item
memory are phenomena of connections.

From the perspective of the interaction between item memory
and source memory, first, the memory of sources contributes
to item memory; second, item memory also influences source
memory. A wrong starting cue from the connection would
impair true memory. This explains why the “feature-conjunction
paradigm,” which shares features with presented items, would
facilitate a false memory (Nie, 2018).

Recognition shows the forms of “recollection,” which is
associated with the experience of vivid source attributes and
“familiarity” without clear source memory (Yonelinas, 1999).
Starns and Ksander (2016) used the zZROC (the z-transformation
of a operator characteristic curve which comes from the ratio
between hit rate and false rate) slope to determine the relationship
between item memory and source memory. They used three types
of experimental conditions: (a) words associated with the source
for once (no repetition); (b) words associated with two different
kinds of sources (face or animal) (different source repetition); and
(c) word and source connection repeats three times (same source
repetition). Regardless of the condition, increased item memory
confidence enhances the confidence of source memory, which
may indicate the item as a cue to effectively retrieving the sources.

These examples reflect only a part of the scientific scenes
we want to delineate. Johnson (2005) calls such phenomena
“the different task shared the same processes.” However, few
research has tried to understand the different memories in the
unified framework, which only contain two types of memory:
item memory and source memory, which combined episodic
memory and semantic memory that are based on “connections.”

In various studies, there are always different relationships
between item memory and source memory: (1) positive;
(2) negative; and (3) irrelevant. However, there is a lack of
integrated theories to explain such a controversy. Mather
(2007) proposed an “object-based attention” framework to
explain the better intrinsic source features memory and
worse extrinsic source features memory for emotional stimuli.
Nevertheless, this theory is insufficient to explain many
inconsistent phenomena in memory. Sometimes, positive

emotional events and positive context promote associative
memory (Fredrickson and Branigan, 2005; Madan et al., 2019).
However, sometimes, negative emotional context expands the
scope of attention, and positive emotional context reduces the
scope of attention (for review, refer to Huntsinger, 2013). In
other studies, high or low motivational intensity related to
emotion has different effects on the attention process (Harmon-
Jones et al, 2011), and different emotions have different
effects on attention and memory (Gable and Harmon-Jones,
2010; Harmon-Jones et al.,, 2011). These effects on attention
will be reflected in the process of connection formation
(which will be explained in section “Introduction of the
Connection-Strength Model”).

We suggested that the different types and different strengths
of connections between item and source, item and item, and
source and source (these can be called item-source connections)
play an important role in the relationship between item and
source memory. In the next section, we presented the premises
of the strength-connection model followed by the introduction
of the connection-strength model. In the section “Evidence From
Cognition, Cognitive Neuroscience, and Mathematical Models,”
we collected evidence from domains of cognition, cognitive
neuroscience, and mathematical cognitive psychology to validate
our “strength-connection model” in interpreting the relationship
between item and source memory.

PREMISES OF THE
CONNECTION-STRENGTH MODEL

Different kinds of “connections” exist in a memory system,
which is the reason for different relationships between item
memory and source memory. Factors that affect the formation
and extraction of “connections” are as follows: different sources
of natural existence, single source or combined source, formation
of connections, and extraction of connections.

Different Sources

There are always different source features that can be divided
into different types. From the viewpoint of modality (Johnson
et al., 1993), there are perceptual, contextual, semantic, and
affective sources. From a relevant perspective, sources include
the following: (1) external source monitoring, which demands
us to discriminate different perceptions; (2) internal source
monitoring, which involves two source discriminations in our
thoughts; and (3) internal-external source monitoring, such as
distinguishing source memory of thoughts from perception. The
two classifications are hierarchical: the latter depends on the
combination of the former.

From a spatial perspective, Mather (2007) tried to divide
source features into two types: object-based source features,
intrinsic features that share the same attention scope with the
object, extrinsic source features that go beyond items such as
context and associative objects. From the timeline, the source is
presented before, after, and parallel with the item.

Bellezza and Elek (2018) illuminated that a bundle of two
items and two sources in a unit affects different phenomena in
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memory. Bellezza and Elek presented word pairs with each word
in 1 of 4 locations. In the test, subjects were shown one of the
paired words and asked to recollect the other word and their
locations. The results show that (1) the performance of source-
location memory for the cue and the target is equal; (2) the source
memory of unrecalled words is above chance; (3) the memory of
the cue is associated with that of the target word; and (4) the
location of the cue is always confused with that of the target.
These results support the fact that item-source connections are
always diverse and easy to change. A lot of different information
will contribute to retrieval as an effective cue.

Other kinds of sources differ in the information process or
extraction process: automatic or intentional encoding, automatic
or deliberate retrieval, such as the temporal compared with
the neutral environment, the semantic compared with the
context. Based on our attention allocation, the process is
automatic or strenuous. Divided attention deeply influences the
deliberative process compared with the automatic process, either
in encoding or retrieval.

Therefore, numerous connections are formed between and
among “items” and “different sources.” These connections would
also influence item memory (for example, Talmi et al., 2019) and
source memory (for review, refer to Mather, 2007). Consequently,
there are many possibilities for a cue to be called memory.

Formations of the connections are dependent on the three
periods as follows.

Three Periods of the ltem-Source

Formation

Although there are many different kinds of source features,
three periods are involved in the formation of the item-source
connections: “the perception of source features,” “the appraisal
of the importance of source features, and “connecting the
item and source features.” These processes are all indispensable.
The structure of item-source formation is demonstrated by
the following logic based on relative importance: only when
participants try to form a connection that the strength will be
higher. The appraisal is the core of these processes.

The effects of adaptive memory and emotional memory can
demonstrate the importance of these three processes: when
sources that connect to the item are important, the sources will
be memorized better. However, when the item is relatively more
important than the source, the source memory will be worse
memorized. These two processes both impair the formation of
connections, because the focus only influences its connections
that reflect the importance of appraisal. Kroneisen and Bell
(2018) used survival-based or moving-based appraisals for the
item and found that the source memory associated with survival
processing is better than the other conditions. Consistent effects
are found in the memory of the location of foods or potential
predators after appraisals of ease of collecting food or capturing
wild animals (Nairne et al, 2012). According to the same
logic, when the item is important, such as in a contaminated
environment (Fernandes et al., 2017), the hunter information for
males or gathering information for females (Nairne et al., 2009),
the memory will be better.

From the perspective of emotional memory, there is also a
trade-off: the emotional material decreases the memory of neutral
context (Kensinger et al., 2007; Mather, 2007), and emotional
context impairs neutral item memory (Zhang et al., 2015). This
emotional enhancement memory trade-off is based on personal
goals (for review, refer to Levine and Edelstein, 2009). Relative
importance influences appraisal, perception, and connection in a
conscious or unconscious form.

Deep empirical evidence will follow in section “Introduction
of the Connection-Strength Model.”

Goal and Different Processes in

Encoding and Retrieval

The encoding and retrieval processes are two important stages
in memory. However, there are contradictions between the
mechanisms of encoding and retrieval: is the relationship
symmetric or asymmetric? Tulving et al. (1994) found that
encoding and retrieval are asymmetrical in the hemispheric
cortex. However, encoding and retrieval also share the
hippocampus (Fritch et al., 2020; Guo and Yang, 2020).

From the viewpoint of the item-source connections,
symmetric and asymmetric relationships depend on whether the
encoding and retrieval processes share the same item-source
connection and the time of detection in different experiments.
Such connections may influence the activity of the prefrontal
cortex, parietal cortex, and hippocampus. There are types of
goal-oriented spatial learning that influence spatial encoding and
retrieval in the hippocampus (Turi et al., 2019). Research has
found that goals deeply influence human memory in terms of
items, sources, and connections (for review, refer to Levine and
Edelstein, 2009; Kaplan et al., 2012).

The goals come from two sources: different appraisals of
different individuals, attentional locations, and demands of
the experimental design. Occasionally, the two kinds of goals
compete with each other, and the winner plays an important
role in the formation of connection. For example, the emotional
context before or after attention always changes attention and
memory by motivation or goal (Kaplan et al., 2012). The goals
between encoding and retrieval facilitate the common or different
processes in item-source connections and memory, which are
reflected in the hippocampus (Levita and Muzzio, 2010).

As a result, when encoding and retrieval are based on different
connections, it is more difficult to retrieve the item or source. This
is mainly derived from Formula (2) and Formula (3).

Presentation of the Connection Models

in Memory
The model originates from three existing popular theories:
“spreading-activation theory” (Collins and Loftus, 1988),
“searched for associative memory” (Raaijmakers and Schiffrin,
1981), and “hybrid model of source monitoring in paired-
associates” (Bellezza and Elek, 2018). The description for these
models is presented in Table 1.

The spreading-activation theory (Collins and Loftus, 1988)
emphasizes the connections among different concepts based
on experiences of individuals and different connected strengths
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TABLE 1 | Old models that emphasize different connections in memory.

Theories Authors and Cite Emphasis

Example

Theory1 spreading-action Collins and Loftus, 1975

theory networks.

Theory2 hybrid model of source Bellezza and Elek, 2018

monitoring exist.
Theory3 search of associative

memory

Raaijmakers and Schiffrin,
1981

Semantic features are connected

The connections among items, sources

Encoding in working memory; and
importance of effective cues in retrieval.

Some semantic features are more closely related
than others.

One source of the item can be retrieved by the
other item.

In free recall, giving a cue-item always impairs the
performance compared to no cued free recall,
which means the importance of effective cue.

among them. When a concept is activated, the signal goes along
the connection, and other concepts are activated. The stronger
the connection, the easier it is to be activated.

The hybrid source monitoring model (Bellezza and Elek, 2018)
attempts to explain the connections among items and their source
features. Specific experiments are described in the first part. In
the list, an item is not only associated with its source features
but is also associated with other items and their sources. In the
retrieval process, items and sources can also be used as cues to
retrieve other items.

Raaijmakers and Schiffrin (1981) proposed a mathematical
model to explain how a cue influences the performance of free
recall. Such mathematical model is deeply embedded in the
theory that retrieval and retrieval cues play an important role
in episodic memory recovery, such as recognition and recall
(Tulving and Thomson, 1973).

In encoding, connections are formed in working memory and
come from the shared time in the capacity of working memory.
Working memory cannot simultaneously maintain excessive
information. Consequently, only the item and source share the
same period in working memory, and connections can be formed.

Therefore, an inappropriate retrieval cue presentation impairs
the free recall of a list. For example, when asking subjects to recall
a list by a cued item, the recall performance would be worse
than the condition of free recall with no cue (Raaijmakers and
Schiffrin, 1981). The model emphasizes logic, as illustrated in
Figure 2.

Raaijmakers and Schiffrin (1981) pointed out that the
probability of retrieving the item in the list depends on the
strength ratio of “context-item” to “the sum of context-all other
items strengths,” which can be simplified in the equation:

Strength(context,—[teml) (1)

Probabilityg (item;) =
(strength conext,—itemy) T+ - - -  SITENGM coppext, item,)}

However, there are limitations in the model: (1) only other
items in the list have been considered in whole connections; (2)
concepts are ambiguous: “other items” is part of “context,” and
the real context-temporal, semantic, and cognitive operations are
not mentioned in the model; (3) such model is focused on the
retrieval of item memory, not on source memory.

Three theories emphasize that information connection exists
in our memory systems. In addition, effective retrieval cues are
very important in memory recovery. However, these models
cannot explain why there are differences between item and source

Item,

Context

FIGURE 2 | The logic of the model studied by Raaijmakers and Schiffrin
(1981).

memory, and why there are different relationships between
the two memories.

INTRODUCTION OF THE
CONNECTION-STRENGTH MODEL

The item always connects with different kinds of information,

including  semantic  information,  perceptual  infor-
mation, contextual information (spatial or temporal
information), affective information, and operative track.

This information can be integrated into one cluster or one
bundle, which we call “object.” The “object” involves a series
of information that contributes to a whole representation.
Although most of the time such integration cannot be realized by
our consciousness, Kahneman et al. (1992) found that temporal
proximity is very important in object-specific integration.
Such capacity even happens in infants (Woodward, 1998).
Attention plays an important role in object formation. Logan
(1996) pointed out the two processes in the formation of an
object: first, perceive the perceptual grouping from spatial
proximity, and second, attention chooses several of them to
form an object. Such theory is proved by a CODE theory-a
mathematical model of visual attention. Attention always
has a strong property of “selection” (for review, refer to
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Item memory

Former connections

FIGURE 3 | A rough description of the “connection-strength model.”

Source memory

Least connection

Heinke and Humphreys, 2005), which is very important in the
formation of connections.

As a result, many connections are constructed with a
difference in strengths. Among these connections, only parts of
them are to be used in item memory and source memory. An
effective connection is a connection with higher strength. The
main differences between item memory and source memory can
be seen in the connections they call. The relatively significant
difference is that connections in item memory are sometimes
combinations of item-sources connections. The memory retrieval
probabilities for items and sources are presented in Equations
(2) and (3). However, connection for source memory is a specific
connection, or may be mediated by other items.

Strength(itemﬁsome,) +...+ Strength(item, 7sourcek)}

strength(imm’ —sourcery T -+ + strengthisem; —source,) }

Probabilityg (item;) = {{ 2)

strengths e

—item;) 3

Probabilityg (source;) =
24 ! {strength oupce; —source;) + - - - + strengthy

source;—source,) |

SI; means the employed source-item strength in source
memory decision making, and > ;SS; means the sum
of all the strengths of connections related to the “source”,
whether the connection is formed in experiments or from past
experiences. Pp (source;) means the probability of a specific
source retrieval.

A rough description of the model is shown in Figure 3.

Item retrieval follows these principles: (1) performance of
item retrieval depends on the connection between item and
source; (2) there are two kinds of connection: item-one-
source connection and item-sources connection; (3) the higher
the connection strength, the more likely it is to be called;
(4) the connection strength comes from encoding period; (5)
appraisal and attention are very important in the formation
of connection-strength; (6) in item-sources connection, our
different goal would assign a different weight to a different
connection in a different experimental design. The structure is
shown in Figure 4.

Source retrieval follows these principles: (1) source retrieval
depends on the ratio of a specific connection to the sum of all

Perceptual information

Item(semantic)

Contextual information

Y

A4

Item(semantic) o .
Semantic information

3

A\ 4

Prior experience o .
P Affective information

Operational information
information

FIGURE 4 | Connection-strength model in item retrieval.

associated connections; (2) there are three types of connection:
item-specific source connection, other item-the specific source
connection, and other source-the specific source connection; (3)
all the connections come from two stages: formation in the
experiment and formation out of the experiment; (4) appraisal
and attention are very important for the formation of connection-
strength; (5) effective cues with higher strength are important for
the performance of retrieval. The higher the connection strength,
the more likely it is to be called. The structure is shown in
Figure 5.

The essence of item memory and source memory is the same,
which depends on the connection between item and source(s)
and the ratio of the called connection(s) to the sum of all
associated connections. The main difference is that focus shifts
from item to source, and vice versa.

The relationship between item memory retrieval and
source memory retrieval is: when the connection required
by source memory and item memory is the same, there is
a positive correlation between them; when item memory
and source memory depend on different connections, for
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FIGURE 5 | Retrieval of source memory.

example, item memory depends on item-temporal connection,
while source memory depends on item-color connection,
item memory and source memory are independent of each
other; when the connection required by item memory
affects the formation of source memory connection, there
is a negative correlation between item memory and source
memory. These can be identified in the probability equation
in equations (2) and (3): when the numerator of the
ratio increases at the same time, the positive relationship
appears, otherwise, the negative relationship will appear.
When the numerator is irrelevant to each other, they
are independent.

There is a lot of evidence to support our model: first,
the performance of source memory is always worse than
that of item memory, because the connection required by
the source is a part of the connections required by item
memory, such as affective state as the source; second,
several source memories are better than others because
they call stronger connections, such as object-based colors,
compared with other associated objects; third, attention
plays an important role in connection formation, the more
attention paid to the connection, the higher the strength of
the connection; fourth, experimental design affects which
connection will be encoded and called by item memory and
source memory; fifth, mathematical models show that both
item memory and source memory are continuous processes,
which indicates that the different connection-strength deeply
affects the performance of item memory and source memory.
A mathematical model also shows that the confidence of
item memory and source memory influences each other
(Starns et al., 2013).

The empirical evidence
is as follows.

supporting these phenomena

Different Experimental Designs

The two types of experimental designs are considerably different.
First, studies presenting recognition and source judgments for
the same item in immediate succession have revealed chance-
level accuracy in source memory with no recognition. Second,
studies presenting a block of recognition followed by a block
of source judgments have revealed above-chance accuracy in
source memory with no recognition (for review, refer to
Fox and Osth, 2020).

Appraisal
Item
Goal >
{ Source
Attention
FIGURE 6 | Attention interaction between item and source.

The essence behind these phenomena is that subjects call
different connections. When source judgments occur in the block
after all the recognition has finished, other items associated
with unrecognized items will also activate the source without
recognition. Fox and Osth (2020) used a simultaneous, blocked,
and reversed blocked design to demonstrate this idea.

Kim et al. (2012) found negative effects of item repetition on
source memory. Experimenters show the items in two phases.
In phase 1, line drawings present varying numbers of items;
in phase 2, each item is associated with a critical new source.
The results show that the more repetition in phase 1, the more
difficult it is to memorize the critical new source in phase 2.
This can be explained by the connection-strength model. The
more repetition of the items in list 1, the more item-source
(temporal source) in list 1, which induces a relatively weaker
item-critical new sources strength ratio. Osth et al. (2018) found
a list-strength effect, which means a proportion of items are
strengthened to observe the effect on non-strengthened items in
source memory but not in item memory. This effect can also be
explained by our model.

EVIDENCE FROM COGNITION,
COGNITIVE NEUROSCIENCE, AND
MATHEMATICAL MODELS

Empirical evidence supports the connection-strength model,
including evidence from cognition, cognitive neuroscience, and
mathematical models.

Evidence in Cognition

Attention in Unitization

Attention plays the most important role in forming connections
(for review, refer to Mather, 2007; Block and Gruber, 2014). The
relationship is shown in Figure 6.

The object-based attention model (Mather, 2007) and
space-based attention model (Belardinelli, 2016) support the
importance of attention in the connection of different features
in an object or space. However, not all connections are formed
and stored in memory; for example, intrinsic source feature
memory is always better than extrinsic source feature memory.
This is because the intrinsic source features of the object
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share scope of attention with the object, which makes it easier
to form a connection. These relationships are reflected in
emotional enhancement memory (for review, refer to Talmi
et al., 2019) and enhanced intrinsic source memory (for review,
refer to Mather, 2007). Simultaneously, memories of extrinsic
source features are impaired because they are beyond the
core of attention.

Thus, the first evidence in cognition comes from the operation
of attention to enhance the connection between the item and
the source. The difficulty level of unitization deeply affects
the connection between the item and the source, and several
factors affect the difficulty: “pre-experimental associations” (e.g.,
Giovanello et al., 2006; Rhodes and Donaldson, 2008; Ford et al,,
2010), “experimentally instructed encoding strategy” (Haskins
et al., 2008; Bader et al., 2010; Parks and Yonelinas, 2015), and
characteristics of the source. These factors are related to the
same concept—unitization. The former and the latter reduce
the difficulty of attention integration; the second is used as an
effective strategy to enhance connection formation.

In research, the performance of aging declines in episodic
memory (Friedman, 2013), semantic memory (Bertola et al,
2019; Venneri et al, 2019), source memory (Schacter et al,
1991), and associative memory (Greene and Naveh-Benjamin,
2020). Researchers suggest that these phenomena arise from a
reduced binding capacity (Li et al., 2005). Unitization can reduce
this tendency. Zheng et al. (2016) used two conditions: unitized
condition (imaging the color as the internal parts of item) and
non-unitized condition (imaging the color as the context), and
then asked subjects to complete the source memory test. The
results show that the difference in source memory between young
and old people is smaller under the condition of unitization.
Boywitt and Meiser (2012) found that under the condition of
incidental attention, the source-source connection disappears in
the extrinsic source features; and that this connection is preserved
in intentional attention.

Further research (Kinjo, 2011) shows that the damage of
extrinsic source memory is greater than that of intrinsic source
memory because the former needs more attention.

Emotional Memory Enhancement Effects

The formation of connection plays an important role in
emotional reinforcement memory, which is based on
two different kinds of connection, what researchers call
“organization” and “emotional context.” Emotion enhances
item-item connection and item-source connection. When
emotional materials are highly clustering with each other,
memory is always better than low-clustering materials (Talmi
et al., 2007). Talmi and Moscovitch (2004) found that semantic
relatedness was considerably important in list item memory: the
memory of semantic-related neutral words is not worse than that
of emotional words. Talmi et al. (2019) set up a retrieved-context
model to explain emotional enhancement in memory. The
emotional context maintenance and retrieval model points out
that the emotional enhancement memory effect is based on
the enhanced item-source connection that is associated with
ever-changing temporal and emotional context. Consequently,

the cues of organization and context play an important role in
emotion-enhanced effects.

Interaction Between Iltem Memory and Source
Memory

For intrinsic source features, item memory is positively correlated
with source memory. This is because the intrinsic source
features share an attention system with the item. Therefore,
the enhancement of item memory is positively related to the
enhancement of intrinsic source memory, which is deeply
reflected in emotional items (Mather, 2007).

The important trade-off between the item and extrinsic source
is very important for connection formation. Attention to the
item enhances the connections associated with “this item,” such
as the temporal and color, rather than extrinsic sources (e.g.,
other items) that are beyond the item. Attention to “source”
transfers the “source” to “item” and facilitates connections for the
“new item.” The new connections increase the denominator of
the probability formula, thus reducing the ratio of the item to
the extrinsic source. Therefore, there is a negative relationship
between item memory and source memory. Such phenomena are
more deeply reflected in the memory related to emotion.

Source memory can be divided into two types: intrinsic source
memory, which is the features of the item itself, and extrinsic
source memory, which is the associated features outside the
item, including the context and objects that are associated with
the item. Numerous studies support two opposite phenomena:
compared with neutral items, emotional items always facilitate
intrinsic source memory; however, emotional items always
interfere with extrinsic source memory.

The trade-off between emotional items and emotional
source memory validates our theory. The first evidence comes
from the relative importance of the item. Compared with
positive emotional stimuli, the extrinsic source memory of
negative emotional stimuli is worse (Madan et al, 2019).
Compared with low-arousal emotional stimuli, the extrinsic
source memory of higher arousal stimuli is worse (Mather
et al., 2006; Kensinger et al., 2007; Mather, 2007). The second
evidence comes from the relative importance of the source.
Compared with a neutral context, an emotional context is always
remembered better at the cost of neutral items (Maratos et al.,
2001; Maratos and Rugg, 2011; Chiu et al, 2013). We are
always attracted by the emotional context even when asked
to keep the attention on items, especially in an extremely
important environment, such as the source memory of cheaters
(Kroneisen and Bell, 2013) and goal-inconsistency phenomena
(Bell et al., 2012). The third evidence comes from a relative
comparison between items and sources. When an item is
emotional, item memory is better at the cost of neutral
context (Kensinger et al., 2007), and researchers ask participants
to remember words in the emotional context and find the
impaired word memory influenced by the emotional context
(Zhang et al,, 2015). The fourth evidence comes from the
reappraisal that can change the trade-off memory between
items and sources. Steinberger et al. (2011) found that different
reappraisals of items and contexts would facilitate different
memory trade-offs.
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FIGURE 7 | Interactions among subregions of the brain.

Evidence From Cognitive Neuroscience

The formation of the item-source strength depends on three
periods, “perception,” “evaluation,” and “association,” which can
be reflected in the function of the brain: the parietal cortex,
prefrontal cortex, and hippocampus. The hippocampus is the
core structure in Tulving’s episodic memory. Its main function
is to connect different types of information. At the same time,
it is affected by different brain regions, such as the parietal
cortex, frontal cortex, and amygdala. The relationship is shown
in Figure 7.

Parietal Cortex in Perception

Only when a stimulus is perceived can a connection be
formed. The posterior parietal cortex plays an important role
in perception, such as speech, visual motion (Buchsbaum et al.,
2010), and tactile perception (Ro et al, 2004). Transcranial
magnetic stimulation of the right parietal lobe disrupts the
perception of briefly presented stimuli (Howard et al., 2019).
Damage to the intraparietal cortex impairs action and perception
(Medina et al., 2020).

The parietal cortex is always a bridge between perception,
action, and cognition (Gottlieb, 2007), which is associated with
spatial attention and the “salience representation” of the external
world that is relevant to us. The parietal cortex also combines
with the amygdala to perceive biological motions (Bonda et al.,
1996). Recently, researchers found that the parietal cortex plays
an important role in transsaccadic memory and the integration
of visual object features (Dunkley et al., 2016).

Extensive research has shown that cathodal stimulation on the
left posterior parietal cortex decreases the retrieval performance
in source memory (Chen et al, 2016. Guidotti et al. (2019)
found that predictive activity in the parietal cortex predicts
source-memory decisions: the greater the decision evidence,
the greater the activation in the parietal cortex. The posterior
eye field (Miiri et al., 1996) and the ratio of posterior-anterior
medial temporal lobe volumes can predict the performance of
source memory (Snytte et al., 2020). Transcranial direct current
stimulation of the parietal cortex decreases false recognition
increases item and source memory accuracy compared with the
situation with no stimulation (Pergollzzi and Chua, 2017), and
improves associative memory (Vuli et al., 2021). The activation of
the parietal cortex is associated with our confidence in memory:
the activation of the old is larger than the new, and the perceived

is larger than the imagined (King and Miller, 2017). Functional
MRI (fMRI) shows parietal cortex plays an important role for
information connections, especially in the object (von Stein et al.,
1999), and lesions in parietal cortex will eliminate this processing
(Decoteau and Kesner, 1998). Ben-Zvi et al. (2015) identified that
parietal lesions impair associated learning, including word pairs,
picture pairs, and picture-sound pairs.

Prefrontal Cortex in Evaluation

Classic research (Buschman and Miller, 2007) illustrates the
role of the prefrontal cortex in the activation of posterior
parietal cortices for top-down and bottom-up attention, which
supports the idea that attention is the momentary enhanced
reaction potential of the perceptual response (Berlyne, 1951).
The low-frequency synchrony between the frontal and parietal
cortices reflects top-down attention, and higher frequencies are
associated with bottom-up attention. The prefrontal cortex plays
an important role in the behavioral approach and inhibition
processes (Sutton and Davidson, 1997), which is supported by
observations of an activation of a “hot spot” at the cost of lateral
inhibition through the call of norepinephrine (Mather et al.,
2016). The interaction between the prefrontal cortext and parietal
cortext is essential in the process of inhibition and activation
(Buschman and Miller, 2007).

The prefrontal cortex has two main functions: “appraisal” and
“attention allocation.” The appraisal is reflected in the situation,
which reflects the evaluation of importance among different
kinds of information. Researchers call this effect the “appraisal-
by-content model” (Dixon et al., 2017). The model points out
that different areas of the prefrontal cortex are responsible for
different kinds of input, including outside perceptions, episodic
memories, future events, viscera sensory, action, and emotions.
Based on the appraisal, the prefrontal cortex decides where
attention should be located.

This effect is reflected in the processing of emotional stimuli.
In the study, “A cognitive-motivational analysis of anxiety”
(Mogg and Bradley, 1998) “appraisal” of the events plays an
important role in negative attention bias in the population of
“anxiety.” Anxiety always shows a higher threat appraisal of
negative stimuli than a healthy population. As a result, people
with anxiety attempt to focus on negative stimuli because of
a high threat appraisal of the negative stimuli; However, non-
anxious groups think that negative stimuli do not pose a threat,
and consequently they don’t pay attention to them, but continue
to do what they are doing (Huntsinger, 2013). Many studies
support appraisal bias in attention and memory (Ma et al., 2017;
Foley, 2018). An fMRI shows that the prefrontal cortex in anxiety
controls attention to threat-related stimuli (Bishop et al., 2004).

Increasing research supports the function of appraisal in the
prefrontal cortex. Kalisch et al. (2006) found that the medial
prefrontal cortex plays an important role in the high-level
appraisal of emotional materials. The decreased function of the
medial prefrontal cortex in Alzheimer’s patients will reduce their
evaluation of their cognitive ability, especially memory (Ries
et al., 2012). An explanation of the aversive would modulate
the activation of appraisal in the medial prefrontal cortex
(Mechias et al., 2009).
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The prefrontal cortex plays an important role in the
formation of connections. Research has found that normal
aging and prefrontal cortex lesions are associated with poor
performance in item memory and source memory (Swick
et al., 2006). The activation of the medial prefrontal cortex
contributes to the item and source memory of self-referent
information compared with other referent information, which
also reflects the role of appraisal (Leshikar and Duarte, 2012).
Furthermore, prefrontal deficits impair episodic memory
in patients with schizophrenia (Ragland et al., 2009). The
subregions of the prefrontal cortex, left frontopolar cortex,
left mid-ventrolateral region, left mid-dorsolateral region,
and anterior cingulate cortex contribute commonly to
working memory, semantic memory, and episodic memory
(Nyberg et al., 2003).

Hippocampus in Association

The hippocampus is significant in connecting items and their
sources. Dalton et al. (2018) used fMRI and found that
the hippocampus cooperates with other areas to support the
associative processes and scene constructions, which imply
the binding ability of the hippocampus. Further research
has found that the hippocampus is particularly important
for the building of association across stimulus domains,
such as combining visual features with auditory features
(Borders et al., 2017). Implicit associative learning engages the
hippocampus and interacts with explicit associative learning
(Degonda et al., 2005).

Nordin et al. (2017) compared the performance of associative
memory with the volume of the anterior hippocampus between
middle-aged and older patients. The results show that the
older population has poorer associative memory, which is
accompanied by a smaller volume of the anterior hippocampus
and less activation compared with the younger population.
Twasaki et al. (2021) found that beta oscillations in the
hippocampus could forecast the performance of object-location
associative memory. In mice, an increase in beta oscillations
in the hippocampus during the encoding process would come
along with better “source memory.” The hippocampus of
primates and humans contains spatial view neurons, which
provide a representation of locations in the viewed space.
Neuronal networks in the hippocampus activate together to form
episodic memory, especially recent events that involve relations
(Giovanello et al, 2010). Gradual changes in hippocampal
activity are crucial in remembering the order of events
(Manns et al., 2007).

Other studies have shown that the activation of the amygdala
due to emotional stimuli processing impairs the connection
between emotion items and source features by disrupting
the function of the hippocampus (Roozendaal et al., 2009;
Madan et al., 2017).

Association Among the Parietal Cortex, Prefrontal
Cortex, and Hippocampus

The prefrontal hippocampus circuit is significant in associative
memory. Different units are activated by different item
presentations in the prefrontal cortex and hippocampus

according to time for monkeys. The research demonstrates that
both the prefrontal cortex and the hippocampus contribute to
feature binding according to the timeline (Cruzado et al., 2020).
Interactions between the prefrontal cortex and the hippocampus
are particularly important for reactivating memories and their
contexts to contribute to memory retrieval and assimilate
the new memories-item-source connection to our schemas
(Preston and Eichenbaum, 2013). The recovery of extinct
fear memory in a special context requires both the prefrontal
cortex and the hippocampus (Milad et al., 2007). Prefrontal
hippocampal interactions are obvious during the encoding
of new memories (Takehara-Nishiuchi, 2020). Two processes
may exist in such interactions: first, the formation of new
information into the old memory networks; and second, the
formation of different types of information into unification. For
the process of retrieval, prefrontal-hippocampal interaction is
also found in rats when rats try to decide where they should
go inside a maze (for humans, refer to Oztekin et al., 2009;
for animals, refer to Cholvin et al., 2016). Attention from the
prefrontal cortex influences the activation of the hippocampus
(Cérdova et al., 2019).

Prefrontal-parietal ~connections are also particularly
important. Bor and Seth (2012) pointed out the significance
of the prefrontal-parietal network in attention, working
memory, and chunking. The prefrontal cortex influences the
parietal cortex by enhancing attention to specific perceptions
involved in source feature processing (Katsukietal., 2015;
Sofia and Gregoriou, 2017).

Amygdala’s activation decreases or enhances the function
of hippocampus (Madan et al.,, 2017) and interaction between
parietal cortex and amygdala influences association forming
(Kesner, 2000).

The research also found the combined contribution of the
prefrontal cortex, parietal cortex, and hippocampus to working
memory retrieval (Oztekin et al., 2009).

The different activation of areas that come along with
source memory and episodic memory in neural imaging
and neural physiology depends on the time course of
detection. When detection time occurs simultaneously in
one of the three proposed periods, perception, evaluation,
and binding (association), the results would show that the
activation of different areas in the brain supports episodic
or source memory.

Evidence From Mathematical Models
Several mathematical models attempt to explain the relationship
between item memory and source memory. To answer this
question, two important questions must be clarified. First,
how is the experiment designed? Second, what processes
are included in item memory or source memory? The
different experiment designs and “processes” will influence the
relationship between the item and source memory, which is
based on the same or different connections in the model
that we propose.

These models include the “multinomial processing tree,
“receiver operating characteristic analysis,” “context maintenance
and retrieval model,” and “bivariate signal detection model.”
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However, a detailed description of the mathematical theory
is beyond the scope of this article. We merely concentrate
on how the mathematical models influence our knowledge
of understanding the “connection-strength” model and
validate our theories.

Contrary to the abovementioned evidence, mathematical
models focus on retrieval processing in item and source memory.
The essence that is for both encoding and retrieval is “item-
source connection,” where encoding is trying to form the
connection and retrieval is trying to recover the “connection”
with a cue or cues. The following shows the understanding of the
relationship by deploying the connection in our retrieval.

Multinomial Processing Tree for Source Memory
Batchelder and Riefer (1990) used the multinomial processing
model to explain the phenomena of source monitoring and
presented item detection, source identification, and guessing
bias parameters. The model is based on the hypothesis that
the retrieval of source memory only occurs when an item
is detected. Bell et al. (2016) supported this hypothesis: in
retrieval, items and distractors are randomly present, and
researchers first ask subjects to make the recognition followed
by source decision. The results showed no source memory
with no recognition. Additionally, source memory is always
worse than item memory. Such phenomena come from the
experimental design-simultaneous presentation described in
section “Introduction,” which cannot be treated as a theory
but as the hypothesis rooted in the experimental design. The
advanced multidimensional source model (Meiser and Broder,
2002) shows that item memories are associated with source
detection memories. Recollection is always associated with the
joint memory of different source attributes, such as color and
position; however, different sources are independent of each
other in the condition of familiarity.

The multinomial processing tree model also supports different
types of item-source connections with different strengths. Not all
sources can be included in an item-source network (Dodson et al.,
1998; Klauer and Wegener, 1998). Source memories of pictures
are always better than visual words, and the source memory of
the self-referent is better than other-referent information (Riefer
et al., 1994). Meiser and Broder (2002) showed different degrees
of difficulty in source monitoring: when sources are similar,
discrimination between sources is difficult.

Receiver Operating Characteristic (ROC) Analysis
Receiver operating characteristic curves are used as indices of
whether the memory processes are based on the threshold
criteria. The basic procedures behind the ROC are the first
subjects to decide on the memory and then tell their confidence.

This topic focuses on three themes: whether two kinds
of memory, “recollection” and “familiarity,” share the same
process; whether the item memory and source memory share
the same process; and how item memory and source memory
influence each other.

Some studies state that “recollection” and “familiarity” share
different processes: “recollection” is a threshold process, and
“familiarity” is a graded process. Jacoby (1991) identified that

“recollection” was deeply influenced by attention compared with
“familiarity,” and had the same effect on older adults (Jacoby
et al, 2005) and individuals with amnesia (Kensinger and
Corkin, 2008). However, the main evidence comes only from
neuroscience. This is because connections in “recollection” are
more difficult to form and more easily influenced by other
factors. From the viewpoint of source monitoring, researchers
believe that the two processes are both based on the graded
experiences of the subjects in asssociation with combined
source information.

An excellent model, which is computational and based
on neurobiology, was deployed by Elfman et al. (2008). The
research found that the features of sources play a significant
role: recollection will fit a threshold model when sources are
considerably distinct and a continuous model when there is
similarity (feature overlap) in sources. Such research finds that
different activation of the hippocampus is extremely crucial in
the encoding of different kinds of memory: distinct sources
are associated with higher activity in the hippocampus, and
lower distinct sources are associated with lower activity in the
hippocampus. This classic research may solve the conflict in
theory by the different activation in the hippocampus, which
implies continuous item memory regardless of recollection or
familiarity. The use of different source materials (In these
types of experiments, variables such as pictures, words, varying
colors, and auditory input are all significant predictors of
forms in operator characteristic curves) in the experiments
is significant in ROC analysis. In the experiment, Slotnick
(2010) presented objects on the left or right position of the
screen and asked subjects to remember. Recollection-based ROCs
are formed by source memory confidence ratings connecting
to judge “remember” or the highest item confidence rating
response. The results of the ROCs show that recollection-
based ROCs identify the hypothesis of continuous models.
This evidence shows that the recollection and familiarity of
recognition both follow continuous processing. Onyper et al.
(2010) used the new model, “some-or-none;,” to emphasize
the importance of the continuous model. This is because
the researchers cannot integrate the data from “words” and
“travel scenes” by the dual-process signal detection theory
or unequal-variance signal detection model (the threshold or
continuous model). Researchers combine the dual-process model
and continuous model into the “variable-recollection dual-
process model,” which suggests that familiarity and recollection
are based on the continuous process. However, the difference
between familiarity and recollection is a variable criterion.
The above studies mainly focus on how source memory
affects item memory. Starns et al. (2013) used zROC slopes
to explore the relationship between item memory and source
memory. The experimenters presented the item with different
sources, female or male voice (strong voice-presenting four
times; weak voice-presenting one time), for different times
and then asked the subjects how many times the item was
present and what confidence they believed for the source.
The results indicate that the confidence of item memory
strengthens the confidence of source memory, which is called
“the converging criteria account.” The essence is underlain by
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the experimental design: the repetition to present item, the
source would simultaneously increase the strength of item-
source connections.

For the question of whether the retrieval of item memory and
source memory shares the same process, researchers answer this
question. Slotnick and Dodson (2005) found that recognition
and source memory are both continuous by removing non-
diagnostic source information in the analysis. In the experiment,
160 words were presented by female or male voices and then
were combined with 80 new words to ask subjects to evaluate
the confidence of the item and source memory. This supports
the fact that model-item memory and source memory share
the same mechanism.

Context Maintenance and Retrieval Model: How
Context Influences Item Memory

Howard and Kahana (2002) focused on how context influences
item memory. Howard and Kahana (2002) first pointed out
the temporal context model (TCM) to explain the well-
known phenomena in human memory: the recency effect
and contiguity effect. TCM considers the temporal context
as the cue to retrieve the item; for the recency effect, the
slightly changed item-retrieval temporal context, compared
with the encoding context, contributes to recency, and the
similar temporal context between continuous items supports
the contiguity effect. Second, Sederberg et al. (2008) further
evidenced the context-based theory of recency and contiguity
by simulating the internal contextual state as an effective cue to
retrieval that goes beyond the information of the time, which
comes from a combination of different contextual information.
Polyn et al. (2009) pointed out in context maintenance
and retrieval model: the semantic source which comes from
longstanding semantic association among words, the temporal
source which reflects the presentation of sequences and the
modality source which is the presentation form, all contribute
to item retrieval. The interaction among the three parts jointly
contributes to retrieval as an effective cue in free recall. This
model can also explain the enhanced emotional memory by
increasing the connection between emotional items and contexts
(Talmi et al., 2019).

Bivariate Signal Detection Model
The “bivariate signal detection model” is an effective
mathematical model for identifying the connection-strength
model, which underlines existing different item-source
connections. The “bivariate signal detection model, as the
special case of “multidimensional signal detection theory,
is the extension of the signal detection theory. The model
considers that the mental state is large and noisy, and every
action needs a judgment, and judgments can be modeled as
a random sample from a multivariate probability distribution
that reflects individual perceptual space. Decision-making
always depends on the different axis mapping from the space
in distribution.

Banks (2010) proposed that item memory and source memory
share a single analytic model. The multidimensional signal
detection theory states that recognition memory and source

memory depend on the projection of the multidimensional
configuration onto an appropriate unidimensional axis,
which is deployed as evidence to make memory decisions.
This explanation is consistent with our strength model,
which implies that source memory and recognition share the
same or different item-source connections; however, they
are based on the same mechanism. Researchers have used
mathematical model bivariate signal detection to demonstrate
this hypothesis. The experiment presents two kinds of words
(words and first names) along with two kinds of sources
(visual and auditory). Subsequently, the displayed items and
new items are presented on the screen, and subjects should
give the confidence of the item and source memory. The
results, which are analyzed in bivariate signal detection theory,
show that different tasks (recognition, source memory) can
be performed based on different decision axes from the
projection of multidimensional configuration. In addition,
the results show the orthogonal relationship between item
recognition memory and source memory, which deploys
different connections. However, recognition and source
memory use the same memory database that employs different
information connections.

CONCLUSION

According to Johnson, memory can be divided into two types:
information in the focus of our attention and information out of
the focus of our attention. This dichotomy integrates a memory
system into a new perspective, dividing it into item memory
and source memory.

Different item memory and source memory depend on
the same or different item-source connections. As a result,
the relationship between item and source memory is positive,
negative, or irrelevant.

Different item-source calls depend on the strength of the item-
source(s) connection, which means that when the connection
between item and source is stronger, the probability of retrieval of
item memory or source memory is greater. However, when goals
are proposed, different weights are added to different item-source
connections; the memory then changes.

In different environments, there are different goals that affect
the choice of connections. This explains why item memory and
source memory are either consistent or inconsistent.

Cognitive processes and brain mechanisms affect the
formation and intensity of connections. From the perspective
of the cognitive process, attention allocation and the appraisal
of the importance of items and sources would influence the
formation of the item-source connection. From the perspective
of brain mechanisms, the prefrontal cortex, parietal cortex,
and hippocampus are associated with perception, appraisal,
and connection formation, respectively. From the perspective
of experimental design, the single source memory decision-
making after item-random presents or block-items present
determines the relationship between the item and source
memory. The mathematical models support the hypothesis of
the connection-strength model.

Frontiers in Psychology | www.frontiersin.org

September 2021 | Volume 12 | Article 691577


https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Guo et al.

Explanation of the Connection-Strength Model

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

JG was
collection,

literature
suggestions

selection,
the

responsible for the title
and writing. XH proposed

REFERENCES

Bader, R., Mecklinger, A., Hoppstadter, M., and Meyer, P. (2010). Recognition
memory for one-trial-unitized word pairs: evidence from event-related
potentials. NeuroImage 50, 772-781. doi: 10.1016/j.neuroimage.2009.12.100

Banks, W. P. (2010). Recognition and source memory as multivariate decision
processes. Psychol. Sci. 11, 267-273. doi: 10.1111/1467-9280.00254

Batchelder, W. H., and Riefer, D. M. (1990). Multinomial processing models of
source monitoring. Psychol. Rev. 97, 548-564. doi: 10.1037/0033-295X.97.4.548

Belardinelli, A. (2016). Object-Based Attention: Cognitive and Computational
Perspectives. From Human Attention to Computational Attention. New York,
NY: Springer New York.

Bell, R, Buchner, A, Kroneisen, M., and Giang, T. (2012). On the flexibility
of social source memory: a test of the emotional incongruity hypothesis.
J. Exp. Psychol. Learn. Memory Cogn. 38, 1512-1529. doi: 10.1037/a002
8219

Bell, R., Mieth, L., and Buchner, A. (2016). Emotional memory: no source memory
without old-new recognition. Emotion 17, 120-130. doi: 10.1037/emo00000211

Bellezza, F. S., and Elek, J. K. (2018). A hybrid model of source monitoring in
paired-associates learning. J. Exp. Psychol. Learn. Memory Cogn. 45, 1042-1065.
doi: 10.1037/x1m0000639

Ben-Zvi, S., Soroker, N., and Levy, D. A. (2015). Parietal lesion effects on cued recall
following pair associate learning. Neuropsychologia 73, 176-194. doi: 10.1016/].
neuropsychologia.2015.05.009

Berlyne, D. E. (1951). Attention, perception and behavior theory. Psychol. Rev. 58,
137-146. doi: 10.1037/h0058364

Bertola, L., Avila, Rafaela, T., Bicalho, M., and Malloy-Diniz, L. F. (2019). Semantic
memory, but not education or intelligence, moderates cognitive aging: a cross-
sectional study. Braz. J. Psychiatry 41, 535-539. doi: 10.1590/1516-4446-2018-
0290

Bishop, S., Duncan, J., Brett, M., and Lawrence, A. D. (2004). Prefrontal cortical
function and anxiety: controlling attention to threat-related stimuli. Nat.
Neurosci. 7, 184-188. doi: 10.1038/nn1173

Block, R. A, and Gruber, R. P. (2014). Time perception, attention, and memory: a
selective review. Acta Psychol. 149, 129-133. doi: 10.1016/j.actpsy.2013.11.003

Bonda, E., Petrides, M., Ostry, D., and Evans, A. (1996). Specific involvement
of human parietal systems and the amygdala in the perception of biological
motion. J. Neurosci. 16, 3737-3744. doi: 10.1523/jneurosci.16-11-03737.1996

Bookbinder, S. H., and Brainerd, C. J. (2016). Emotion and false memory:
the context-content paradox. Psychol. Bull. 142, 1315-1351. doi: 10.1037/
bul0000077

Bor, D., and Seth, A. K. (2012). Consciousness and the prefrontal parietal network:
insights from attention, working memory, and chunking. Front. Psychol. 3:63.
doi: 10.3389/fpsyg.2012.00063

Borders, A. A., Aly, M., Parks, C. M., and Yonelinas, A. P. (2017). The hippocampus
is particularly important for building associations across stimulus domains.
Neuropsychologia 99, 335-342. doi: 10.1016/j.neuropsychologia.2017.03.032

Boywitt, C. D., and Meiser, T. (2012). The role of attention for context-context
binding of intrinsic and extrinsic features. J. Exp. Psychol. Learn. Memory Cogn.
38, 1099-1107. doi: 10.1037/a0026988

Buchsbaum, B. R., Hickok, G., and Humphries, C. (2010). Role of left posterior
superior temporal gyrus in phonological processing for speech perception and
production. Cogn. Sci. 25, 663-678. doi: 10.1207/5s15516709c0g2505_2

for title selection and manuscript writing. KS provided
input and feedback and helped with writing. All
authors contributed to the article and approved the
submitted version.

FUNDING

This study was supported by the National Science Foundation of
China (NSFC, #61937001).

Buschman, T. J., and Miller, E. K. (2007). Top-down versus bottom-up control
of attention in the prefrontal and posterior parietal cortices. Science 315,
1860-1862. doi: 10.1126/science.1138071

Chalfonte, B. L., and Johnson, M. K. (1996). Feature memory and binding in young
and older adults. Memory Cogn. 24, 403-416. doi: 10.3758/BF03200930

Chen, N. F,, Lo, C. M,, Liu, T. L., Juan, C. H., Muggleton, N. G., and Cheng,
S. K. (2016). Source memory performance is modulated by transcranial direct
current stimulation over the left posterior parietal cortex. Neurolmage 139,
462-469. doi: 10.1016/j.neuroimage.2016.06.032

Chiu, Y., Dolcos, F., Gonsalves, B. D., and Cohen, N. J. (2013). On opposing
effects of emotion on contextual or relational memory. Front. Psychol. 4:103.
doi: 10.3389/fpsyg.2013.00103

Cholvin, T., Loureiro, M., Cassel, R., Cosquer, B., Herbeaux, K., Vasconcelos, A. D.,
etal. (2016). Dorsal hippocampus and medial prefrontal cortex each contribute
to the retrieval of a recent spatial memory in rats. Brain Structure Funct. 221,
91-102. doi: 10.1007/s00429-014-0894-6

Collins, A. M., and Loftus, E. F. (1975). A spreading-activation theory of semantic
processing. Psychol. Rev. 82, 407-428. doi: 1037/0033-295X.82.6.407

Collins, A. M., and Loftus, E. F. (1988). A spreading-activation theory of semantic
processing. Read. Cogn. Sci. 82, 126-136. doi: 10.1037/0033-295X.82.6.407

Cérdova, N. I, Turk-Browne, N. B., and Aly, M. (2019). Focusing on what matters:
modulation of the human hippocampus by relational attention. Hippocampus
29, 1025-1037. doi: 10.1002/hipo.23082

Cruzado, N. A, Tiganj, Z., Brincat, S. L., Miller, E. K., and Howard, M. W. (2020).
Conjunctive representation of what and when in monkey hippocampus and
lateral prefrontal cortex during an associative memory task. Hippocampus 30,
1332-1346. doi: 10.1002/hipo.23282

Dalton, M. A., Zeidman, P., McCormick, C., and Maguire, E. A. (2018).
Differentiable processing of objects, associations and scenes within the
hippocampus. J. Neurosci. 38, 8146-8159. doi: 10.1523/jneurosci.0263-18.2018

Davachi, L., Mitchell, J. P., and Wagner, A. D. (2003). Multiple routes to memory:
distinct medial temporal lobe processes build item and source memories. Proc.
Natl. Acad. Sci. U S A. 100, 2157-2162. doi: 10.1073/pnas.0337195100

Decoteau, W. E., and Kesner, R. P. (1998). Effects of hippocampal and parietal
cortex lesions on the processing of multiple-object scenes. Behav. Neurosci. 112,
68-82. doi: 10.1037/0735-7044.112.1.68

Degonda, N., Mondadori, C. R, Bosshardt, S., Schmidt, C. F., Boesiger, P., Nitsch,
R. M,, et al. (2005). Implicit associative learning engages the hippocampus and
interacts with explicit associative learning. Neuron 46, 505-520. doi: 10.1016/j.
neuron.2005.02.030

Dixon, M. L., Thiruchselvam, R., Todd, R., and Christoff, K. (2017). Emotion
and the prefrontal cortex: an integrative review. Psychol. Bull. 143, 1033-1081.
doi: 10.1037/bul0000096

Dodson, C. S., Holland, P. W., and Shimamura, A. P. (1998). Onthe
recollection of specific- and partial-source information. J. Exp. Psychol.
Learn. Memory Cogn. 24, 1121-1136. doi: 10.1037/0278-7393.24.
5.1121

Duff, M. C., Covington, N. V., Hilverman, C., and Cohen, N. J. (2020). Semantic
memory and the hippocampus: revisiting, reaffirming, and extending the reach
of their critical relationship. Front. Hum. Neurosci. 13:471. doi: 10.3389/fnhum.
2019.00471

Dunkley, B. T., Baltaretu, B., and Crawford, J. D. (2016). Trans-saccadic
interactions in human parietal and occipital cortex during the retention and

Frontiers in Psychology | www.frontiersin.org

September 2021 | Volume 12 | Article 691577


https://doi.org/10.1016/j.neuroimage.2009.12.100
https://doi.org/10.1111/1467-9280.00254
https://doi.org/10.1037/0033-295X.97.4.548
https://doi.org/10.1037/a0028219
https://doi.org/10.1037/a0028219
https://doi.org/10.1037/emo0000211
https://doi.org/10.1037/xlm0000639
https://doi.org/10.1016/j.neuropsychologia.2015.05.009
https://doi.org/10.1016/j.neuropsychologia.2015.05.009
https://doi.org/10.1037/h0058364
https://doi.org/10.1590/1516-4446-2018-0290
https://doi.org/10.1590/1516-4446-2018-0290
https://doi.org/10.1038/nn1173
https://doi.org/10.1016/j.actpsy.2013.11.003
https://doi.org/10.1523/jneurosci.16-11-03737.1996
https://doi.org/10.1037/bul0000077
https://doi.org/10.1037/bul0000077
https://doi.org/10.3389/fpsyg.2012.00063
https://doi.org/10.1016/j.neuropsychologia.2017.03.032
https://doi.org/10.1037/a0026988
https://doi.org/10.1207/s15516709cog2505_2
https://doi.org/10.1126/science.1138071
https://doi.org/10.3758/BF03200930
https://doi.org/10.1016/j.neuroimage.2016.06.032
https://doi.org/10.3389/fpsyg.2013.00103
https://doi.org/10.1007/s00429-014-0894-6
https://doi.org/1037/0033-295X.82.6.407
https://doi.org/10.1037/0033-295X.82.6.407
https://doi.org/10.1002/hipo.23082
https://doi.org/10.1002/hipo.23282
https://doi.org/10.1523/jneurosci.0263-18.2018
https://doi.org/10.1073/pnas.0337195100
https://doi.org/10.1037/0735-7044.112.1.68
https://doi.org/10.1016/j.neuron.2005.02.030
https://doi.org/10.1016/j.neuron.2005.02.030
https://doi.org/10.1037/bul0000096
https://doi.org/10.1037/0278-7393.24.5.1121
https://doi.org/10.1037/0278-7393.24.5.1121
https://doi.org/10.3389/fnhum.2019.00471
https://doi.org/10.3389/fnhum.2019.00471
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Guo et al.

Explanation of the Connection-Strength Model

comparison of object orientation. Cortex 82, 263-276. doi: 10.1016/j.cortex.
2016.06.012

Elfman, K. W. Parks, C. M., and Yonelinas, A. P. (2008). Testing a
neurocomputational model of recollection, familiarity, and source recognition.
J. Exp. Psychol. Learn. Memory Cogn. 34, 752-768. doi: 10.1037/0278-7393.34.
4.752

Fernandes, N. L., Pandeirada, J. N. S., Soares, S. C., and Nairne, J. S. (2017).
Adaptive memory: the mnemonic value of contamination. Evol. Hum. Behav.
38, 451-460. doi: 10.1016/j.evolhumbehav.2017.04.003

Foley, M. A. (2018). Reflecting on how we remember the personal past:
missing components in the study of memory appraisal and theoretical
implications. Memory 26, 634-652. doi: 10.1080/09658211.2017.138
7667

Ford, J. H., Verfaellie, M., and Giovanello, K. S. (2010). Neural correlates of
familiarity-based associative retrieval. Neuropsychologia 48, 3019-3025. doi:
10.1016/j.neuropsychologia.2010.06.010

Fox, J., and Osth, A. F. (2020). Does source memory exist for unrecognized items?
PsyArXiv [Preprint]. doi: 10.31234/osf.io/brpwu

Fredrickson, B. L., and Branigan, C. (2005). Positive emotions broaden the scope
of attention and thought-action repertoires. Cogn. Emot. 19, 313-332. doi:
10.1080/02699930441000238

Friedman, D. (2013). The cognitive aging of episodic memory: a view based on
the event-related brain potential. Front. Behav. Neuroence 7:111. doi: 10.3389/
fnbeh.2013.00111

Fritch, H. A., Macevoy, S. P, Thakral, P. P., Jeye, B. M., and Slotnick, S. D. (2020).
The anterior hippocampus is associated with spatial memory encoding. Brain
Res. 1732, 146696. doi: 10.1016/j.brainres.2020.146696

Gable, P. A., and Harmon-Jones, E. (2010). The effect of low versus high
approach-motivated positive affect on memory for peripherally versus
centrally presented information. Emotion 10, 599-603. doi: 10.1037/a001
8426

Giovanello, K. S., Keane, M. M., and Verfaellie, M. (2006). The contribution of
familiarity to associative memory in amnesia. Neuropsychologia 44, 1859-1865.
doi: 10.1016/j.neuropsychologia.2006.03.004

Giovanello, K. S., Schnyer, D. M., and Verfaellie, M. (2010). A critical role for
the anterior hippocampus in relational memory: evidence from an fMRI study
comparing associative and item recognition. Hippocampus 14, 5-8. doi: 10.
1002/hipo.10182

Glisky, E. L., Polster, M. R., and Routhieaux, B. C. (1995). Double dissociation
between item and source memory. Neuropsychology 9, 229-235. doi: 10.1037/
0894-4105.9.2.229

Gottlieb, J. (2007). From thought to action: the parietal cortex as a bridge between
perception, action, and cognition. Neuron 53, 9-16. doi: 10.1016/j.neuron.2006.
12.009

Greene, N. R,, and Naveh-Benjamin, M. (2020). A specificity principle of memory:
evidence from aging and associative memory. Psychol. Sci. 31, 316-331. doi:
10.1177/0956797620901760

Guidotti, R., Tosoni, A., Perrucci, M. G., and Sestieri, C. (2019). Choice-predictive
activity in parietal cortex during source memory decisions. Neurolmage 189,
589-600. doi: 10.1016/j.neuroimage.2019.01.071

Guo, D, and Yang, J. (2020). Interplay of the long axis of the hippocampus
and ventromedial prefrontal cortex in schema-related memory retrieval.
Hippocampus 30, 263-277. doi: 10.1002/hipo.23154

Harmon-Jones, E., Harmon-Jones, C., Amodio, D. M., and Gable, P. A. (2011).
Attitudes toward emotions. J. Personal. Soc. Psychol. 101, 1332-1350. doi: 10.
1037/a0024951

Haskins, A. L., Yonelinas, A. P, Quamme, J. R, and Ranganath, C.
(2008). Perirhinal cortex supports encoding and familiarity-based recognition
of novel associations. Neuron 59, 554-560. doi: 10.1016/j.neuron.2008.
07.035

Heinke, D., and Humphreys, G. W. (2005). “Computational models of
visual selective attention: a review,” in Connectionist Models in Psychology,
ed. G. W. Houghton (Hove: Psychological Press), 273-312.

Howard, C.]J., Boulton, H., Bedwell, S. A., Boatman, C. A., Roberts, K. L., and Mitra,
S. (2019). Low-frequency repetitive transcranial magnetic stimulation to right
parietal cortex disrupts perception of briefly presented stimuli. Perception 48,
346-355. doi: 10.1177/0301006619834251

Howard, M. W., and Kahana, M. J. (2002). A distributed representation of temporal
context. J. Mathemat. Psychol. 46, 269-299. doi: 10.1006/jmps.2001.1388

Huntsinger, J. R. (2013). Does emotion directly tune the scope of attention? Curr.
Direct. Psychol. Sci. 22, 265-270. doi: 10.1177/0963721413480364

Iwasaki, S., Sasaki, T., and Ikegaya, Y. (2021). Hippocampal beta oscillations
predict mouse object-location associative memory performance. Hippocampus
31, 503-511. doi: 10.1002/hipo.23311

Jacoby, L. L. (1991). A process dissociation framework: Separating automatic from
intentional uses of memory. J. Memory Lang. 30, 513-541. doi: 10.1016/0749-
596X(91)90025-F

Jacoby, L. L., Bishara, A. J., Hessels, S., and Toth, J. P. (2005). Aging, subjective
experience, and cognitive control:dramatic false remembering by older adults.
J. Exp. Psychol. General 134, 131-148. doi: 10.1037/0096-3445.134.2.131

Johnson, M. K. (2005). The relation between source memory and episodic memory:
comment on Siedlecki et al. (2005). Psychol. Aging 20, 529-531. doi: 10.1037/
0882-7974.20.3.529

Johnson, M. K., Hashtroudi, S., and Lindsay, D. S. (1993). Source monitoring.
Psychol. Bull. 114, 3-28. doi: 10.1037/0033-2909.114.1.3

Kahneman, D., Treisman, A., and Gibbs, B. J. (1992). The reviewing of object
files: object-specific integration of information. Cogn. Psychol. 24, 175-219.
doi: 10.1016/0010-0285(92)90007-O

Kalisch, R., Wiech, K., Critchley, H. D., and Dolan, R. J. (2006). Levels of
appraisal: a medial prefrontal role in high-level appraisal of emotional material.
Neurolmage 30, 1458-1466. doi: 10.1016/j.neuroimage.2005.11.011

Kaplan, R. L., Ilse, V. D., and Levine, L. J. (2012). Motivation matters: differing
effects of pre-goal and post-goal emotions on attention and memory. Front.
Psychol. 3:404. doi: 10.3389/fpsyg.2012.00404

Katsuki, F., Saito, M., and Constantinidis, C. (2015). Influence of monkey
dorsolateral prefrontal and posterior parietal activity on behavioral choice
during attention tasks. Eur. J. Neurosci. 40, 2910-2921. doi: 10.1111/ejn.
12662

Kensinger, E. A., and Corkin, S. (2008). “Amnesia: point and counterpoint,”
in Learning Theory and Behavior. Learning and Memory: A Comprehensive
Reference, Vol. 1, eds J. Byrne and R. Menzel (Amsterdam: Elsevier), 259-286.
doi: 10.1007/BF00157784

Kensinger, E. A., Garoff-Eaton, R. ]., and Schacter, D. L. (2007). Effects of emotion
on memory specificity: memory trade-offs elicited by negative visually arousing
stimuli. J. Memory Lang. 56, 575-591. doi: 10.1016/j.jm1.2006.05.004

Kesner, R. P. (2000). Behavioral analysis of the contribution of the hippocampus
and parietal cortex to the processing of information: interactions and
dissociations. Hippocampus 10, 483-490. doi: 10.1002/1098-1063(2000)10:43.
0.CO;2-Z

Kim, K., Yi, D., and Johnson, M. K. (2012). Negative effects of item repetition on
source memory. Memory Cogn. 40, 889-901. doi: 10.3758/s13421-012-0196-2

King, D. R, and Miller, M. B. (2017). Influence of response bias and
internal/external source on lateral posterior parietal successful retrieval activity.
Cortex 91, 126-141. doi: 10.1016/j.cortex.2017.04.002

Kinjo, H. (2011). Effects of aging and divided attention on recognition memory
processes for single and associative information. Psychol. Rep. 108, 405-419.
doi: 10.2466/04.10.22.PR0.108.2.405-419

Klauer, K. C., and Wegener, I. (1998). Unraveling socialcategorization in the “Who
said What?” paradigm. J. Personal. Soc. Psychol. 75, 1155-1178. doi: 10.1037/
0022-3514.75.5.1155

Kroneisen, M., and Bell, R. (2013). Sex, cheating, and disgust: enhanced source
memory for trait information that violates gender stereotypes. Memory 21,
167-181. doi: 10.1080/09658211.2012.713971

Kroneisen, M., and Bell, R. (2018). Remembering the place with the tiger: survival
processing can enhance source memory. Psychonomic Bull. Rev. 25, 667-673.
doi: 10.3758/s13423-018-1431-z

Leshikar, E. D., and Duarte, A. (2012). Medial prefrontal cortex supports source
memory accuracy for self-referenced items. Soc. Neurosci. 7, 126-145.

Levine, L. J., and Edelstein, R. S. (2009). Emotion and memory narrowing: a
review and goal-relevance approach. Cogn. Emot. 23, 833-875. doi: 10.1080/
02699930902738863

Levita, L., and Muzzio, I. A. (2010). Role of the hippocampus in goal-oriented tasks
requiring retrieval of spatial versus non-spatial information. Neurobiol. Learn.
Mem. 93, 581-588. doi: 10.1016/j.nlm.2010.02.006

Frontiers in Psychology | www.frontiersin.org

September 2021 | Volume 12 | Article 691577


https://doi.org/10.1016/j.cortex.2016.06.012
https://doi.org/10.1016/j.cortex.2016.06.012
https://doi.org/10.1037/0278-7393.34.4.752
https://doi.org/10.1037/0278-7393.34.4.752
https://doi.org/10.1016/j.evolhumbehav.2017.04.003
https://doi.org/10.1080/09658211.2017.1387667
https://doi.org/10.1080/09658211.2017.1387667
https://doi.org/10.1016/j.neuropsychologia.2010.06.010
https://doi.org/10.1016/j.neuropsychologia.2010.06.010
https://doi.org/10.31234/osf.io/brpwu
https://doi.org/10.1080/02699930441000238
https://doi.org/10.1080/02699930441000238
https://doi.org/10.3389/fnbeh.2013.00111
https://doi.org/10.3389/fnbeh.2013.00111
https://doi.org/10.1016/j.brainres.2020.146696
https://doi.org/10.1037/a0018426
https://doi.org/10.1037/a0018426
https://doi.org/10.1016/j.neuropsychologia.2006.03.004
https://doi.org/10.1002/hipo.10182
https://doi.org/10.1002/hipo.10182
https://doi.org/10.1037/0894-4105.9.2.229
https://doi.org/10.1037/0894-4105.9.2.229
https://doi.org/10.1016/j.neuron.2006.12.009
https://doi.org/10.1016/j.neuron.2006.12.009
https://doi.org/10.1177/0956797620901760
https://doi.org/10.1177/0956797620901760
https://doi.org/10.1016/j.neuroimage.2019.01.071
https://doi.org/10.1002/hipo.23154
https://doi.org/10.1037/a0024951
https://doi.org/10.1037/a0024951
https://doi.org/10.1016/j.neuron.2008.07.035
https://doi.org/10.1016/j.neuron.2008.07.035
https://doi.org/10.1177/0301006619834251
https://doi.org/10.1006/jmps.2001.1388
https://doi.org/10.1177/0963721413480364
https://doi.org/10.1002/hipo.23311
https://doi.org/10.1016/0749-596X(91)90025-F
https://doi.org/10.1016/0749-596X(91)90025-F
https://doi.org/10.1037/0096-3445.134.2.131
https://doi.org/10.1037/0882-7974.20.3.529
https://doi.org/10.1037/0882-7974.20.3.529
https://doi.org/10.1037/0033-2909.114.1.3
https://doi.org/10.1016/0010-0285(92)90007-O
https://doi.org/10.1016/j.neuroimage.2005.11.011
https://doi.org/10.3389/fpsyg.2012.00404
https://doi.org/10.1111/ejn.12662
https://doi.org/10.1111/ejn.12662
https://doi.org/10.1007/BF00157784
https://doi.org/10.1016/j.jml.2006.05.004
https://doi.org/10.1002/1098-1063(2000)10:43.0.CO;2-Z
https://doi.org/10.1002/1098-1063(2000)10:43.0.CO;2-Z
https://doi.org/10.3758/s13421-012-0196-2
https://doi.org/10.1016/j.cortex.2017.04.002
https://doi.org/10.2466/04.10.22.PR0.108.2.405-419
https://doi.org/10.1037/0022-3514.75.5.1155
https://doi.org/10.1037/0022-3514.75.5.1155
https://doi.org/10.1080/09658211.2012.713971
https://doi.org/10.3758/s13423-018-1431-z
https://doi.org/10.1080/02699930902738863
https://doi.org/10.1080/02699930902738863
https://doi.org/10.1016/j.nlm.2010.02.006
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Guo et al.

Explanation of the Connection-Strength Model

Lewis, P. A., and Critchley, H. D. (2003). Mood-dependent memory. Trends Cogn.
Sci. 7, 431-433. doi: 10.1016/j.tics.2003.08.005

Li, S. C., Naveh-Benjamin, M., and Lindenberger, U. (2005). Aging
neuromodulation impairs associative binding neurocomputational account.
Psychol. Sci. 16, 445-450. doi: 10.1111/j.0956-7976.2005.01555.x

Logan, G. D. (1996). The code theory of visual attention: an integration of space-
based and object-based attention. Psychol. Rev. 103, 603-649. doi: 10.1037/
0033-295X.103.4.603

Ma, S. T., Abelson, J. L., Okada, G., Taylor, S. F.,, and Liberzon, I. (2017).
Neural circuitry of emotion regulation: effects of appraisal, attention, and
cortisol administration. Cogn. Affect. Behav. Neurosci. 17, 437-451. doi: 10.
3758/s13415-016-0489-1

Madan, C. R,, Fujiwara, E., Caplan, J. B., and Sommer, T. (2017). Emotional arousal
impairs association-memory: roles of amygdala and hippocampus. NeuroImage
156, 14-28. doi: 10.1016/j.neuroimage.2017.04.065

Madan, C. R, Scott, S. M. E., and Kensinger, E. A. (2019). Positive emotion
enhances association-memory. Emotion 19, 733-740. doi: 10.1037/emo000
0465

Manns, J. R., Hopkins, R. O., and Squire, L. R. (2003). Semantic memory and
the human hippocampus. Neuron 38, 127-133. doi: 10.1016/50896-6273(03)
00146-6

Manns, J. R.,, Howard, M. W, and Eichenbaum, H. (2007). Gradual changes in
hippocampal activity support remembering the order of events. Neuron 56,
530-540. doi: 10.1016/j.neuron.2007.08.017

Maratos, E. J., Dolan, R. J., Morris, J. S., Henson, R. N, and Rugg, M. D.
(2001). Neural activity associated with episodic memory for emotional context.
Neuropsychologia 39, 910-920. doi: 10.1016/s0028-3932(01)00025-2

Maratos, E. J., and Rugg, M. D. (2011). Electrophysiological correlates of the
retrieval of emotional and non-emotional context. J. Cogn. Neurosci. 13, 877-
891. doi: 10.1162/089892901753165809

Mather, M. (2007). Emotional arousal and memory binding: an object-based
framework. Perspect. Psychol. Sci. 2, 33-52. doi: 10.1111/j.1745-6916.2007.
00028.x

Mather, M., Clewett, d., Sakaki, M., and Harley, C. W. (2016). Norepinephrine
ignites local hotspots of neuronal excitation: how arousal amplifies selectivity in
perception and memory. Behav. Brain Sci. 39. doi: 10.1017/S0140525X15000667

Mather, M., Mitchell, K. J., Raye, C. L., Novak, D., Greene, E. J., and Johnson, M. K.
(2006). Emotional arousal can impair feature binding in working memory.
J. Cogn. Neurosci. 18, 614-625. doi: 10.1162/jocn.2006.18.4.614

Mechias, M., Etkin, A., and Kalisch, R. (2009). A meta-analysis of instructed
fear studies: Implications for conscious appraisal of threat. NeuroImage 49,
1760-1768. doi: 10.1016/j.neuroimage.2009.09.040

Medina, J., Jax, S. A., and Coslett, H. B. (2020). Impairments in action and
perception after right intraparietal damage. Cortex 122, 288-299. doi: 10.1016/
j.cortex.2019.02.004

Meiser, T., and Broder, A. (2002). Memory for multidimensional source
information. J. Exp. Psychol. Learn. Memory Cogn. 28, 116-137. doi: 10.1037/
/0278-7393.28.1.116

Milad, M. R., Wright, C., Orr, S. P,, Pitman, R. K., Quirk, G. J., and Rauch,
S. L. (2007). Recall of fear extinction in humans activates the ventromedial
prefrontal cortex and hippocampus in concert. Biol. Psychiatry 62, 446-454.
doi: 10.1016/j.biopsych.2006.10.011

Mitchell, K. J., and Johnson, M. K. (2009). Source monitoring 15 years later: what
have we learned from fMRI about the neural mechanisms of source memory?
Psychol. Bull. 135, 638-677. doi: 10.1037/a0015849

Mogg, K., and Bradley, B. P. (1998). A cognitive-motivational analysis of anxiety.
Behav. Therapy 36, 809-848. doi: 10.1016/S0005-7967(98)00063- 1

Miiri, R,, Iba-Zizen, M. T., Derosier, C., Cabanis, E. A., and Pierrot-Deseilligny,
C. (1996). Location of the human posterior eye field with functional magnetic
resonance imaging. J. Neurol. Neurosurg. Psychiatry 60, 445-448. doi: 10.1136/
jnnp.60.4.445

Nairne, J. S., Pandeirada, J. N. S., Gregory, K. J., Van, and Arsdall, J. E. (2009).
Adaptive memory: fitness relevance and the hunter-gatherer mind. Psychol. Sci.
20, 470-476. doi: 10.1111/j.1467-9280.2009.02356.x

Nairne, J. S., Vanarsdall, J. E., Pandeirada, J., and Blunt, J. R. (2012). Adaptive
memory: enhanced location memory after survival processing. J. Exp. Psychol.
Learn. Memory Cogn. 38, 495-501. doi: 10.1037/20025728

Nie, A. (2018). Facial recall: feature-conjunction effects in source retrieval versus
item recognition. Percept. Mot. Skills 125, 369-386.

Nordin, K., Herlitz, A., Larsson, E. M., and Séderlund, H. (2017). Overlapping
effects of age on associative memory and the anterior hippocampus from middle
to older age. Behav. Brain Res. 317, 350-359. doi: 10.1016/j.bbr.2016.10.002

Nyberg, L., Marklund, P., Persson, J., Cabeza, R., and Ingvar, M. (2003). Common
prefrontal activations during working memory, episodic memory, and semantic
memory. Neuropsychologia 41, 371-377. doi: 10.1016/50028-3932(02)00168-9

Onyper, S. V., Zhang, Y. X., and Howard, M. W. (2010). Some-or-none recollection:
evidence from item and source memory. J. Exp. Psychol. General 139, 341-364.
doi: 10.1037/a0018926

Osth, A. F,, Fox, J., McKague, M., Heathcote, A., and Dennis, S. (2018). The list
strength effect in source memory: data and a global matching model. J. Memory
Lang. 103, 91-113. doi: 10.31219/0sf.io/ky9ax

Oztekin, I, McElree, B., Staresina, B. P., and Davachi, L. (2009). Working memory
retrieval: contributions of the left prefrontal cortex, the left posterior parietal
cortex, and the hippocampus. J. Cogn. Neurosci. 21, 581-593. doi: 10.1162/jocn.
2008.21016

Parks, C. M., and Yonelinas, A. P. (2015). The importance of unitization for
familiarity-based learning. J. Exp. Psychol. Learn. Memory Cogn. 41, 881-903.
doi: 10.1037/xIm0000068

Pergollzzi, D., and Chua, E. F. (2017). Transcranial direct current stimulation over
the parietal cortex alters bias in item and source memory tasks. Brain Cogn. 108,
56-65. doi: 10.1016/j.bandc.2016.06.009

Polyn, S. M., Norman, K. A., and Kahana, M. J. (2009). A context maintenance
and retrieval model of organizational processes in free recall. Psychol. Rev. 116,
129-156. doi: 10.1037/a0014420

Preston, A., and Eichenbaum, H. (2013). Interplay of hippocampus and prefrontal
cortex in memory. Curr. Biol. 23, 764-773. doi: 10.1016/j.cub.2013.05.041

Raaijmakers, J. G. W., and Schiffrin, R. (1981). Search of associative memory.
Psychol. Rev. 8, 98-134. doi: 10.1037/0033-295X.88.2.93

Ragland, J. D., Laird, A. R,, Ranganath, C., Blumenfeld, R. S., and Glahn, D. C.
(2009). Prefrontal activation deficits during episodic memory in schizophrenia.
Am. ]. Psychiatry 166, 863-874. doi: 10.1176/appi.ajp.2009.08091307

Reyna, V. F. (2000). Fuzzy-trace theory and source monitoring: an evaluation of
theory and false-memory data. Learn. Individual Diff. 12, 163-175. doi: 10.1016/
$1041-6080(01)00034-6

Rhodes, S. M., and Donaldson, D. I. (2008). Electrophysiological evidence for the
effect of interactive imagery on episodic memory: encouraging familiarity for
non-unitized stimuli during associative recognition. Neurolmage 39, 873-884.
doi: 10.1016/j.neuroimage.2007.08.041

Riefer, D. M., Hu, X., and Batchelder, W. H. (1994). Response strategies in source
monitoring. J. Exp. Psychol. Learn. Memory Cogn. 20, 680-693. doi: 10.1037/
0278-7393.20.3.680

Ries, M. L., Mclaren, D. G., Bendlin, B. B., Xu, G., Rowley, H. A,, Birn, R,
et al. (2012). Medial prefrontal functional connectivity—relation to memory
self-appraisal accuracy in older adults with and without memory disorders.
Neuropsychologia 50, 603-611. doi: 10.1016/j.neuropsychologia.2011.12.014

Ro, T., Wallace, R., Hagedorn, J., Farn¢, A., and Pienkos, E. (2004). Visual
enhancing of tactile perception in the posterior parietal cortex. J. Cogn.
Neurosci. 16, 24-30. doi: 10.1162/089892904322755520

Roozendaal, B., McEwen, B. S., and Chattarji, S. (2009). Stress, memory and the
amygdala. Nat. Rev. Neurosci. 10, 423-433. doi: 10.1038/nrn2651

Sahakyan, L., and Kelley, C. M. (2002). A contextual change account of the directed
forgetting effect. J. Exp. Psychol. Learn. Memory Cogn. 28, 1064-1072. doi:
10.1037/0278-7393.28.6.1064

Schacter, D. L., Kaszniak, A. W., Kihlstrom, J. F., and Valdiserri, M. (1991). The
relation between source memory and aging. Psychol. Aging 6, 559-568. doi:
10.1037/0882-7974.6.4.559

Sederberg, P. B., Howard, M. W., and Kahana, M. J. (2008). A context-based
theory of recency and contiguity in free recall. Psychol. Rev. 115, 893-912.
doi: 10.1037/a0013396

Slotnick, S. D. (2010). ‘Remember’ source memory rocs indicate recollection is a
continuous process. Memory 18, 27-39. doi: 10.1080/09658210903390061

Slotnick, S. D., and Dodson, C. S. (2005). Support for a continuous (single-process)
model of recognition memory and source memory. Memory Cogn. 33, 151-170.
doi: 10.3758/BF03195305

Frontiers in Psychology | www.frontiersin.org

September 2021 | Volume 12 | Article 691577


https://doi.org/10.1016/j.tics.2003.08.005
https://doi.org/10.1111/j.0956-7976.2005.01555.x
https://doi.org/10.1037/0033-295X.103.4.603
https://doi.org/10.1037/0033-295X.103.4.603
https://doi.org/10.3758/s13415-016-0489-1
https://doi.org/10.3758/s13415-016-0489-1
https://doi.org/10.1016/j.neuroimage.2017.04.065
https://doi.org/10.1037/emo0000465
https://doi.org/10.1037/emo0000465
https://doi.org/10.1016/S0896-6273(03)00146-6
https://doi.org/10.1016/S0896-6273(03)00146-6
https://doi.org/10.1016/j.neuron.2007.08.017
https://doi.org/10.1016/s0028-3932(01)00025-2
https://doi.org/10.1162/089892901753165809
https://doi.org/10.1111/j.1745-6916.2007.00028.x
https://doi.org/10.1111/j.1745-6916.2007.00028.x
https://doi.org/10.1017/S0140525X15000667
https://doi.org/10.1162/jocn.2006.18.4.614
https://doi.org/10.1016/j.neuroimage.2009.09.040
https://doi.org/10.1016/j.cortex.2019.02.004
https://doi.org/10.1016/j.cortex.2019.02.004
https://doi.org/10.1037//0278-7393.28.1.116
https://doi.org/10.1037//0278-7393.28.1.116
https://doi.org/10.1016/j.biopsych.2006.10.011
https://doi.org/10.1037/a0015849
https://doi.org/10.1016/S0005-7967(98)00063-1
https://doi.org/10.1136/jnnp.60.4.445
https://doi.org/10.1136/jnnp.60.4.445
https://doi.org/10.1111/j.1467-9280.2009.02356.x
https://doi.org/10.1037/a0025728
https://doi.org/10.1016/j.bbr.2016.10.002
https://doi.org/10.1016/S0028-3932(02)00168-9
https://doi.org/10.1037/a0018926
https://doi.org/10.31219/osf.io/ky9ax
https://doi.org/10.1162/jocn.2008.21016
https://doi.org/10.1162/jocn.2008.21016
https://doi.org/10.1037/xlm0000068
https://doi.org/10.1016/j.bandc.2016.06.009
https://doi.org/10.1037/a0014420
https://doi.org/10.1016/j.cub.2013.05.041
https://doi.org/10.1037/0033-295X.88.2.93
https://doi.org/10.1176/appi.ajp.2009.08091307
https://doi.org/10.1016/S1041-6080(01)00034-6
https://doi.org/10.1016/S1041-6080(01)00034-6
https://doi.org/10.1016/j.neuroimage.2007.08.041
https://doi.org/10.1037/0278-7393.20.3.680
https://doi.org/10.1037/0278-7393.20.3.680
https://doi.org/10.1016/j.neuropsychologia.2011.12.014
https://doi.org/10.1162/089892904322755520
https://doi.org/10.1038/nrn2651
https://doi.org/10.1037/0278-7393.28.6.1064
https://doi.org/10.1037/0278-7393.28.6.1064
https://doi.org/10.1037/0882-7974.6.4.559
https://doi.org/10.1037/0882-7974.6.4.559
https://doi.org/10.1037/a0013396
https://doi.org/10.1080/09658210903390061
https://doi.org/10.3758/BF03195305
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Guo et al.

Explanation of the Connection-Strength Model

Slotnick, S. D., Moo, L. R,, Segal, J. B., and Hart, J. Jr. (2003). Distinct prefrontal
cortex activity associated with item memory and source memory for visual
shapes. Cogn. Brain Res. 17, 75-82. doi: 10.1016/50926-6410(03)00082-X

Snytte, J., Elshiekh, A., Subramaniapillai, S., Manning, L., and Rajah, M. N. (2020).
The ratio of posterior-anterior medial temporal lobe volumes predicts source
memory performance in healthy young adults. Hippocampus 30, 1209-1227.
doi: 10.1002/hipo.23251

Sofia, P., and Gregoriou, G. G. (2017). Top-down control of visual attention by the
prefrontal cortex: functional specialization and long-range interactions. Front.
Neurosci. 11:545. doi: 10.3389/fnins.2017.00545

Squire, L. R. (2004). Memory systems of the brain: a brief history and current
perspective. Neurobiol. Learn. Mem. 82, 171-177. doi: 10.1016/j.nlm.2004.06.
005

Starns, J. J., and Ksander, J. C. (2016). Item strength influences source confidence
and alters source memory zROC slopes. J. Exp. Psychol. Learn. Memory Cogn.
42, 351-365. doi: 10.1037/xIm0000177

Starns, J. J., Pazzaglia, A. M., Rotello, C. M., Hautus, M. J., and Macmillan, N. A.
(2013). Unequal-strength source zROC slopes reflect criteria placement and
not (necessarily) memory processes. J. Exp. Psychol. Learn. Memory Cogn. 39,
1377-1392. doi: 10.1037/20032328

Steinberger, A., Payne, J. D., and Kensinger, E. A. (2011). The effect of cognitive
reappraisal on the emotional memory trade-off. Cogn. Emot. 25, 1237-1245.
doi: 10.1080/02699931.2010.538373

Sutton, S. K., and Davidson, R. J. (1997). Resting prefrontal asymmetry: a biological
substrate of the behavioral approach and behavioral inhibition system. Psychol.
Sci. 8,204-210. doi: 10.1111/j.1467-9280.1997.tb00413.x

Swick, D., Senkfor, A., and Petten, C. V. (2006). Source memory retrieval is affected
by aging and prefrontal lesions: behavioral and ERP evidence. Brain Res. 1107,
161-176. doi: 10.1016/j.brainres.2006.06.013

Takehara-Nishiuchi, K. (2020). Prefrontal-hippocampal interaction during the
encoding of new memories. Brain Neurosci. Adv. 4:2398212820925580. doi:
10.1177/2398212820925580

Talmi, D., Lohnas, L. J., and Daw, N. D. (2019). A retrieved context model of the
emotional modulation of memory. Psychol. Rev. 126, 455-485. doi: 10.1101/
175653

Talmi, D., Luk, B. T. C., McGarry, L. M., and Moscovitch, M. (2007). The
contribution of relatedness and distinctiveness to emotionally-enhanced
memory. J. Memory Lang. 56, 555-574. doi: 10.1016/j.jml.2007.01.002

Talmi, D., and Moscovitch, M. (2004). Can semantic relatedness explain the
enhancement of memory for emotional words? Memory Cogn. 32, 742-751.
doi: 10.3758/BF03195864

Tulving, E. (2002). Episodic memory: from mind to brain. Annu. Rev. Psychol. 53,
1-25. doi: 10.1146/annurev.psych.53.100901.135114

Tulving, E. (2004). Episodic memory: from mind to brain. Annu. Rev. Psychol. 53,
1-25.

Tulving, E., Kapur, S., Craik, F., and Houle, M. S. (1994). Hemispheric
encoding/retrieval asymmetry in episodic memory: positron emission
tomography findings. Proc. Natl. Acad. Sci. U. S. A. 91, 2016-2020.
doi: 10.1073/pnas.91.6.2016

Tulving, E., and Thomson, D. M. (1973). Encoding specificity and retrieval
processes in episodic memory. Psychol. Rev. 80, 352-373. doi: 10.1037/
h0020071

Turi, G. F,, Li, W,, Chalis, S., Pandi, I., O’Hare, J., Priestley, J. B., et al. (2019).
Vasoactive intestinal polypeptide-expressing interneurons in the hippocampus

support goal-oriented spatial learning. Neuron 101, 1150-1165. doi: 10.1016/j.
neuron.2019.01.009

Vargha-Khadem, F. (1997). Differential effects of early hippocampal pathology on
episodic and semantic memory. Science 277, 376-380. doi: 10.1126/science.277.
5324.376

Venneri, A., Mitolo, M., Beltrachini, L., Varma, S., Pieta, C. D., Jahn-Carta, C.,
et al. (2019). Beyond episodic memory: semantic processing as independent
predictor of hippocampal/perirhinal volume in aging and mild cognitive
impairment due to Alzheimer’s disease. Neuropsychology 33, 523-533. doi: 10.
1037/neu0000534

von Stein, A., Rappelsberger, P., Sarnthein, J., and Petsche, H. (1999).
Synchronization between temporal and parietal cortex during multimodal
object processing in man. Cerebral Cortex 9, 137-150. doi: 10.1093/cercor/9.
2.137

Vuli, K., Bjeki, J., Paunovi, D., Jovanovi, M., and Filipovi, S. R. (2021). Theta-
modulated oscillatory transcranial direct current stimulation over posterior
parietal cortex improves associative memory. Sci. Rep. 11:3013. doi: 10.1038/
$41598-021-82577-7

Woodward, A. (1998).
an actor’s reach. Cognition 69,
0058-4

Yonelinas, A. P. (1999). The contribution of recollection and familiarity
to recognition and source-memory judgments: a formal dual-process
model and an analysis of receiver operating characteristics. J. Exp.
Psychol. Learn. Memory Cogn. 25, 1415-1434. doi: 10.1037/0278-7393.25.6.
1415

Zhang, Q., Liu, X, An, W, Yang, Y., and Wang, Y. (2015). Recognition memory of
neutral words can be impaired by task-irrelevant emotional encoding contexts:
behavioral and electrophysiological evidence. Front. Hum. Neurosci. 9:73. doi:
10.3389/fnhum.2015.00073

Zheng, Z., Li, J., Xiao, F, Ren, W., and He, R. (2016). Unitization
improves source memory in older adults: an event-related potential
study. Neuropsychologia 89, 232-244. doi: 10.1016/j.neuropsychologia.2016.
06.025

Infants selectively encode the goal object of
1-34. doi: 10.1016/S0010-0277(98)0

Author Disclaimer: The content is solely the responsibility of the authors and does
not necessarily represent the official views of NSFC.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Guo, Shubeck and Hu. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Psychology | www.frontiersin.org

52

September 2021 | Volume 12 | Article 691577


https://doi.org/10.1016/S0926-6410(03)00082-X
https://doi.org/10.1002/hipo.23251
https://doi.org/10.3389/fnins.2017.00545
https://doi.org/10.1016/j.nlm.2004.06.005
https://doi.org/10.1016/j.nlm.2004.06.005
https://doi.org/10.1037/xlm0000177
https://doi.org/10.1037/a0032328
https://doi.org/10.1080/02699931.2010.538373
https://doi.org/10.1111/j.1467-9280.1997.tb00413.x
https://doi.org/10.1016/j.brainres.2006.06.013
https://doi.org/10.1177/2398212820925580
https://doi.org/10.1177/2398212820925580
https://doi.org/10.1101/175653
https://doi.org/10.1101/175653
https://doi.org/10.1016/j.jml.2007.01.002
https://doi.org/10.3758/BF03195864
https://doi.org/10.1146/annurev.psych.53.100901.135114
https://doi.org/10.1073/pnas.91.6.2016
https://doi.org/10.1037/h0020071
https://doi.org/10.1037/h0020071
https://doi.org/10.1016/j.neuron.2019.01.009
https://doi.org/10.1016/j.neuron.2019.01.009
https://doi.org/10.1126/science.277.5324.376
https://doi.org/10.1126/science.277.5324.376
https://doi.org/10.1037/neu0000534
https://doi.org/10.1037/neu0000534
https://doi.org/10.1093/cercor/9.2.137
https://doi.org/10.1093/cercor/9.2.137
https://doi.org/10.1038/s41598-021-82577-7
https://doi.org/10.1038/s41598-021-82577-7
https://doi.org/10.1016/S0010-0277(98)00058-4
https://doi.org/10.1016/S0010-0277(98)00058-4
https://doi.org/10.1037/0278-7393.25.6.1415
https://doi.org/10.1037/0278-7393.25.6.1415
https://doi.org/10.3389/fnhum.2015.00073
https://doi.org/10.3389/fnhum.2015.00073
https://doi.org/10.1016/j.neuropsychologia.2016.06.025
https://doi.org/10.1016/j.neuropsychologia.2016.06.025
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

',\' frontiers
in Neuroscience

BRIEF RESEARCH REPORT
published: 06 October 2021
doi: 10.3389/fnins.2021.698877

OPEN ACCESS

Edited by:

Hong Xu,

Nanyang Technological University,
Singapore

Reviewed by:

Casey S. Gilmore,

Minneapolis VA Health Care System,
United States

Antigona Martinez,

Nathan Kline Institute for Psychiatric
Research, United States

*Correspondence:
Wen-Jing Yan
yanwj@wzu.edu.cn
Yu-Hsin Chen
yhandrewc@gmail.com

Specialty section:

This article was submitted to
Perception Science,

a section of the journal
Frontiers in Neuroscience

Received: 22 April 2021
Accepted: 30 August 2021
Published: 06 October 2021

Citation:

Liang J, Ruan Q-N, Fu K-K, Chen
Y-H and Yan W-J (2021) The Effect
of Task-Irrelevant Emotional Valence
on Limited Attentional Resources
During Deception: An ERPs Studly.
Front. Neurosci. 15:698877.

doi: 10.3389/fnins.2021.698877

Check for
updates

The Effect of Task-Irrelevant
Emotional Valence on Limited
Attentional Resources During
Deception: An ERPs Study

Jing Liang’, Qian-Nan Ruan?, Ke-Ke Fu?, Yu-Hsin Chen** and Wen-Jing Yan®*

7 School of Educational Science, Ludong University, Yantai, China, 2 Wenzhou Seventh People’s Hospital, Wenzhou, China,
3 School of Education and Psychology, University of Jinan, Jinan, China, * College of Liberal Arts, Wenzhou-Kean University,
Wenzhou, China, ° School of Mental Health, Wenzhou Medical University, Wenzhou, China

Deception is a complex and cognitively draining dyadic process that simultaneously
involves cognitive and emotional processes, both of which demand/capture attentional
resources. However, few studies have investigated the allocation of attentional
resources between cognitive and emotional processes during deception. The current
study presented facial expressions of different valences to 36 participants. While an
electroencephalogram was recording, they were asked to make either truthful or
deceptive gender judgments according to preceding cues. The results showed that
deceptive responses induced smaller P300 amplitudes than did truthful responses.
Task-irrelevant negative emotional information (TiN) elicited larger P300 amplitudes than
did task-irrelevant positive emotional information (TiP). Furthermore, the results showed
that TiN elicited larger LPP amplitudes than did TiP in deceptive responses, but not in
truthful ones. The results suggested that attentional resources were directed away to
deception-related cognitive processes and TiN, but not TiP, was consistently able to
compete for and obtain attentional resources during deception. The results indicated
that TiN could disrupt with deception and may facilitate deception detection.

Keywords: deception, emotional valence, task relevance, attentional resources, ERP

INTRODUCTION

Deception is typically defined as a psychological process by which an individual deliberately
attempts to convince another to accept as true what the first individual knows to be
false, typically to gain benefits or avoid losses for the liar, but sometimes for others (Abe,
2009). Previous studies have shown that deception is a highly complex and cognitively
draining dyadic process that simultaneously involves both cognitive and emotional mechanisms
(Buller and Burgoon, 1996; Burgoon and Buller, 2015). To successfully deceive another
individual, deception simultaneously calls upon numerous cognitive processes to execute,
such as response-conflict monitoring, inhibitory control, and/or task switching (Debey et al.,
2015; Suchotzki et al., 2015). Furthermore, the deceiver has to constantly monitor his
or her targets demeanor and emotions and control their own throughout the deception
process, in order to appear credible and convincing (Vrij et al, 2019). As such, recent
deception studies have begun to investigate possible interactions among the cognitive and
emotional processes present during deception (Lee et al., 2010; Frank and Svetieva, 2012;
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Liang et al, 2018). For example, Liang et al. (2018) asked
participants to make truthful or deceptive gender judgments
when viewing positively and negatively valenced facial
expressions. This approach enabled the researchers to investigate
the cognitive processes underlying individuals’ truthful and
deceptive responses when task-irrelevant emotional information
was present. Their results indicated an influence of emotional
intensity upon the difference in truthful and deceptive response
times, suggesting that the automatic attention-orienting
mechanisms of task-irrelevant emotional information were
influenced on the cognitive cost of deception. However, it
remains unclear how the mind resolves the allocation of finite
attentional resources during deception when cognitive and
emotional processes are present simultaneously.

A prominent event-related potentials (ERP) in deception
tasks is the parietal P3 (also referred to as early P3/late
P3/P3b/LPC/LPP according to the time window used in
each study) which is a positive deflection typically occurring
between 300 and 1,000 ms post-stimulus (Li et al., 2008).
The parietal P3 amplitude is selectively sensitive to resources
of a perceptual/cognitive nature. Recognition of salient/known
stimuli induces larger P3 amplitude than unknown stimuli
especially when the knowledge of the stimuli is concealed, as
reported in Concealed Information Test studies (Meijer et al.,
2014; Leue and Beauducel, 2015). Whereas other deception
studies speculate that smaller P3 amplitude reflects attentional
resources directed away from the primary task to cognitive
processes related to deception (Johnson et al, 2003, 2005;
Wu et al,, 2009). Specifically, deception researchers generally
agree that deception is a cognitively complex process that
simultaneously enlists additional mechanisms (i.e., maintenance
of truthful information in working memory, inhibition of
truthful information, and execution of deceptive responses)
beyond the primary task/act of lying itself. As a result, it
has been reported through both behavioral (Debey et al,
2012; Suchotzki et al, 2017) and neuroimaging researches
(Abe, 2009; Christ et al., 2009) that attentional resources are
strained and simultaneously directed across multiple processes
during deception. Recent findings on parietal P3 amplitude
in tasks requiring deception (Leue et al, 2012; Leue and
Beauducel, 2015, 2019) reported individual differences in a
deception task for both early P3 (between 300 and 400 ms
or 280 and 350 ms post-stimulus) and late P3 (between
400 and 700 ms or 440 and 610 ms post-stimulus). Leue
et al. (2012) observed an effect of personality for early P3
amplitude but not for the late P3 amplitude, indicating that
early P3 and late P3 amplitudes represent different processes
(Leue and Beauducel, 2015).

According to findings of Kayser et al. (2000) who observed
larger early and late P3 amplitudes with parietal topographies
following emotionally salient stimuli compared to neutral
stimuli. It was suggested that early parietal P3 amplitude serve
as an indicator of initial affective stimulus salience and should
probably not be regarded as a P3a or novelty P3, which is known
to have a frontal topography, whereas late parietal P3 amplitude
serves as a somatic marker to signal stimulus significance and to
guide behavior (Damasio et al., 1991; Kayser et al., 2000; Leue and

Beauducel, 2015). Many research found increased LPP amplitude
(usually refers to the late P3 amplitude between 400 and 800 ms
post-stimulus) following the presentation of emotional rather
than neutral stimuli (Hajcak and Olvet, 2008; Hajcak et al,
2010). Furthermore, the LPP amplitudes elicited by negatively
valenced pictures were observed to be significantly greater than
those elicited by positively valenced pictures, even though both
were equally probable, evaluatively extreme, and arousing (Vaish
et al., 2008). One study also reported how LPP amplitudes were
larger for negatively rather than positively valenced pictures,
even when subjects were not asked to explicitly evaluate the
valence of the stimulus (Ito and Cacioppo, 2000), demonstrating
a negativity bias. In addition, Ferrari et al. (2008) investigated
whether LPP amplitudes were simultaneously influenced by task
relevance and emotionality, observing the largest LPP amplitudes
from task-relevant emotional pictures and the smallest from task-
irrelevant neutral pictures. When taken together, these studies
suggest that the LPP amplitudes can reflect attentional resources
diverted away from the processing of task-relevant stimulus
information when both cognitive and emotional processes are
simultaneously present in a task that involves a multifaceted
stimulus.

However, researchers have yet to explore the division and
allocation of finite attentional resources during deception when
task-relevant cognitive processes and task-irrelevant emotional
information are simultaneously present in a multifaceted
stimulus. The present study aims to investigate the above
question. Participants were asked to make truthful and deceptive
gender judgments about positive and negative facial expressions
while behavioral and electroencephalogramic data were recorded.
Accordingly, the experiment stimuli included task-relevant
information (i.e., gender relevance data such as hair, facial
physique, facial features), task-irrelevant positively valenced
emotional information (happy facial expression images; from
here on referred to as TiP), and task-irrelevant negatively
valenced emotional information (angry facial expression images;
from here on referred to as TiN).

According to previous studies (Johnson et al., 2003, 2005),
we expected significantly reduced parietal P3 amplitudes (for
both early and late P3) for deceptive rather than truthful
responses indicating that attentional and/or processing resources
were being diverted away from processing the stimulus
information related to the gender judgment task in order
to attend to deception related processes such as maintaining
truthful information in working memory, inhibition of truthful
information, and execution of deceptive responses which cost
more mental effort (Leue and Beauducel, 2019, p. 2). According
to negativity bias (Ito and Cacioppo, 2000; Vaish et al., 2008)
which indicated negatively valenced emotional information
tends to be more salient, we postulated larger parietal P3
amplitudes (both early and late P3) for TiN rather than TiP.
Since late P3 amplitude was simultaneously influenced by task
relevance and emotionality (Ferrari et al., 2008), we expected
the interaction between response (truthful vs. deceptive) and
emotion to emerge on late P3 which is required to guide the
individual in response selection and decision making by signaling
stimulus significance.
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Thirty-six undergraduate and graduate students (18 males,
average age = 21 years) were recruited. Participants were given
a monetary reward for their participation. All were right-
handed and had normal or corrected-to-normal vision. All
signed informed consents and were approved by the Ethical
Committee of Ludong University, in accordance with the
Declaration of Helsinki.

Stimuli and Procedure

Based on the stimulus evaluation results in the study by Liang
et al. (2018), 18 happy and 18 angry faces (half female) with
intensities above 4.5 from the NimStim and MUG databases were
selected for the formal experiment. The average intensity scores
were 5.58 (SD = 0.57) for the happy faces and 5.76 (SD = 0.63)
for the angry faces on a 9-point Likert Scale. Independent ¢-tests
on the average intensity scores revealed no significant differences
between happy and angry faces, #(34) = 0.93, p = 0.36.

For each trial, following a fixation cross (4) that was visible for
500-750 ms, the cue “T” or “L” appeared for 300 ms. Next, a blank
gray screen was presented for 1,000 ms. Then, an image of a facial
expression was presented for 300 ms, followed by a blank gray
screen for 1,200 ms. The participants judged the gender of the
model presented as accurately and quickly as possible, according
to the preceding cue. The “F” key was labeled “Male” and the “J”
key was labeled “Female.” Participants were instructed to make
truthful responses if the cue presented was “T” and deceptive
responses if the cue presented was “L.” The “Male” and “Female”
keys were counterbalanced among the participants. There were
equal numbers of “T” and “L” cues for each block, and all were
presented in random order (see Figure 1).

The experiment consisted of three blocks. Each included 72
trials, with each picture repeated twice within a single block.
Participants were given as much time as needed to rest before
proceeding to the next block.

Electrophysiological Recording and
Analysis
Continuous EEG readings were recorded using 64 electrodes
mounted in an elastic cap (Electro-Cap international, Inc.) that
was connected to the left mastoid. The data were removed
offline and then re-referenced to the average of the left and
right mastoids (M1 and M2). The vertical and horizontal
electrooculograms were recorded with bipolar channels from
sites above and below the midpoint of the left eye and next to
the outer canthi of each eye. Mild skin abrasion was performed
to reduce electrode impedance below 5 kQ. The EEG was band-
pass filtered from 0.05 to 100 Hz, amplified with a gain of 500,
and stored on a computer hard drive at a sample rate of 1,000 Hz
(Syn-Amps 4.5, Neuroscan, Inc.).

EOG artifacts from eye blinking and horizontal movement
were automatically corrected in all trials using the Scan 4.5
software package. EEGs contaminated with artifacts due to

300ms

1000ms

500-750ms

truthful response

deceptive response

FIGURE 1 | Experiment procedure.

amplifier clipping, bursts of electromyographic activity, or peak-
to-peak deflection exceeding + 75 wV were excluded from the
trials. In the present study, the ERP waveforms were time-locked
to the time of appearance of the facial expression images. The
averaged epoch for the ERPs was 800 ms, including a 100 ms pre-
stimulus baseline. Based on previous studies (Leue et al., 2012;
Leue and Beauducel, 2015) and inspection of the topographical
distribution of the grand-averaged ERP activities, there are two
positive peaks in the time interval relevant for the P3 (300-
800 ms), one between 300 and 400 ms and another one between
450 and 750 ms after stimulus onset. This indicates that an
average across the relevant time window could represent two
different components so that both time intervals were used for
EEG component quantification. According to Luck (2005), we
performed a combined amplitude and latency measurement: In
each individual ERP we searched for the most positive segment
average of 50 ms within the time window of 300-400 ms after
stimulus onset for the early P3 due to its narrow window. The
mean amplitude of the late P3 was measured between 450 and
750 ms. The following 15 electrode sites [Fz, F3, F4 (three
frontal sites), FCz, FC3, FC4 (three frontal-central sites), Cz, C3,
C4 (three central sites), CPz, CP3, CP4 (three central-parietal
sites), and Pz, P3, P4 (three parietal sites)] were chosen for
the statistical analysis. The amplitude of each ERP component
was then submitted in an ANOVA with response type (truth
vs. deception), valence (positive vs. negative), and electrode
zones (frontal vs. frontal-central vs. central vs. central-parietal
vs. parietal) as within-subject variables. ERP amplitudes were
averaged over electrodes within a zone.

RESULTS

Behavioral Data

A series of 2 (valence: positive vs. negative) x 2 (response type:
truthful vs. deceptive) repeated ANOVAs were conducted on
both accuracy and reaction time. The main effect of response
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type was found for accuracy, [F(1, 35) = 15.33, p < 0.001, nzp
= 0.31], indicating a higher accuracy for truthful (M = 0.93,
SE = 0.01) rather than deceptive responses (M = 0.90, SE = 0.01).
The main effect of response type was found for reaction time,
[F(1, 35) = 118.10, p < 0.001, nzp = 0.77], indicating a shorter
reaction time for truthful (M = 678.12, SE = 25.90) rather
than deceptive responses (M = 740.77, SE = 25.74). The main
effect of valence was found for reaction time, [F(1, 35) = 4.42,
p = 0.04, 0%, = 0.11], indicating a shorter reaction time for
TiP (M = 705.33, SE = 25.99) rather than TiN (M = 713.56,
SE = 25.47). The other main and interaction effects were not
significant (Figure 2).

Event-Related Potentials Data

Figure 3 shows the overall ERP waveforms for the 36 subjects in
the four conditions, which were detected using three electrodes
on the midline of the scalp. After artifact rejection, the mean
numbers of valid trials were 41, 41, 42, and 41 for deceptive
responses to negative facial expressions, deceptive responses
to positive facial expressions, truthful responses to negative
facial expressions, and truthful responses to positive facial
expressions, respectively.

Early P3 (300-400 ms)

A significant main effect of response type was revealed for early
P3, [F(1, 35) = 9.54, p = 0.004, nzp = 0.21]; the mean amplitude
for truthful responses (M = 2.94, SE = 0.66) was greater than for
deceptive responses (M = 2.19, SE = 0.59). The main effect of
valence was significant, [F(1, 35) = 4.37, p = 0.04, nzp =0.11];
TiN (M = 2.74, SE = 0.64) elicited a larger early P3 than did
TiP (M = 2.40, SE = 0.59). The main effect of electrode zone
was significant, [F(4, 140) = 84.48, p < 0.001, 1%, = 0.71],
indicating that the amplitude grew greater when moving from
the frontal area to the parietal area (0.23, 0.74, 1.99, 4.04, 5.85).

I positive facial expression

800 O negative facial expression

750 T [

g I
g ]
E |
2 650
=
[}
[
600
550
500

truthful response deceptive response

FIGURE 2 | The reaction time for positive and negative facial expression
under truthful and deceptive condition.

The differences among areas are significant except the difference
between frontal and frontal-central area. The interactive effect
of valence and electrode zone was significant, [F(4, 140) = 4.43,
p = 0.03, 1%, = 0.11], indicating that the difference between TiN
and TiP is significant in the central-parietal and parietal areas
(p = 0.003, p = 0.002), marginally significant in the central area
(p = 0.06), but not in the frontal and frontal-central areas. The
other interactions were not significant. For scalp topographical
maps (see Figure 4).

Late P3 (450-750 ms)

For the late P3 mean amplitude, there was a significant effect
of response type, [F (1, 35) = 9.09, p = 0.005, nzp = 0.21], with
the amplitude for truthful responses (M = 4.08, SE = 0.68) being
greater than for deceptive responses (M = 3.53, SE = 0.66). The
main effect of valence was marginally significant, [F(1, 35) = 3.49,
p=0.07, nzp = 009], meaning that TiN (M = 3.98, SE = 0.68) was
associated with a more positive late P3 than was TiP (M = 3.63,
SE = 0.66). The main effect of electrode zone was significant,
[F(4, 140) = 15.85, p < 0.001, nzp = 0.31], indicating that the
amplitudes in the central, central-parietal and parietal areas (4.51,
5.02, 4.31) were more positive than that in the frontal and frontal-
central areas (1.91, 3.26). The interactive effect of response type
and valence was significant, [F(1, 35) = 4.14, p = 0.05, nzp =0.11].
The amplitude for TiN (M = 3.84, SE = 0.70) was greater than
for TiP (M = 3.21, SE = 0.63) under deceptive conditions,
p = 0.01. In contrast, the late P3 amplitude for TiN and TiP
did not differ under truthful conditions, p = 0.80 (see Figure 5).
For scalp topographical maps (see Figure 6). The interactive
effect of response type and electrode zone was significant, [F(4,
140) = 7.15, p < 0.001, 12, = 0.17], indicating that the amplitude
difference between truthful responses and deceptive responses
was significant in the frontal, frontal-central, central and central-
parietal areas, but not in the parietal areas. The other interactions
were not significant.

DISCUSSION

In the present study, we asked participants to make truthful
and deceptive gender judgments of positive and negative facial
expressions. An ERP was applied to investigate how individuals
resolved and allocated finite attentional resources when a
stimulus contained both task-relevant (i.e., gender relevance
information) and task-irrelevant emotional information
(positively/negatively ~valenced) during deceptive gender
judgments. The results show that deceptive responses induced
smaller parietal P3 amplitudes (both early and late P3) than did
truthful responses. TiN elicited larger parietal P3 amplitudes
(both early and late P3) as compared to TiP. Furthermore, the
results reveal that TiN elicited larger late parietal P3 amplitude
than did TiP in deceptive but not in truthful responses.

In the present study, significantly reduced early and late
parietal P3 amplitudes were observed during deceptive responses
in comparison to truthful responses. This result is consistent
with previous deception researches suggesting that smaller P3
amplitude (both early and late) reflects attention directed away
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FIGURE 3 | Grand average waveforms at Fz, Cz, and Pz for each of the four experiment conditions.
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to other processes present during deception (Johnson et al.,
2003, 2005; Wu et al., 2009). In line with recent meta-analysis
(Leue and Beauducel, 2019), reduced parietal P3 amplitude in
deception can be interpreted in terms of mental effort. Taken
together, the results in the present study indicate more mental
effort was required when the individuals were cued to make
deceptive rather than truthful responses. Significantly larger
early and late parietal P3 amplitudes for the TiN trials in
comparison to the TiP trials further revealed the influence of
task-irrelevant emotional information. Numerous studies have
observed differences in parietal P3 amplitude among emotional
stimuli of different valences. Specifically, larger parietal P3
amplitude has commonly been reported in negatively valenced
stimuli, as compared to positively valenced stimuli (Ito and
Cacioppo, 2000; Ferrari et al., 2008; Vaish et al., 2008). In
general, previous findings suggest that negatively valenced
stimuli have higher saliency than other affectively neutral or
even positive stimuli (Ogawa and Suzuki, 2004). Our ERP results

mirror those of previous ERP studies, with the results of early
and late P3 amplitudes indicating that TiN was more salient
compared to TiP.

On top of the main effect for both response type and
valence, is the observed interaction between response type and
valence for late P3 amplitude. In the present study, larger
late parietal P3 amplitude was observed for TiN than for
TiP when participants made deceptive responses, whereas no
differences in late parietal P3 amplitude were found between
TiN and TiP when participants made truthful responses.
Previous findings have suggested that late parietal P3/LPP
activity indicates the amount of attentional resources being
allocated to the processing of a stimulus (Ferrari et al,
2008). In accordance with previous findings, the former
result suggests that the amount of attentional resources being
allocated to process TiN was greater than for TiP when
individuals made deceptive responses. This finding is consistent
with the majority of previous findings, which reported that
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FIGURE 4 | Topographic maps of the mean voltage amplitudes for the four experimental conditions in the 300-400 ms time window.
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task-irrelevant negative stimuli were more salient and thus
demanded more attention (due to processing bias) than task-
irrelevant positive stimuli. Yet the latter result suggests otherwise,
indicating that the amount of attentional resources allocated
to process TiN did not differ from that of TiP when the
individuals made truthful responses. Our ERP results imply
that when attentional resources are strained (for example,
in deceptive responses and when attention needs to be

spread simultaneously across numerous cognitive processes), the
amount of attentional resources or effort allocated to process TiN
is greater than when TiP is present. This indicates that negatively
valenced emotional information, despite being task-irrelevant,
competed for attentional resources and successfully acquired
more attentional resources when those attentional resources
were strained during deceptive responses; less attentional
resources were allocated to TiP during deceptive responses.
In contrast, when attentional resources were not as strained
(for example, in truthful response conditions), both TiN and
TiP competed for attentional resources and perhaps received
equal allocations. Based on the results of the present study,
it can be speculated that TiN was able to consistently obtain
attentional resources. In contrast, the attentional resources or
effort allocated to TiP depended on whether attentional resources
were constrained or not.

These results provide a glimpse into how task-irrelevant
emotional information influences individuals’ deceptive and
truthful responses. Deception detection researches have unveiled
numerous findings underscoring the importance of both emotion
and cognitive load in deception (Vrij et al., 2012, 2017). The
findings of the present study demonstrate how the two equally
important processes involved in deception simultaneously
compete for and are allocated finite attentional resources. These
conclusions have implications for future deception detection
research relying on imposed cognitive load to magnify differences
between liars and truth-tellers. Numerous studies have reported
how additional cognitive loads can effectively aid in deception
detection (Frank and Svetieva, 2012; Vrij et al., 2012, 2017).
According to that theory and previous findings, additional
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cognitive load imposed on liars whose cognitive resources have
already been partially depleted by the cognitively demanding
task of lying, further strain their available resources. As a
result, such loading has a particularly debilitative effect on a
liar’s attempt to present a plausible, detailed, and convincing
depiction of an event.

Based on the findings of the present study, the presence of
TiP and TiN should be considered in the process of deception
detection. Our results indicate that TiN consistently competed
for and exerted strain on attentional resources, regardless of
the response type (deceptive vs. truthful). In contrast, the
strain TiP imposed on attentional resources in a manner that
did not facilitate the goal of overloading and debilitating liars
by imposing additional strain. Our results suggest that less
strain on attentional resources was imposed when individuals
made deceptive responses if TiP was present. Conversely, the
strain on attentional resources imposed when individuals made
truthful responses did not differ between trials where TiN or
TiP was present. These results suggest that the presence of
TiP in deception detection may lessen rather than magnify the
differences between truth-tellers and liars. However, caution
is advised when interpreting results obtained in the present
study. Deceptive responses were dictated by the experiment’s
instructions, rather than freely undertaken by the participants
in our study. Hence, the experiment conditions differed from
the real-world high stakes lies considered in previous deception
detection research, where the motivation to deceive was strong.
A study examining the effect of willingness toward honest
and deceptive responses, reported a significant main effect

of willingness, observing larger P3 amplitude elicited by self-
determined responses compared to forced responses (Wu et al.,
2009). Another limitation of this research is the lack of control
over possible individual differences in cognitive capacity. Study
has reported a relationship between individual differences in
executive functions (cognitive capacity) and the accuracy as
well as latency of deceptive responses. Results showed that set-
shifting and inhibition were directly related to deception accuracy
and speed, respectively. However, enhanced underlying working
memory skills (both verbal and spatial) were negatively associated
with deception speed (Visu-Petra et al., 2012).

CONCLUSION

The present study highlighted how emotional and cognitive
processes involved in deception simultaneously compete for
finite attentional resources. The results show that deceptive
responses induced smaller early and late P3 amplitudes than did
truthful responses. Additionally, TiN elicited larger early and late
P3amplitudes than did TiP. Furthermore, the results reveal that
TiN elicited larger late P3 amplitude than did TiP in deceptive
but not truthful responses. The results suggest that attentional
resources were directed away to deception-related cognitive
processes. Moreover, TiN but not TiP, was consistently able to
compete for and obtain attentional resources during deception.
The results reveal a unique effect of stimulus saliency (in the form
of task irrelevant negatively valenced emotional information)
during deceptive responses but not truthful responses.
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Reward Expectation Differentially
Modulates Global and Local Spatial
Working Memory Accuracy

Qingjie Zhou, Zanzan Jiang and Jinhong Ding*

Beijing Key Laboratory of Learning and Cognition, College of Psychology, Capital Normal University, Beijing, China

Although it has been suggested that reward expectation affects the performance
of spatial working memory tasks, controversial results have been found in previous
experiments. Hence, it is still unclear to what extent reward expectation has an effect on
working memory. To clarify this question, a memory-guided saccade task was applied, in
which participants were instructed to retain and reconstruct a temporospatial sequence
of four locations by moving their eyes in each trial. The global- and local-level spatial
working memory accuracies were calculated to determine the reward effect on the
global and local level of processing in spatial working memory tasks. Although high
reward expectation enhanced the encoding of spatial information, the percentage of
trials in which the cued location was correctly fixated decreased with increment of reward
expectation. The reconstruction of the global temporospatial sequence was enhanced
by reward expectation, whereas the local reconstruction performance was not affected
by reward. Furthermore, the improvements in local representations of uncued locations
and local sequences were at the cost of the representation of cued locations. The results
suggest that the reward effect on spatial working memory is modulated by the level of
processing, which supports the flexible resource theory during maintenance.

Keywords: reward expectation, spatial working memory, global-level processing, local-level processing, high
cognitive load

INTRODUCTION

Working memory plays an essential role in human adaptive behavior and lies at the core of
cognitive psychology research since its birth. The limited capacity of working memory has been an
important concern since the insightful research of Miller on “the magical number seven” (Miller,
1956), and it has been demonstrated that the capacity of working memory is even less than seven
(Cowan, 2001; Kawasaki and Yamaguchi, 2013; Marchette et al., 2015). However, the total capacity
of working memory is not fixed; it varies across individuals (Just and Carpenter, 1992; Barrett et al.,
2004) and can even be improved by motivation within the same individual (Krawczyk et al., 2007;
Heitz et al., 2008; Kawasaki and Yamaguchi, 2013).

As an extrinsic motivation, monetary reward is a powerful modulator of attention. The
expectation of a monetary reward narrows down the scope of attention (Filetti et al., 2019), allocates
cognitive resources (Wei and Kang, 2014; Su et al., 2021), and alters cognitive executive function
(Quetal, 2013). It has been proposed that reward expectation improves working memory capacity
by encouraging participants to make more efforts to fulfill the working memory tasks (Gilbert and
Fiez, 2004; Hopstaken et al., 2016).
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However, empirical results have revealed a complex
relationship between reward and working memory. Under
some circumstances, reward did improve working memory
performance (Gilbert and Fiez, 2004; Taylor et al., 2004; Rowe
et al, 2008; Beck et al., 2010; Savine et al., 2010; Marquand
et al., 2011; Kawasaki and Yamaguchi, 2013; Sandry et al., 2014;
Choi et al,, 2015; Hammer et al., 2015; Fairclough and Ewing,
2017; Hefer and Dreisbach, 2017; Heritage et al., 2017; Klink
et al, 2017; Allen and Ueno, 2018; Anna and Anna, 2018;
Thurm et al., 2018; Gaillard et al., 2019; Magis-Weinberg et al.,
2019; Manga et al., 2020; Sandry and Ricker, 2020), while other
studies did not find the reward effect on working memory
accuracy (Pochon et al, 2002; Krawczyk et al., 2007; Beck
et al., 2010; Hager et al., 2015; Infanti et al., 2017; Smith et al.,
2017; Fairclough et al., 2018; Di Rosa et al., 2019). A potential
factor mediating the reward effect is working memory load. For
example, the reward effect was pronounced in studies of complex
tasks, such as remembering 20 locations (Cho et al., 2018) or
maintaining spatial and other features simultaneously (Rowe
et al., 2008; Kawasaki and Yamaguchi, 2013; Klink et al., 2017;
Allen and Ueno, 2018; Anna and Anna, 2018; Gaillard et al,
2019). In contrast, when the task was relatively simple, such as
the eight-arm maze task (Smith et al., 2017), the influence of
reward expectation on spatial working memory disappeared.
Some researchers directly manipulated working memory load
and/or compared performances of participants with different
working memory abilities (Taylor et al., 2004; Esteban et al,
2015; Hammer et al., 2015; Thurm et al., 2018; Gaillard et al.,
2019). For example, Hammer et al. (2015) required children with
attention-deficit/hyperactivity disorder (ADHD) and normally
developed children to complete 2-back visual working memory
tasks. The behavioral results revealed the reward expectation
effect on working memory performance only in the ADHD
group but not in the normally developed group. It was proposed
that the disappearance of the reward effect was due to the ceiling
effect (Savine et al., 2010; Esteban et al., 2015; Hammer et al,,
2015).

However, the reward effect is not merely mediated by working
memory load (Pochon et al, 2002; Heritage et al, 2017;
Fairclough et al., 2018; Gaillard et al., 2019), and participants
with better working memory ability have shown the reward
effect, while others did not (Thurm et al., 2018; Manga et al.,
2020). Hence, working memory load is not sufficient to explain
the inconsistent results of the previous studies. There are other
factors involved in the relationship between reward and working
memory, such as processing level (Ahmed and Fockert, 2012) and
other factors (Beck et al., 2010; Savine et al., 2010; Choi et al,,
2015; Hammer et al., 2015; Heritage et al., 2017; Fairclough et al.,
2018; Magis-Weinberg et al., 2019).

According to the load theory, the effectiveness of voluntary
attention is impaired when working memory load is high,
because of exhausting cognitive resources (Lavie et al., 2004).
However, according to Ahmed and Fockert (2012), this theory is
valid only when the task requires relative local-level processing,
while the effect reverses when global-level processing is required.
Ahmed and Fockert (2012) suggested that the ability to effectively
concentrate attention to relevant local visual fields is reduced

when working memory load is high. In typical spatial working
memory studies, increment of spatial working memory load
always couples with a more localized requirement of processing.
Compared with low spatial working memory load condition, the
visual field in high working memory load condition is divided
into relatively small areas, and attention must be constrained
to a more local visual field to take in distinct representations
of multiple locations (Saarinen, 1988), while the effectiveness of
voluntary attention deteriorates when the working memory load
is high. Thus, the increase in working memory requirement is not
only a burden to the maintenance of spatial information but also
weakens the encoding of spatial locations.

The interaction between the effect of reward and the effect of
working memory load may reflect the unstable reward effect on
working memory. The reward effect improves working memory
performance by enhancing voluntary attention (Gilbert and
Fiez, 2004; Pessoa, 2009), but a high working memory load
undermines the precision of spatial representations (Ahmed
and Fockert, 2012). Based on these findings, we hypothesized
that reward enhances spatial working memory performance
at the global level, but working memory performance at the
local level benefits less from reward or, even worse, the reward
effect vanishes.

To verify this hypothesis, we applied a sequential memory-
guided saccade task under different reward conditions.
Compared with other delay-match tasks, the memory-guided
saccade task is more flexible and accountable (Funahashi et al.,
1993) and has been widely applied in studies of spatial working
memory (Funahashi et al.,, 1993; Park et al.,, 1995; Sawaguchi
and Iba, 2001; Johnston and Everling, 2008; Tsujimoto and
Postle, 2012). The accuracy of saccade relies on precise spatial
representation (Vergilino and Beauvillain, 2001; Theeuwes et al.,
2009). The memory of sequential locations consists of location
and sequence information. Sequential information is organized
in either time or space, which are compatible (Fischer-Baum
and Benjamin, 2014). Serial-order memory is highly connected
with spatial working memory, and sequence information is
represented in the form of space (van Dijck et al., 2013; Antoine
et al., 2018).

In this study, spatial working memory performance was
assessed both at the global and local level of similarity
between stimuli sequence and scan path. In addition to
the saccade landing point, fixation duration was calculated
as a measurement of cognitive effort devoted to the task.
Eye movements reflect the status of attention (Rayner, 1978,
2009; Theeuwes et al., 2009), and fixation duration is a
valid indicator of attention (Rayner et al., 2007; Papageorgiou
et al., 2014). Friedman and Liebelt (1981) found that fixation
duration was prolonged when the gazed object was unusual
or was required to be remembered. They suggested that
the prolonged fixation duration reflects additional attention
allocated to the gazed object. Considering that fixation duration
covers multiple cognitive procedures, such as intake of foveal
information and saccade planning (Rayner, 1998; Ludwig
et al., 2014), and is influenced by factors other than cognitive
effort (Rayner, 1998; Ludwig et al, 2014), comparing the
fixation durations of reward cue and non-cue can provide
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more details about the impact of reward expectation on
working memory.

METHODS

Participants

Twenty right-handed college students (10 men and 10 women)
participated in this experiment. All of them had a normal
or correct-to-normal vision and color vision. They were
compensated after the experiment with a basic amount of money
plus a bonus depending on their performance.

Equipment and Materials

Stimuli were presented on a 19-inch CRT monitor with a refresh
rate of 120 Hz and a resolution of 1,024 x 768 pixels via Visual
Basic. The viewing distance was 60 cm. A chin and forehead rest
was used to reduce head movements. Eye positions were recorded
by SMI Hi-speed eye tracker (SensoMotoric Instruments GmbH,
Teltow, Germany) at a sampling rate of 350 Hz. The spatial
resolution of the eye tracker was 0.1° of visual angle. A standard
nine-point calibration and validation were conducted at the
beginning of each block to ensure the eye data quality. Memory
arrays consisted of four items, three of which were gray disks,
while the fourth, a reward cue, was either a 1-Fen or 1-Yuan
or blurred Chinese coin (1 Yuan equals 100 Fen in Chinese
currency). The locations of reward cues in memory arrays were
randomized. All stimuli were in the size of 5.59° visual angle and
had the same luminance (Figure 1B). The reward expectation
level was assigned to none, low, and high corresponding to
reward cues of blurred, 1-Fen, and 1-Yuan Chinese coins (reward
cues), respectively.

The screen was divided into 16 grids and equally distributed
in four quadrants (four squares in each quadrant). Items (disks
or reward cues) were displayed in squares in accordance with the
experimental design.

Procedure
A sample test paradigm was used in the experiment. During
the encoding phase, a “+” appeared at the center of the screen
and disappeared until the subjects fixated it steadily for at least
800 ms. Four pictures, including three gray disks and a reward
cue (blurred/1-Fen/1-Yuan Chinese coins), were presented in
each quadrant at one of four grids for 1,000 ms, sequentially.
The stimulus positions were described by the sequential order
of quadrants (denoted by bigger numbers) and the number of
grids (labeled by letters; as shown in Figure 1A) in which the
stimuli were displayed. The participants were asked to gaze at the
pictures and to remember their locations and sequential order.
There was a delay of 800 ms before the recall phase. During
the recall phase, the participants were instructed to reconstruct
the spatial location sequence as precisely as possible in 5,000 ms
by gazing on a blank screen. The eye scan path was described
by two series of positions of different processing levels. One
was the quadrant sequence, indicating the sequential order of
eye positions in different quadrants, such as “1234” (denoted by
letters in Figure 1A). The other one was the sequential positions
at grids in each of the quadrants, denoted by letters “ABCD.” The

recall performance of spatial working memory was calculated
by comparing the sequences of stimulus in the encoding phase
and eye scan path in the retrieval phase. Similarities of each
trial were calculated according to Brandt and Stark (1997) and
Eddy (2004), including global similarity (GS), which was based
on the quadrant, and local similarity (LS), which was based on
the grid. Both GS and LS refer to degrees of similarity between
sequences of stimuli positions in the study phase and eye fixation
positions in the recall phase, ranging from 0 (totally different)
to 1 (the same). GS and LS indicate the recall accuracy of the
global and local positions of stimuli, respectively. LS has a finer
spatial scale than GS and reflects a more rigid requirement of
spatial resolution.

At the end of each trial, a feedback of reward amount (money
in Chinese Yuan) was shown for 1,000 ms. Coin pictures were
used to indicate locations to be remembered and reward cues
(Hager et al,, 2015; Di Rosa et al., 2019; Manga et al., 2020). The
amount of reward depended on the performance (i.e., GS and LS)
and reward conditions of participants and was calculated by the
formula W*(GS+LS)/2), where W = 0 for No-reward, W = 1 for
Low-reward, and W = 10 for High-reward. The unit of it is the
Chinese Yuan.

A total of 192 trials in the whole experiment were randomized
and assigned into 12 blocks. There were 48 trials in each of
the reward expectation conditions (No, Low, and High). The
procedure of one trial is shown in Figure 2.

Data Preprocessing

Dependent variables in the present research were derived from
the fixation data. Fixations were defined using a temporal
threshold of 100 ms and a spatial threshold of 2° visual angle,
which were calculated offline. Then, the mean fixation number
and the mean fixation duration were generated and grouped by
the reward expectation conditions and location of fixation. The
percentage of trials in which the cued grid was correctly re-
fixed was used as the index of reward-cue memory performance.
The spatial working memory task performance was evaluated by
the sequence similarity proposed by Eddy (2004). Specifically,
locations with the same temporal order of stimuli in the study
phase and of eye fixation in the recall phase were compared,
and each pair of overlapped locations scored 1 point. Sequence
similarity was calculated by dividing the total score of four pairs
of locations by 4, with a range from 0 (totally wrong) to 1
(totally correct).

RESULTS
Eye Fixations During the Study Phase

During the study phase, three gray disks and a reward cue were
presented sequentially one by one. The subjects were instructed
to remember their spatial and temporal locations. We segregated
the numbers of eye fixations and their durations by whether they
were on the cue or non-cue (gray disk; as shown in Figure 3).
There was no significant effect of reward expectation or
fixation position (on non-cue or cue) on the number of fixations.
However, the fixation duration was significantly affected by
reward expectation [Mno_reward = (362 &£ 14) ms; M1 0w reward =
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FIGURE 1 | Partition of the screen for stimulus presentation (A) and stimuli used in the experiment (B). (A) Four quadrants (marked by numbers) were divided into a
total of 16 equal-size grids (four per quadrant, labeled by letters). (B) Stimuli were gray disk (top left), blurred disk (top right), 1-Fen (bottom left), and 1-Yuan (bottom
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FIGURE 2 | An example of the sequence of events and presentation times.

1000 ms

(355 £ 13) mS; Mitigh—reward = (410 £ 17) ms; F(y, 3g) = 25.736,
p < 0.001, 0y = 0.575], fixation position [Mcye = (421 £ 17) ms;
Mgige = (331 £ 11) ms; Fy, 19) = 91.351, p < 0.001, n2 = 0.828],
and their interaction [F(,, 3g) = 15.087, p < 0.001, nf, = 0.443].
Simple effect analysis showed significant differences in fixation
duration between the fixations on locations of reward cue and
those on locations of non-cue disk under No-reward [t(j9) =
8.714, p < 0.001, Cohen’s d = 1.949], Low-reward [t(9) = 4.810,

p < 0.001, Cohen’s d = 1.075], and High-reward expectation
conditions [t(19) = 7.005, p < 0.001, Cohen’s d = 1.566]. Reward
expectation effects were significant for fixation durations of both
reward cue [F(, 33y = 6.020, p < 0.001, 1r]12j = 0.241] and non-cue
disks [F(, 38y = 23.120, p < 0.001, nf, = 0.549]. For the non-cue
disks, fixation durations of High-reward cue were significantly
longer than those of Low- [t(j9) = 2.174, p = 0.043, Cohen’s d =
0.486] and No-reward cues [t(;9) = 4.077, p < 0.001, Cohen’s d =
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0.912]. The difference in fixation durations between No-reward
and Low-reward cues was marginally significant [¢(;9) = 2.057, p
= 0.054, Cohen’s d = 0.460]. When reward cues were fixated, the
same pattern appeared. Fixation durations of High-reward cues
were significantly greater than those of No-reward [¢(;9) = 4.266,
p < 0.001, Cohen’s d = 0.954] and Low-reward cues [t(j9) =
5.596, p < 0.001, Cohen’s d = 1.251], and there was no significant
difference between No- and Low-reward cues.

Eye Fixations on the Location of Reward

Cue During the Retrieval Phase

During the retrieval phase, the percentage of cued grids that
were correctly fixated (as shown in Figure 4A) and the fixation
durations of fixated or unfixated cued grids under different
reward expectation conditions were calculated (as shown in
Figure 4B).

Analysis of variance (ANOVA) of the percentage of trials in
which cued grids were fixated (as shown in Figure 4A) revealed a
significant effect of reward expectation [Myo—reward = 51.70% £
1.60%; Mo —reward = 46.40% £ 1.40%; Mirigh—reward = 29-20%
+ 2.50%; F(, 35 = 44.800, p < 0.001, n? = 0.702]. Multiple
comparisons showed that the No-reward cued grid was fixated
more frequently than the Low-reward [t9) = 2.731, p < 0.05,
Cohen’s d = 0.886] and High-reward cued grids [t(;9) = 9.461,
p < 0.001, Cohen’s d = 3.070], while the Low-reward cued grid
received more fixations than the High-reward cued grid [¢(;9) =
5.702, p < 0.001, Cohen’s d = 1.850].

A 2 (fixation on cued grid and non-cued grid) x 3 (No-, Low-,
and High-reward cue) repeated-measures ANOVA of fixation
duration revealed a significant effect of fixation location [Myeq
= (441 % 22) ms; Mypeyed = (461 =+ 19) ms; F(y, 19) = 6.798, p
= 0.017, ) = 0.263], reward expectation [Moreward = (470 £
19) ms; MLow—reward = (442 & 21) ms; MHigh—reward = (441+23)
ms; F(y, 33) = 5.808, p = 0.019, nf) = 0.234], and their interaction
[F(2, 38) = 22.793, p < 0.001, ng = 0.545]. Simple effect analysis
showed significant differences in fixation durations between cued
and non-cued grids under No- [F(; 19y = 33.280, p < 0.001,
nf, = 0.637], Low- [F(1, 19) = 23.640, p < 0.001, nf, = 0.554], and

High-reward expectation conditions [F(;, 19y = 11.910, p < 0.001,
nlzJ = 0.385]. Reward expectation effects were significant for mean
fixation durations on both cued grid [F(,, 35y = 11.710, p < 0.010,
nfz, = 0.381] and non-cued grid [F(, 33 = 15.11, p < 0.001,
né = 0.443]. Duration of fixation on non-cued grid of No-reward
expectation was significantly shorter than that of Low-reward
[ta9) = —5.051, p < 0.001, Cohen’s d = 1.639] or High-reward
expectation conditions [t(;9) = —3.717, p = 0.001, Cohen’s d =
1.206]. There was no significant difference in fixation duration
between High- and Low-reward expectations. For the cued grid,
the fixation duration of No-reward expectation was significantly
longer than that of High- [£(19) = 6.715, p < 0.001, Cohen’s d =
2.179] and Low-reward expectation conditions [#(;9) = 3.825,p =
0.001, Cohen’s d = 1.241], and there was no significant difference
between High- and Low- reward expectation conditions.

The Retrieval Performance of Spatial
Working Memory Task

Spatial working memory performances (both GS and LS between
the sequence of stimuli positions and eye fixation positions in the
recall phase) under different conditions are shown in Figure 5.
For the GS, a 2 (cued grid fixated and unfixated) x 3
(No-, Low-, and High-reward cue) repeated-measures ANOVA
revealed a significant effect of reward expectation [Myo—_reward
= 0.601 £ 0.012; Mygy—reward = 0.601 = 0.010; Mitigh—reward
= 0.625 % 0.011; F(y, 35 = 7.078, p = 0.002, n2 = 0.271]. The
interaction between the cued grid and reward expectation is also
significant [F(,, 33) = 4.356, p = 0.020, nlzg = 0.187]. Simple effect
analysis revealed a significant reward expectation effect when the
locations of reward were successfully re-fixated [F(, 35y = 12.095,
p < 0.001, né = 0.389] but not when the locations of reward
cue were not re-fixated. Further analysis showed that, when the
locations of reward cue were successfully re-fixated, there were
significant differences in GS between the Low-reward condition
and the High-reward condition [(;9) = 3.788, p = 0.002, Cohen’s
d = 0.847] and between the No-reward condition and the High-
reward condition [f(;9) = 4.611, p < 0.001, Cohen’s d = 1.031].
However, there was no significant difference between the No-
reward condition and the Low-reward condition. The difference
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Reward Expectation

of GS between conditions when the cued grid was fixated and
when the cued grid was unfixated was significant in High-reward
expectation condition [f(;9y = 2.813, p = 0.011, Cohen’s d =
0.629], but not in the other two reward expectation conditions
(p > 0.100).

Local similarity showed a different statistical pattern, that is,
2 (cued grid fixated and unfixated) x 3 (No-, Low-, and High-
reward cue) repeated-measures ANOVA revealed a significant
main effect of re-fixation [Mypfixated = 0.521 £ 0.012;5 Mfixated
= 0465 £ 0.010; Fp, 35 = 26413, p < 0.001, 1 = 0.582],
showing that when the cued grids failed to be re-fixated,
scores of local similarity went up. Other effects on LS were
not significant.

DISCUSSION

showed that reward
and maintenance
Four-

The results of the current research
expectation affected the encoding
of temporally organized spatial representations.
location temporal sequence was encoded into the
working memory, and more attention was paid to
locations with high rewards in the study phase. These

spatial location representations were maintained in

the delay phase and retrieved successively in the

reconstruction phase.

Reward Expectation Enhances Voluntary

Attention in the Encoding Phase

The results of the study phase showed that stimuli, reward
cues or not, in the High-reward expectation condition were
fixated longer than those in No- and Low-reward expectation
conditions (as shown in Figure 5). Considering the effect of
reward expectation on recall performance in this study and
the indecisive relationship between pure fixation duration and
working memory performance in previous studies (Saint-Aubin
et al, 2007; Oi et al,, 2015), the changed fixation duration
in the study phase of this study likely reflect differences
in attention allocation under different reward expectation
conditions. Specifically, the participants paid more attention to
the task when reward expectation was high, compared with the
No-reward and Low-reward conditions.

The result of fixation duration in the study phase is in line
with previous studies that reported that reward expectation
prompted encoding of working memory (Wallis et al., 2015;
for a review, see Botvinick and Braver, 2015; Klink et al,
2017; Roberts et al., 2017). In their first experiment, Wallis
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et al. (2015) found that reward improved encoding of reward-
associated items, and the reward effect was generalized to other
items in the memory list. In this research, fixation durations on
gray disks were prolonged in High-reward conditions as well.
It seems that the mechanism underlying the reward effect in
the encoding phase is more general than the specified encoding
of the reward cue. A plausible explanation is that reward
expectation enhances arousal, which in turn provides more
cognitive resources for working memory encoding (Murray,
2007; Murayama and Kitagami, 2014; Unsworth and Robison,
2015), and participants are willing to make more efforts to obtain
a higher reward. The null result of fixation number and the longer
fixation duration of reward cue in the study phase are predictable.
The design of the task in this research restricted the saccadic
patterns of participants in the study phase and led to equivalent
fixations under all reward expectation levels. These reward cues
contained additional reward information compared with gray
disks, requiring additional processes.

Reward Effects on Different Processing

Levels

The main aim of this research was to explore the reward effect
on spatial working memory at different processing levels. As
predicted, we found a significant reward effect on GS, the
indicator of global processing, but no reward effect on local
similarity, the indicator of local processing. Furthermore, the
percentage of trials in which the cued grid was correctly re-fixated
during the retrieval phase, a relatively local indicator, decreased
with the increment of reward. High reward improved spatial
working memory performance at the global level but undermined
the precision of spatial representations at the local level.

Mean fixation duration in the recall phase is in line with
this conclusion. The mean fixation duration in memory-guided
saccade tasks is affected by the strength of the memory
trace, and it requires more time and effort to recall a weak
memory trace (Burke et al., 2012; Haj et al, 2017; Dang
et al., 2021). Therefore, when the memory of the next saccade
target is weak, prolonged fixation duration is required to
generate the following saccade (Meghanathan et al, 2020).
Eye-tracking data of this research showed that fixation on
uncued locations in the recall phase, sometimes followed by
a saccade to the cued location, prolonged as the reward
expectation was higher. A potential explanation is that, in
this research, the memory for the cued location was degraded
when the reward expectation was high, and more time
was required before the saccade to the cued location could
be generated.

The results of similarities at different processing levels
and the negative reward effect on the representation of
cued location are consistent with the hypothesis made by
Ahmed and Fockert (2012), that is, the authors suggested
that working memory load modulates selective attention
to different levels of the same stimulus. When working
memory load is high, information at a more global level
is easily selected, while local-level information is ignored. It
is difficult to constrain attention to the local level with a

high working memory load. As a result, reward expectation
prompted global similarity but did not affect local similarity in
this study.

Modulation of Sustained Control on Spatial

Working Memory Representation

An interesting finding of this research is the trade-off between
different indicators. As mentioned above, the mean fixation
duration of the recall phase reflects degraded representations
of cued locations and promoted representations of uncued
locations with the increment of reward. Local similarities
of trials in which the cued location was falsely re-fixated
were higher than local similarities of trials in which the
cued location was successfully re-fixated. It seems that the
improvement of representations of uncued locations and
local similarities comes at the cost of representation of
cued locations.

These results of cued-location memory are consistent with
the proposal of flexible attention theory (Sandry et al,
2014; Sandry and Ricker, 2020), which suggests that the
cognitive system assigns attention resources flexibly among
items in working memory, and the elevation of working
memory performance of a certain item is at the cost of
performance of other items (Sandry et al, 2014; Allen and
Ueno, 2018; Sandry and Ricker, 2020). In this research,
to obtain a higher reward, goal-directed cognitive control
may have inhibited the maintenance of reward-cue location
and allocated saved resources to the maintenance of other
locations in the delay phase. Moreover, higher local similarities
were observed in the trials in which the cued location was
falsely re-fixated.

Limitations of This Study

During the study phase of this study, all three conditions
(No-, Low-, and High-) of the reward cue were randomly
presented at different temporal positions. It may lead to a
confounding effect. The different intervals of processing the
reward cue mean that the levels of processing or the motivational
states may vary accordingly. Specifically, motivational states
might be identical in the three reward conditions until
the presentation of the reward cue. Moreover, according
to Sandry and Ricker (2020), the temporal position does
affect performance in working memory tasks. Hence, the
temporal position of reward cues should be considered in
future studies.

CONCLUSION

By applying sequential memory-guided eye movement tasks,
we reached the following conclusions regarding the reward
effect on spatial working memory: (a) reward expectation
enhances the encoding of spatial locations by improving
voluntary attention, and (b) reward affects reconstruction only
at the global level but not at the local level, in which the
cognitive resource is reallocated among reward- and non-
reward-associated items in working memory to maximize the
reward effect.
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At intersections, drivers need to infer which ways are allowed by interpreting mandatory
and/or prohibitory traffic signs. Time and accuracy in this decision-making process are
crucial factors to avoid accidents. Previous studies show that integrating information from
prohibitory signs is generally more difficult than from mandatory signs. In Study 1,
we compare combined redundant signalling conditions to simple sign conditions at
three-way intersections. In Study 2, we carried out a survey among professionals
responsible for signposting to test whether common practices are consistent with
experimental research. In Study 1, an experimental task was applied (n=24), and in Study
2, the survey response rate was 17%. These included the main cities in Spain such as
Madrid and Barcelona. Study 1 showed that inferences with mandatory signs are faster
than those with prohibitory signs, and redundant information is an improvement only on
prohibitory signs. In Study 2, prohibitory signs were those most frequently chosen by
professionals responsible for signposting. In conclusion, the most used signs, according
to the laboratory study, were not the best ones for signposting because the faster
responses were obtained for mandatory signs, and in second place for redundant signs.

Keywords: mental models, three-way intersections, mandatory sign, prohibitory sign, redundant information

INTRODUCTION

When driving, we need to interpret mandatory and prohibitory traffic signs and make inferences
to determine which direction is allowed and which is not. These inferences are made at the
same time as many other cognitive activities we are engaged in. Therefore, it is not surprising
that, at least under some circumstances, a large number of road accidents occur at intersections
(see, for example, Pathivada and Perumal, 2019).

A potential way of reducing accidents at intersections is by applying the most suitable signposting
policy to facilitate drivers inferences. For example, when we arrive at a T-junction where a
right-turn is allowed, a valid traffic sign could be a mandatory sign for the right, a prohibitory
sign for the left or both signs (a mandatory right-turn sign and a prohibitory left-turn sign).
Although these three signing strategies may be equally valid from a legal point of view, the
inferences required to decide which route is allowed involve a different burden on the cognitive
system. Cognitive theories of thinking show that some inferences call for an intuitive system,
aimed at making automatic fast inferences, while others require slow, effortful, more deliberative
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processing (e.g., Johnson-Laird, 1983; Stanovich, 1999; Evans, 2008;
Kahneman, 2011; Khemlani et al.,, 2018).

In this work, we present further evidence regarding the
use of mandatory and/or prohibitory traffic signs at intersections
by considering the results of a new laboratory experiment on
inference-making. In particular, we compared the effect of
mixed redundant mandatory and prohibitory information to
single-type conditions. In addition, we surveyed a group of
professionals responsible for signposting policies to analyse
consistency in the use of mandatory or prohibitory signs across
different Spanish cities and also to examine whether their
decisions were consistent with the results obtained in
laboratory studies.

Previous literature analysed how people interpret mandatory
and prohibitory traffic signs under different conditions by using
a simple laboratory task (e.g., Castro et al., 2008; Vargas et al.,
2011; Roca et al,, 2012). In these experimental tasks, participants
were generally presented with a traffic scene in which a car
approaches a T-junction, with a road to the right and another
to the left. A mandatory sign (e.g., right-turn) or a prohibitory
sign (e.g., no left-turn) was shown, allowing only one direction.
Subsequently, a car was shown in a new scene on one of the
two possible roads (e.g., on the road to the right). Participants
had to decide as quickly as possible whether the manoeuvre
taken was allowed or not-allowed.

This task has been successfully used to analyse how people
make inferences, based, in particular, on predictions from the
mental model theory (or model theory; Johnson-Laird and
Byrne, 2002; see Johnson-Laird and Ragni, 2019). The model
theory maintains that propositional and visual premises are
converted into iconic representations called mental models. At
a T-junction, a mandatory right-turn sign and a prohibitory
left-turn sign may be equivalent in that both allow a right-
turn (see Figures 1A,B), but their initial mental representations
(initial models) are different. In the first case (mandatory right),
the initial model represented would be

1. “Right”

while in the second case (prohibitory left), the initial model
represented would be
2. “[prohibited] Left”

However, in both cases, an explicit model (ie, a full
representation of each piece of information, including additional
information) can be inferred and will be the same for both signs:
3. “Right allowed and left not-allowed”

Thinking with the initial representations is faster and less
error prone than thinking with explicit models, which requires
effort (see Khemlani et al., 2018). Therefore, predictions in
the experimental task described above were clear: participants
would be faster in deciding that a road was allowed when
it was signalled by a mandatory right-turn sign and also
faster in deciding that it was not-allowed from a prohibitory
left-turn sign. Results in different experiments confirmed
such predictions. That is, the mandatory sign led to faster
responses to the allowed road than the not-allowed one,
and the prohibitory sign led to faster responses to the
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FIGURE 1 | This graph displays types of sign and intersection. (A) Two
examples of mandatory signs at a T-junction. (B) Two examples of prohibitory
signs at a T-junction. (C) Two examples of redundant information (mandatory
sign and prohibitory signs) at a T-junction. (D) One example of prohibitory sign
at a four-way intersection.

not-allowed road than the allowed one (Castro et al., 2008;
Vargas et al., 2011; Roca et al., 2012).

Moreover, different factors that could modulate inferences
with these signs have been studied, such as the number of
roads at the intersection and the number of traffic signs (Castro
etal,, 2008), or the exposition time of the signs (Vargas et al., 2011).

Firstly, the advantage of the signalled road persisted at an
intersection with four ways (see Figure 1D) instead of three
(Castro et al., 2008). Also, the presentation of two signs (for
example, a double prohibition: for the road ahead and to the
right) as two isolated signs or two signs embedded in one
did not show any difference in time of response or pattern
of results. More interestingly, when people had to collect
information from two mandatory signs (in both conditions,
two isolated signs and two signs embedded in one), it led to
faster responses than from two prohibitory signs. Therefore,
for both regulatory signs, it was easier to respond that a turn
was allowed than it was to give a not-allowed response (see
Castro et al, 2008; Experiment 2). Besides, the disadvantage
of using prohibitory signs cannot be explained just in terms
of interference between the perceptual arrow direction and
readiness to respond to the location tested. Roca et al. (2012;
Experiment 2) replicated previous results controlling the Simon
effect. Moreover, Castro et al. (2008) used directional and
non-directional prohibitory signs. The magnitude of the
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effect did not differ between them. From a theoretical point
of view, the prohibition on acting implies not acting
(Johnson-Laird and Ragni, 2019). Some authors have proposed
that prohibition requires adding a “mental footnote” (between
brackets: “[Prohibited] left”) that is not present in the mandatory
information (see Bucciarelli and Johnson-Laird, 2005; Vargas
etal.,, 2011). This makes it more difficult to integrate information
from premises with prohibition than with mandatory information.

Secondly, in Vargas et al. (2011), the time factor was
manipulated in three experiments where encoding time (the
time that the first scene was displayed) and signs exposure
time (different display times for traffic signs were presented)
were assessed in the first scene. The second scene, with the
car in the target position, was always shown after the first
scene had disappeared. Thus, participants had to make the
decision as soon as the first scene disappeared. Participants
showed that sign exposure time was irrelevant for making the
inference: what was relevant was the total time given for
processing the information (encoding time) in the first scene
before having to give a response in the second scene. In this
case, important differences were obtained according to whether
participants had 300ms to comprehend the sign (encoding
time) or 1,000 or 2,000ms. In all cases, the mandatory sign
led to faster responses to the allowed road than the not-allowed
one. Prohibitory signs led to the opposite, replicating the
previous experiment in the short time condition. However,
when participants had enough time (1,000 and 2,000 ms
conditions), they showed faster responses to the allowed road
than the not-allowed road, as happened with the mandatory
signs, but more slowly in both conditions (allowed and
not-allowed; Vargas et al, 2011). Results are consistent with
the proposal that the negation implied by the prohibition
requires (as would “falsity”) a conversion of the information
for taking one road to the possibility of going the other way,
which takes extra time and is error prone (see Bucciarelli and
Johnson-Laird, 2005; Vargas et al., 2011; Espino and Byrne, 2018;
Moreno-Rios and Byrne, 2018).

To summarise, the results of the previous laboratory studies
show that in simple situations, mandatory signs are better for
signing allowed roads than not-allowed roads and the opposite
happens for prohibitory signs. However, in general, it is difficult
to maintain such an advantage of the prohibitory sign because,
if participants have enough time, they will convert the prohibitory
information into mandatory information. In complex situations,
the integration of prohibitory information is more difficult
and takes longer due to the complexity of the tasks required.

In one of the previous studies described above (Castro et al.,
2008), the combination of two traffic signs was examined, but
the effect of including mixed redundant information was not
tested. For example, in our initial example at a T-junction (see
Figure 1C), both mandatory right-turn and prohibitory left-turn
signs could be used to reinforce the same message: only a right-
turn is allowed. Obviously, by presenting two traffic signs, the
amount of information available is greater, thus increasing the
processing requirements and potentially making the task more
difficult. Also, participants might check only one of the two
signs and the global result could be a combination of responses

to the single signs. Consequently, it is uncertain whether the
effect of mixed redundancy would be positive or negative in
this particular situation. In contrast, T-junctions provide the
simplest condition to test the redundancy effect. By using
T-junctions rather than including other junctions, some factors
can be more easily controlled, such as the same number of
different signs (one mandatory and one prohibitory) and ensuring
that all the ways are signalled (avoiding the need to infer any
other way). In addition, the two signs can be shown in just
one location, which is not possible with four-way junctions.

Regarding the overall traffic literature, some previous studies
on redundancy have shown that when signs are unfamiliar,
the inclusion of a redundant text could improve comprehension
of the signs and reduce the time for interpretation (Shinar
and Vogelzang, 2013). In addition, there are some mixed results
regarding the effect of redundancy in Variable Message Signs,
in particular, about whether it reduces compliance with the
target detour message (Thomas and Charlton, 2020) or not
(Harms et al., 2019).

Looking at the current traffic literature, we considered that
no accurate predictions could be made at this point regarding
the use of redundancy when presenting mandatory or prohibitory
traffic signs at T-junctions. Therefore, we first carried out an
experimental study (Study 1), in which we used a task similar
to the one applied in previous studies, but now aimed at
testing the potential usefulness of a mixed redundant double
sign condition (Objective 1).

Second, trying to expand the results found in the laboratory
to real situations, we carried out a survey (Study 2) to evaluate
current policies on signposting in different cities across Spain.
In particular, we tested whether there is agreement among
professionals responsible for signposting when they are designing
three-way and four-way intersections (Objective 2) and whether
those practices are consistent with the reported experimental
results (Objective 3).

STUDY 1

Previous studies have shown that the integration of two
mandatory signs was easier than the integration of two prohibitory
signs (Castro et al,, 2008). However, no previous study has
been done with redundant information (i.e., a mandatory and
a prohibitory sign). From the mental model theory, the two
signs lead participants to two initial representations that cannot
be directly integrated because they do not share the initial
representation, as shown in models (1) and (2) (see section
“Introduction”). Only with the complete representation of the
explicit model (3) can they be integrated, providing confirmation
that both signify the same. Therefore, model theory is useful
for making predictions regarding the use of redundancy when
combining mandatory and prohibitory traffic signs. From this
theoretical point of view, an overall delay is expected regarding
the initial representation obtained with the mandatory or
prohibitory signs (specifically, allowed for mandatory signs and
not-allowed for prohibitory signs conditions) because the
redundant condition requires the construction of two models.
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In addition, when the response entails accessing the explicit combinations of signs in this experiment. An E-Prime software
model (that is, inferring the not-allowed road for mandatory  (Schneider, 2003) script was developed to control the
signs and the allowed road for prohibitory signs conditions),  representation of stimuli and the collection of responses on
faster responses would be expected in the redundant condition. ~ a 15-in. PC screen.

These results are expected when participants process both signs,
but it is important to note that with redundant information,
they could also attend to just one of the two signs systematically
(e.g., the mandatory sign). In this case, no differences would
be expected between the redundant condition and the simple
condition (mandatory or prohibitory sign).

Thus, in this study, we examine the effect of redundancy
by comparing three equivalent traffic scenes (mandatory,
prohibitory, and redundant signs) at a T-junction. In addition,
we will analyse the effect of exposition time (300 vs. 1,000 ms)
to test the robustness of the effect found by Vargas et al. (2011).

Procedure

First, the participants read and signed an informed consent
form. After that, participants carried out the experiment
individually, seated in front of a computer screen. Instructions
for the experiment were shown. These instructions explained
that the experiment consisted of evaluating the events shown
in two consecutive traffic scenes. The participants were informed
that the first scene always showed a car on the lower street
with various roads it could take and one or two traffic signs.
The second scene showed the same car arriving at one of the
. two other roads at the T-junction (left or right). After that,
Materials and Methods participants were asked toJ evaluate whether gthe road taken

Participants by the car was allowed or not-allowed according to information
Twenty-four students (21 females) participated in the experiment. provided by the sign(s).

They were either Psychology or Speech and Language Therapy Participants had to press the “Z” key, labelled as “allowed”,
students at the University of Granada (Spain). Average age Was a5 quickly as possible if the manoeuvre was allowed. If the
21.2 (SD=4.2). They all had normal or corrected-to-normal vision  manoeuvre made by the car was not-allowed according to the
and received course credits as compensation for their participation. sign(s), the “M” key, labelled as “not-allowed”, had to be pressed.

The response key was counterbalanced across participants.

Stimuli Feedback was provided about whether the correct or incorrect
The procedure used in Study 1 was similar to Experiment response had been performed.
1 in Vargas et al. (2011). T-junction road traffic scenes were There were 12 experimental conditions defined by combining

used in this experiment. Two consecutive screens were shown  the time of exposure for traffic signs (300 and 1,000ms), type
in each trial. The first scene was presented with a mandatory,  of sign (mandatory, prohibitory and redundant) and manoeuvre
a prohibitory or a redundant (one mandatory and one prohibitory) ~ (not-allowed and allowed) as variables. After reading the
traffic sign for 300 or 1,000ms. After that period, a second instructions, participants performed a block of 48 practice trials
scene was displayed for a maximum of 2,000ms or until the  (four trials per experimental condition) followed by four blocks
participant responded (Figure 2). In the first scene, two-thirds  of 72 experimental trials (six trials per experimental condition).
of the cases presented a single traffic sign (either mandatory  Thus, the total number of experimental trials was 288 (24 per
or prohibitory) and the remaining third presented both types  experimental condition). The order of stimuli presentation was
of sign (redundant condition). Figures 1A-C show the different ~ determined randomly for each block.

First traffic scene during 300 ms First traffic scene during 1,000 ms

Q)
.

2,000 ms or until the
participant’s response

2,000 ms or until the
participant’s response

Second traffic scene (e.g. Second traffic scene (e.g.
manoeuvre not-allowed) manoeuvre not-allowed)

FIGURE 2 | Examples of the consecutive traffic scenes at a T-junction shown in Study 1.
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TABLE 1 | Mean correct RTs (ms) and SDs (in parentheses) for each main effect in Study 1.

Type of sign Manoeuvre
Overall average
Mandatory Prohibitory Redundant Not-allowed Allowed
300ms 604.9 (181.9) 702.3 (185.3) 642.6 (187.5) 692.7 (189.2) 607.2 (180.1) 649.9 (182.3)
1,000ms 505.2 (166.7) 609.6 (175.6) 543.9 (178.4) 587.6 (178.6) 518.2 (163.5) 552.9 (170.0)
Overall average 555.1 (171.8) 655.9 (177.8) 593.2 (179.9) 640.2 (181.9) 562.7 (170.1) 601.4 (174.7)
. planned comparisons of type of sign and manoeuvre interaction.
m Mandatory ®Prohibitory ®Redundant . . .
- First, we reproduced previous results by simple contrast
268 (not-allowed vs. allowed for each type of sign: mandatory,
;00 prohibitory and redundant). There were statistically significant
) differences for mandatory signs (Bonferroni=219.314, p<0.001),
7 300 prohibitory signs (Bonferroni=—82.520, p <0.001) and redundant
\[_'.’400 ‘ signs (Bonferroni=119.902, p<0.001). On average, participants
R~ 300 were faster when an allowed manoeuvre was presented, as
A compared to a not-allowed manoeuvre, but only for mandatory
19 and redundant signs conditions. In other words, redundant
0= . signs have the same effect as mandatory signs. The opposite
Not- allowed Allowed Not-allowed Allowed . . . .
was true for prohibitory signs (see Figure 3). Thus, previous
300 ms 1000 ms findings were replicated. Second, in order to test Objective
1 in the case study, a simple contrast for manoeuvre (mandatory
FIGURE 3 | Mean reaction time for the conditions manipulated in Study 1: s
‘ o ‘ vs. prohibitory vs. redundant for each manoeuvre) was performed.
time of exposure to traffic signs (300 vs. 1,000ms), type of sign (mandatory A . .
vs. prohibitory vs. redundant) and manoeuvres (not-allowed vs. allowed). Results showed statistically significant differences for the allowed

Results and Discussion

Trials with RTs above and below three SDs across each participant
and condition were excluded from the analysis. This removes
the outliers that occur when participants do not follow the
instructions or do not perform the task. This criterion resulted
in 0.86% of the trials being eliminated from the analysis. A
repeated measures ANOVA was conducted to analyse mean
RTs for correct responses. The ANOVA included time of
exposure to traffic signs (300 vs. 1,000ms), type of sign
(mandatory vs. prohibitory vs. redundant) and manoeuvre
(not-allowed vs. allowed). Prior to the ANOVA, data were
tested with Mauchly’s test of sphericity and degrees of freedom
modified as necessary. We used the Bonferroni test to carry
out planned comparisons. All analyses were performed using
the IBM SPSS Statistics 24 software.

Mean correct response times (RTs) and SDs for each main
effect are shown in Table 1.

As expected, the second-order interaction (exposure to traffic
signsxtype of signxmanoeuvre) was statistically significant,
F(2,46)=25.953, p<0.001, *=0.53 (Figure 3 shows graphically
the second-order interaction). In this context, time of exposure
to traffic signs modulates the interaction between type of sign
and manoeuvre. These differences are much stronger for the
shorter duration (300ms condition). In order to analyse this
second-order interaction, further separate analyses were carried
out for the 300 and 1,000ms conditions, in accordance with
Vargas et al. (2011).

The analysis of the 300ms experimental condition revealed
a significant interaction between the type of sign and manoeuvre,
F(1.533, 35.251)=54.913, p<0.001, #*=0.71. We carried out

condition, but not for the not-allowed condition. The analysis
of the allowed condition revealed statistically significant
differences between the following experimental conditions:
mandatory vs. redundant signs (Bonferroni=—87.447, p<0.001),
redundant vs. prohibitory signs (Bonferroni=—160.871, p <0.001)
and mandatory vs. prohibitory signs (Bonferroni=—248.318,
p<0.001). Consequently, when an allowed manoeuvre was
evaluated, participants’ responses were faster for mandatory
signs, followed by redundant signs, and finally, prohibitory
signs. Moreover, the analysis of the 300 ms experimental condition
revealed main effects of type of sign [F(2, 46) =35.918, p<0.001,
7*=0.61], and of manoeuvre, [F(1, 23)=49.201, p<0.001, *=0.68;
see Table 1].

Regarding the 1,000 ms experimental condition, the type of
sign and manoeuvre interaction was also significant, F(2,
46)=9.108, p<0.001, #”=0.28. To examine this interaction
further, in a similar way to the analysis of the 300 ms condition,
we first carried out a simple contrast test for type of sign
(not-allowed vs. allowed for each type of sign). There were
statistically ~ significant  results for mandatory signs
(Bonferroni=102.725, p<0.001) and redundant signs
(Bonferroni=88.854, p<0.001), but not for prohibitory signs.
On average, participants responded faster to allowed manoeuvres
for mandatory and redundant signs conditions than to
not-allowed manoeuvres. However, there were no differences
between manoeuvre types (not-allowed vs. allowed) for
prohibitory signs (see Figure 1). Thus, the results of the
aforementioned studies were replicated once again. Second, a
simple contrast for manoeuvre (mandatory vs. prohibitory vs.
redundant for each manoeuvre) was performed. Results showed
statistically significant differences for both conditions of
manoeuvre. For the not-allowed condition, there was a statistically
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significant difference between mandatory and prohibitory signs
(Bonferroni=—61.346, p<0.01). That is, participants responded
faster to mandatory signs than to prohibitory signs for a
not-allowed manoeuvre. Regarding the allowed condition,
statistically significant results were found for all experimental
comparisons: mandatory vs. redundant signs
(Bonferroni=—45.583, p<0.01), redundant vs. prohibitory signs
(Bonferroni=—101.841, p<0.001) and mandatory vs. redundant
signs (Bonferroni=—147.424, p<0.001). As in the 300ms
condition, participants showed the fastest performance on
average when a mandatory sign was presented, followed by
redundant signs, and finally, prohibitory signs. Regarding main
effects of both type of sign and manoeuvre in the 1,000 ms
condition, the analysis revealed significant main effects of the
type of sign [F(2, 46)=34.317, p<0.001, #*=0.60] and of
manoeuvre, [F(1, 23)=67.797, p<0.001, #*=0.75; see Table 1].

Finally, the overall main effects of all three independent
variables were statistically significant: time of exposure to traffic
signs [F(1, 23)=105.133, p<0.001, #*=0.82], type of sign, [F(2,
46)=62.987, p<0.001, n*=0.73] and manoeuvre [F(1, 23)=75.390,
p<0.001, #*=0.77]. Hence, on average, participants responded
faster to the 1,000ms than 300ms condition, mandatory vs.
redundant signs, redundant vs. prohibitory signs and allowed
vs. not-allowed (Table 1).

There was no trade-off effect, that is, no correlation was
found between reaction times and accuracy scores. We found
accuracy measures with more than 86.9% of answers correct.
The low frequency of errors led to a limited window for effects.
Therefore, the accuracy measures are not shown in
the manuscript.

According to the results of Study 1, the strategy used to
process the combined condition differed depending on the
manoeuvre being evaluated. For the not-allowed condition,
there were no statistically significant differences between
redundant and prohibitory signs (initial model) nor between
redundant and mandatory signs (explicit model), which suggests
that the preference was to specifically focus on one of the
two signs of the combined condition.

In contrast, when the manoeuvre being evaluated was allowed,
we observed statistically significant differences between the
single and the combined signs conditions, which suggests that
participants were actually processing both signs. This result is
consistent with the predictions of mental model theory in
both the 300 and 1,000ms times of exposure to traffic signs:
(a) when the initial model was represented, participants were
faster for mandatory than for redundant signs; and (b) the
pattern was reversed for the explicit model, that is redundant
signs achieved faster responses than prohibitory signs.

In addition, the present outcome replicates previous results
regarding the time for processing conditions. As in Vargas
et al. (2011), when participants had little time to process the
premises, the initial representation of the mandatory sign led
participants to react faster for the allowed way than for the
not-allowed one, and the opposite result was obtained with
prohibitory signs. Results showed that when the two signs
were used in this condition, results were similar to those for
the mandatory sign (with slightly slower times in all average

conditions). Also, as in previous studies, when participants
were given longer to process the information (1,000ms), the
advantage for faster responses for the allowed road than the
not-allowed remained for mandatory signs, and this also
happened with the two redundant signs, but the difference
between the two conditions disappeared for the prohibitory
signs, which took longer than with the other two kinds of signing.

The most striking feature of these results is that, in the
tested conditions, significantly faster responses were generally
obtained with the mandatory signs, while there was no advantage
for using mixed redundant or prohibitory signs. Regarding
prohibitory signs, the performance was not significantly better
than when the other two kinds of signing were used, while
the redundant signs showed better results than prohibitory
ones only in some particular experimental conditions (i.e.,
allowed condition).

STUDY 2

As suggested by the previous research, there is generally an
advantage in using mandatory signs at intersections. Therefore,
in Study 2, we surveyed professionals responsible for signposting
in provincial capitals of Spain to analyse traffic signs used at
intersections and to identify some of the factors modulating
their decision-making (e.g., a recent change of direction in
the road, accidents reported...). In particular, we tested whether
the different professionals responsible for signing: (a) make
similar decisions when signalling three and four-way intersections
and (b) whether their decisions are consistent with the current
experimental research.

Materials and Methods

Participants

We conducted a cross-sectional survey. The population of
interest were professionals responsible for signposting in Spanish
provincial capitals. An email was sent to administration staff,
inviting them to take part in the study, entitled “Use of obligation
and prohibition traffic signs” In a 10-week period, nine survey
respondents completed all the questionnaires. Hence, the response
rate was 17% (response rates to email-only surveys are seldom
more than 20%, according to Dillman et al, 2014). These
included among others (see section “Results and Discussion”),
the most populated cities in Spain (such as Madrid, Barcelona
and Valencia, with 14.9 million inhabitants in the three cities
and their metropolitan areas in 2020; European Statistical Office,
2021). The average age of participants was 51.8 years (SD=7.5),
and they were all men. In addition, the majority of them
were engineers.

Procedure and Survey

The survey was an online version, self-completed using
LimeSurvey. The first version of the questionnaire was piloted
with two road signing professionals (officials from Valencia
City Council’s Department of Traffic) and an expert in traffic
research (University of Valencia). We incorporated all their
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suggestions. In the final questionnaire, participants provided
the following information: sex, age, city, traffic regulations
applied (e.g., the General Traffic Regulations), which traffic
sign was used more (prohibitory or mandatory) in general,
and at three- and four-way intersections, and how often they
used mandatory signs in the latter circumstance. In addition,
participants were asked to indicate the most frequent signs
utilised to obligate drivers in five different traffic situations
(e.g., road with high density of traffic). The respondents had
several options for response: “prohibitory”’, “mandatory’,
“prohibitory and mandatory”, “neither sign’ “other (to
be specified)”. All survey respondents answered the same
questions in the same order.

Results and Discussion
The following provincial capitals took part in the research:
Barcelona, Cadiz, Castelld6 de la Plana, Cordoba, Logroiio,
Madrid, Malaga, Valencia and Vitoria-Gasteiz. Eight out of
nine respondents used the General Traffic Regulations
(Reglamento General de Circulacion) for applying mandatory
and prohibitory traffic signs. None of the participants chose
the categories of response “neither sign” or “other (to
be specified)”, and therefore, only “prohibitory”, “mandatory,”
and “prohibitory and mandatory” were considered. In general,
the prohibitory signs were used slightly more than mandatory
signs (55.6 and 44.4%, respectively). Among those who used
the most prohibitory signs, the mandatory signs were utilised
with a mean value of 25%. This percentage changed according
to whether they applied these traffic signs to three-way or
four-way intersections. In the first situation, 33.3% used
prohibitory signs more frequently than mandatory signs. However,
that value increased to 77.8% for four-way intersections. Finally,
survey respondents applied different criteria according to the
traffic conditions. For example, when there were more complicated
traffic situations, the percentage of prohibitory signs used rose
(Figure 4).

We were also interested in testing whether participants
changed their choice of signalling from three-way intersections
to four-way, and therefore, we evaluated the consistency of

their responses across three-way and four-way intersections
(Table 2). An exact multinomial test for paired contingency
tables was applied and the results showed that it was not
symmetrical (p<0.001). In addition, we carried out pairwise
comparisons with multiple testing adjustment. According to
these analyses, there was a significant change from mandatory
to prohibitory signs (p<0.001; Cohen’s g=0.5) and from
prohibitory to redundant signs (p=0.031, Cohen’s g=0.5). The
analyses were carried out using the EMT and rcompanion
packages implemented in R 3.6.3 (R Core Team, 2020).

Participants responsible for signposting did not follow the
same strategies when deciding whether mandatory or prohibitory
signs should be used in different conditions. Some of them
systematically preferred to use prohibitory signs and others
mandatory ones, but an overall preference for using prohibitory
signs was found.

This result contrasts with those previously reviewed, obtained
in the laboratory, which showed faster processing when inferences
were based on mandatory signs than on prohibitory ones
(Castro et al., 2008; Vargas et al., 2011; Roca et al., 2012; and
Study 1).

In the case of four-way intersections, participants changed
their criteria from those used for three-way intersections,
increasing the number of prohibitory signs and decreasing the
number of mandatory signs (from 18 mandatory signs at
three-way intersections, 13 were changed to prohibitory at
four-way intersections). In all cases, more prohibitory signs
were used. This made it more probable that drivers would
need to integrate the prohibitory information, yet mandatory
signs are the most informative, given that they eliminate a
greater number of alternatives.

Participants decided to use mandatory signs more frequently
than prohibitory signs in only two conditions and only at
three-way intersections: roads with low traffic density and roads
where there was a not-allowed turn (i.e., when the allowed
way was the more probable objective of drivers).

Another interesting result is that they decided to use the
two signs more often at four-way intersections than at three-way
ones. As we have noted in Study 1, in a particular case, using
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—_— )
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FIGURE 4 | Percentage of choices of signs used most frequently to signpost at three and four-way intersections in different conditions.
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TABLE 2 | Cross-tabulation table of traffic signs changed from three-way
intersections to four-way intersections.

Three-way Four-way intersection
intersection

Mandatory Prohibitory Mandatory and

prohibitory

Mandatory 5 13 0
Prohibitory 0 13 6
Mandatory and
prohibitory 0 0 8

redundant signs showed better results than using prohibitory
signs (i.e., allowed condition). The use of these signs happens
more frequently when an accident has occurred there. In those
situations, it is possible that visual material effects of the
accident remain at the traffic scene as potential distractors.
As we have seen in the laboratory, information from the signs
most often used in these situations takes longer to be integrated
(Roca et al., 2012).

GENERAL DISCUSSION

One way to reduce the probability of accidents is by facilitating
the interpretation of traffic signs. As we have seen, there are
three ways to signal a T-junction: with a mandatory sign,
with a prohibitory sign or with both (redundant condition).
The result in all three cases is the same: one way is allowed
and the other not. However, they are not cognitively equivalent.
Previous studies (Castro et al., 2008; Vargas et al., 2011; Roca
et al, 2012) in the laboratory have shown that inferences about
allowed and not-allowed are faster when mandatory signs rather
than prohibitory signs are used, other than in exceptional
situations. Study 1 in this work showed that presenting the
two signs, giving redundant information, was no better than
presenting just the mandatory sign, although in some situations,
when a prohibitory sign was used, adding a redundant mandatory
sign could be useful. That is, a faster time was obtained in
some conditions for the two signs in comparison with just
the prohibitory sign and in no condition was the time longer
for the combined signs. This result could contribute to restricting
the context of usefulness of giving redundant information. The
use of reiterative information could produce some negative
effects regarding compliance with Variable Message Signs (Thomas
and Charlton, 2020). In the context of evacuation signalling,
Kwee-Meier et al. (2019) showed that the use of prohibition
added to the allowed direction created confusion and should
be avoided.

In Study 2, the results suggest low levels of agreement among
those responsible for signing. Actually, some of them said they
did not have a theoretical or empirical base from which to
follow a clear criterion. Despite the apparent lack of agreement,
the average frequency is higher for prohibitory signs and in
a few cases for double signing. The differences were even
greater for four-way intersections. It is important to note that
these results contrast with those obtained in the laboratory,

which showed faster processing when inferences were based
on mandatory signs.

There are some limitations in the present work. We asked
those responsible for signalling in the main cities of Spain to
participate, and we think that the number was high enough
to obtain a good picture, although a greater number of participants
would have been desirable. Another obvious limitation is that
there are many factors (external and internal) when driving
that could influence the preference for using one way of
signalling or the other. From the experimental research reviewed
for this paper, we have mentioned some important factors
that have been studied but there are other potential factors
in real settings. Future research could provide new and convergent
evidence about drivers’ inferences with traffic signs. For example,
using driving simulators would help test ecological conditions.
In particular, we could test a prediction derived from our
view: no differences are shown, which depends on presenting
our scenes in egocentric rather than allocentric view. Our
approach was based on predictions from deductive theories.
These theories postulate a conversion from diagrammatic
premises to symbolic representations before other inference
processes run. Depending on the theory, these could be mental
models, propositions or probabilities. Since the same symbolic
representations are expected from allocentric and egocentric
presentations (right turn not-allowed...), no differences are
predicted in the inference. Also, by analysing participants’ eye
movements, different strategies for processing could be tested.
Thus, it is possible that these measures would allow capture
of the processing of the denied location such as prohibitory
right (right is not-allowed), which leads to looking to the left.
Finally, a mental load framework could also be added to
represent better the real traffic conditions. In any case, our
approach was to analyse the basic inferences involved in the
processing of the two signs the experimental
conditions described.

In conclusion, our results point to some recommendations
to potentially facilitate and speed up drivers’ interpretation of
traffic signs and the inferences they make from them, which
would potentially give them some extra time that could be crucial
to process other important information and reduce the probability
of accidents. In particular, according to our results, whenever
possible, we should use mandatory signs at T-junctions and,
if prohibitory signs are used, we should add mandatory signs,
even though they may be redundant.

in
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In the current study, two experiments were conducted to investigate the processing
of the second syllable (which was considered as the rhyme at the word level)
during Chinese disyllabic spoken word recognition using a printed-word paradigm.
In Experiment 1, participants heard a spoken target word and were simultaneously
presented with a visual display of four printed words: a target word, a phonological
competitor, and two unrelated distractors. The phonological competitors were
manipulated to share either full phonemic overlap of the second syllable with targets (the
syllabic overlap condition; e.g., '3, xiao3zhuan4, “calligraphy” vs. 2%, gong1zhuan4,
“revolution”) or the initial phonemic overlap of the second syllable (the sub-syllabic
overlap condition; e.qg., £l #, yuan2zhu4, “cylinder” vs. 244, gong1zhuan4, “revolution”)
with targets. Participants were asked to select the target words and their eye
movements were simultaneously recorded. The results did not show any phonological
competition effect in either the syllabic overlap condition or the sub-syllabic overlap
condition. In Experiment 2, to maximize the likelihood of observing the phonological
competition effect, a target-absent version of the printed-word paradigm was adopted,
in which target words were removed from the visual display. The results of Experiment
2 showed significant phonological competition effects in both conditions, i.e., more
fixations were made to the phonological competitors than to the distractors. Moreover,
the phonological competition effect was found to be larger in the syllabic overlap
condition than in the sub-syllabic overlap condition. These findings shed light on
the effect of the second syllable competition at the word level during spoken word
recognition and, more importantly, showed that the initial phonemes of the second
syllable at the syllabic level are also accessed during Chinese disyllabic spoken
word recognition.
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INTRODUCTION

Humans can understand speech quickly and almost without
effort.  Successful speech comprehension requires the
segmentation of the continuous speech stream into discrete
spoken words, and the mapping of spoken words onto
the corresponding lexical representations in the mental
lexicon. After decades of research, current spoken word
recognition models have reached a common consent that a
set of phonologically similar word candidates compete for
activation as the speech signal unfolds. With the incremental
availability of more disambiguating phonemic information,
candidates that no longer match the speech signal are inhibited
while the target word is activated until it finally wins the
competition. However, current spoken word recognition
models debate the size of the competitor set and the time
point at which word competition occurs. For example, the
cohort model (Marslen-Wilson and Tyler, 1980) posits that
only competitors sharing similar word-initial phonemes with
targets (e.g., “cloud” vs. “clothes”) are activated for competition
in the earlier phrase of speech perception. Other types of
phonologically similar words such as rhymes (ie., words
that share ending phonemes such as “cloud” vs. “proud”)
are not involved in the competition process. By contrast, the
Neighbor Activation Model (NAM; Luce, 1986; Luce and
Pisoni, 1998) and the TRACE model (McClelland and Elman,
1986) allow for competition among a much broader set of
candidates such as rhymes and other phonological neighbors.
The NAM proposes that word candidates that differ in no more
than one phoneme are neighbors competing for recognition.
But the hypothesis regarding the speech temporary is not
considered in the NAM model. The TRACE model assumes
that word recognition is a continuous mapping process in
which competitors are activated continuously. The TRACE
model makes an explicit assumption that cohorts and rhymes
both participate and compete in the process of spoken word
recognition. Moreover, TRACE also predicts that the cohort
competitors are activated strongly and earlier while rhyme
competitors are activated weakly and later due to the temporal
properties of speech information.

Although a growing number of studies have provided
compelling evidence for the existence of cohort competition
during spoken word recognition (Marslen-Wilson and
Zwitserlood, 1989; Allopenna et al., 1998; Desroches et al,
2006, 2009; Simmons and Magnuson, 2018), the rhyme
competition effect has been found to be weak and less reliably
detected than the cohort effect in alphabetical languages like
English (Allopenna et al, 1998; Simmons and Magnuson,
2018; Hendrickson et al., 2020) and elusive in non-alphabetical
languages such as Chinese (Liu et al., 2006; Malins and Joanisse,
2010; Zhao et al, 2011). The aim of the current study is to
investigate the role of rhyme (i.e., second syllable) in Chinese
spoken disyllabic word recognition. Specifically, we aimed
to examine whether rhyme competition is actually involved,
and more importantly, whether the initial phonemes of the
second syllable, is activated during Chinese disyllabic spoken
word recognition.

Existing evidence from eye-tracking studies has demonstrated
that rhymes compete in spoken word recognition but the rhyme
competition effect is weaker and less stable than the cohort
competition effect in alphabetical languages (Allopenna et al.,
1998; Desroches et al., 2006, 2009; Brouwer and Bradlow, 2016;
Simmons and Magnuson, 2018; Hendrickson et al., 2020). In the
seminal visual-world paradigm study conducted by Allopenna
et al. (1998), participants were presented with a visual display
of four objects: a target (e.g., a beaker), a cohort competitor
(e.g., a beetle), a rhyme competitor (e.g., a speaker) and an
unrelated distractor (e.g., a carriage). Participants followed a
spoken instruction (e.g., “please pick up the beaker”) as eye
movements were recorded. Results of the fixation probability
showed more fixations on the cohort and rhyme competitors than
on the distractors. More importantly, the cohort competition
effect was found to be stronger and occurred earlier than
the rhyme competition effect. Similarly, another eye-tracking
study generalized the cohort and rhyme competition effect from
adults to normally developing children (Desroches et al., 2006).
However, the comparison of the normal group and a dyslexic
group of children showed that both groups exhibited a significant
cohort competition effect (i.e., cohort competitors attracted more
fixations than the baseline condition), but only the normal group
directed more visual attention to the rhyme competitors (e.g.,
sandal) than to the unrelated distractor when recognizing target
words (e.g., candle), while such a rhyme competition effect
was absent in the dyslexic children. This finding suggests that
the rhyme competition effect is less likely to be observed than
the cohort effect and is more vulnerable to other factors such
as the phonological deficits of the dyslexic children. Further
evidence for the rhyme competition effect was provided by Event-
Related Potential (ERPs) studies. For example, Desroches et al.
(2009) used ERPs to examine the time course of phonological
competition in English spoken word recognition. In the picture-
word matching task, participants were required to judge whether
a spoken word matched a visual picture. They found that
both cohort competitors (e.g., CONE vs. comb) and rhyme
competitors (e.g., CONE vs. bone) elicited significantly larger
N400 effects than did the complete match condition (e.g., CONE
vs. cone). In addition, results from the post hoc analysis showed
that the N400 effect in the rhyme condition was much weaker
than that in the cohort condition. Together, the above findings
are in line with the assumption of the TRACE model that rhymes
compete later and much more weakly than do cohorts.

While the above-mentioned studies proposed that rhymes do
compete for recognition in alphabetical languages, the role of
rhymes in Chinese spoken word perception is rather elusive,
given that some studies found rhyme competition effect while
other did not. For example, in an eye-tracking study, Meng (2014)
investigated rhyme competition in disyllabic Chinese words by
manipulating rhyme competitors sharing entire phonemes of
the second syllable in an eye-tracking study. Participants were
presented with spoken target words (e.g., #F/7, giao2dong4,
“arches”) in spoken sentences and were simultaneously presented
with a visual display of four words: a cohort competitor (e.g.,
X, qiao2ful, “woodman”), a rhyme competitor (e.g., #7%,
guo3dong4, “jelly”), a tonal competitor (e.g., ##, ma2dai4,
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“gunny-bag”) and an unrelated distractor. The results showed
longer total viewing time on the cohort competitors than on
distractors, suggesting the activation of cohort competitors.
However, they did not find any interference effect induced by
rhyme competitors and the total viewing times for rhymes were
even shorter than those for the distractors. On the other hand,
an ERP study conducted on disyllabic words by Liu et al. (2006)
found evidence for rhyme activation. Liu et al. (2006) found
that rhyme competitors (e.g., A7, shui3chi2, “water pool”; target
words: 4/, diandchi2, “battery”) elicited earlier N400 amplitudes
than did cohort competitors (e.g., ###, dian4lu2, “electric stove”;
target words: #7, diandchi2, “battery”). Moreover, the survival
time of the N400 amplitude was much shorter for the rhyme
competitor than for the unrelated condition. This indicates that
the N400 effect elicited by the rhyme competitor disappeared
earlier than that in the unrelated condition. These findings
provide evidence for the activation of both cohort and rhyme
information in Chinese, and the rhyme effect occurred later in
the processing time course than did the cohort effect.

To summarize, evidence from previous studies for rhyme
processing in Chinese remains elusive. We assumed that the
inconsistent findings between Liu et al. (2006) and Meng (2014)
could be due to that the degree of sentence constraints differs
greatly across the two studies. Liu et al. (2006) examined rhyme
processing in the context of highly predictive sentences (the
mean predictability score was 6.33 on a 7-point scale), while
the spoken sentences used in Meng (2014) were neutral ones.
The predictive context contains highly constraining contextual
cues for the upcoming words while the neutral context or the
isolated word situation cannot provide any valid contextual
cues. Studies have shown that phonological processing of words
can be affected by the sentence predictability. For example, the
lexical tone exhibits stronger constraining role during Chinese
spoken word recognition in the predictive context compared to
the neutral context or isolated word recognition; and a similar
modulating role of lexical tone was found between the neutral
context or isolated word recognition (Liu and Samuel, 2007;
Shen et al., 2020). The mechanism underlying the prediction is
assumed to be the pre-activation, that is, the activation occurs
earlier before the presentation (Otten et al., 2007; Laszlo and
Federmeier, 2009). It was found that both phonological/form and
semantic information of words can be pre-activated in highly
constraining contexts (Ito et al., 2016). Therefore, it is possible
that the rhyme information was pre-activated in highly predictive
sentences, which would result in a larger and earlier rhyme
competition effect compared to the neutral context or isolated
word recognition.

However, the neutral context or the isolation word recognition
cannot fully account for the absence of the rhyme competition
effect in Meng’s study given that the role of rhyme is consistently
observed in the isolated word recognition in alphabetical
languages (Allopenna et al., 1998; Desroches et al., 2006, 2009).
We speculated that the absence of rhyme competition effect
could be due to the inappropriate experimental design and
the data analysis in Meng’s study. First, presenting more than
one competitor in a same visual display (see the experimental
manipulation in Meng, 2014) could lead to cognitive competition

among different competitors and thus weaken the observed the
rhyme competition effects. It has been shown that the competitor
effect to be reduced and occurred later with the increasing
number of visual referents (Sorensen and Bailey, 2007), which
was explained by the working memory capacity limitation. The
representations of visual referents would become faded in the
working memory in the larger visual arrays compared to the small
visual arrays (Sorensen and Bailey, 2007; Huettig et al., 2011).
Second, the semantic plausibility between the spoken sentences
and the rhyme competitors was not controlled. For example,
the rhyme competitors (e.g., ##%, guo3dong4, “jelly”) were
implausible for substitution into sentences like “MX# %] ”
(“Walking out from _”). A prior study found that the visual
objects which were semantically plausible extension of the
preceding context attracted more visual attention than the objects
that were semantically implausible (Frassinelli and Keller, 2012).
This is because the words in sentences can generate semantic
properties concerning with the concept and such information can
be used in allocating visual attention to the well-matched visual
objects (Frassinelli and Keller, 2012). Therefore, the uncontrolled
semantic plausibility could have resulted in fewer fixations on
the rhyme competitors in Meng’s study. Third, no time course
analysis of the rhyme processing was conducted in Meng (2014)
and the indexes of fixation durations (first fixation duration
and ftotal fixation duration) and the number of fixations cannot
necessarily reflect the rhyme competition occurred in the specific
processing stage during spoken perception (e.g., a relatively later
rhyme processing found in alphabetical languages; Allopenna
et al., 1998; Desroches et al., 2006).

Based on the above debates, the current study aimed to
address two research questions. First of all, we aimed to clarify
whether a rhyme (ie., the second syllable') is activated for
competition in disyllabic Chinese words using a visual world
paradigm with eye tracking. Noted that Chinese syllables differ
from alphabetical languages in the following aspects. First,
Chinese syllable can refer to individual morphemes and can be
used as mono-syllabic words (Zhou and Marslen-Wilson, 1994).
This unique property enables that the rhymes (i.e., the second
syllable in the disyllabic words) in Chinese are more salient than
alphabetical languages like English. Second, Chinese syllables are
composed of segmental information (i.e., the phonemes) and
suprasegmental information (i.e., lexical tone). Thus, the syllable
processing is more complicated than in alphabetical languages.
Current spoken word recognition models (TRACE and NAM
models) are proposed on the basis of the alphabetical languages
and it remains less clear that the extent to which the rhyme
information across languages is processed differently or similarly.
Given the unique property and structure of the Chinese syllables,
we assumed that the role of rhyme information in Chinese
may be different from that in the alphabetical languages. In

!In previous alphabetical languages studies, rhymes were defined as sharing similar
ending phonemes in the final syllable between two or more words (e.g., “beaker” -
“speaker” in Allopenna et al., 1998). In Chinese disyllabic words studies, rhymes
were defined by the second syllable (e.g., #7/7, qiao2dong4, “arches” - i,
guo3dong4, “jelly” in Meng, 2014; #.t, diandchi2, “battery”- /i, shui3chi2, “water
pool” in Liu et al,, 2006). Similarly, in the current study, we also considered the
second syllable to be the shared rhyme between the target and competitor words.
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addition, our current study focused on word but not character
processing is because disyllabic word plays a predominant role
in Chinese (73% of words in Chinese are disyllabic words;
Zhou and Marslen-Wilson, 1994) which is practically and
theoretically more significant to examine the rhyme processing.
In addition, the target words used in prior alphabetical studies
are usually disyllabic words (Allopenna et al., 1998; Desroches
et al., 2006; Simmons and Magnuson, 2018); thus, examining
rhyme processing in the disyllabic Chinese words allows us
to explore the similarities and differences of rhyme processing
across between Chinese and English.

The second question of the current study was to examine
whether an embedded cohort of the rhyme, that is initial
phonemes of the second syllable in Chinese words, is activated
for competition during spoken word recognition. Note that more
than 73% of the Chinese words are disyllabic and each syllable
in the disyllabic words can be used independently as a free
monosyllabic word (Zhou and Marslen-Wilson, 1994). Therefore,
the second syllable of the disyllabic words is not only the rhyme
at the whole word level (Liu et al, 2006; Meng, 2014), but
also contains its own initial and end parts at the monosyllabic
level. For example, in the disyllabic word “gonglzhuan4” (4%,
“revolution”), the second syllable “zhuan4” is the rhyme which
contains monosyllabic-initial part “zhu-" and monosyllabic-end
part “-uan.” The TRACE model assumes that cohort and rhyme
within a word are accessed in temporal order and compete
during spoken word recognition, but it makes no assumptions
about whether there is also a further competition from the
monosyllabic-initial/end. Chinese syllables are ideal material to
examine this issue.

Regarding the processing of monosyllabic word, previous
studies showed that the cohort part plays a more important
role than the rhyme part. For example, in an eye-tracking
study, Malins and Joanisse (2010) presented participants with a
spoken Chinese monosyllabic word (e.g., /,* chuang2, “bed”)
and a visual display of four objects simultaneously: a target
(e.g., chuang2, “bed”), a cohort competitor (e.g., #, chuan2,
“ship”)/a rhyme competitor (e.g., #, huang2, “yellow”) and two
phonologically unrelated distractors. Participants were instructed
to select the corresponding referent of the target in the visual
display. The results showed a significant cohort competition
effect with cohort competitor attracted more fixations than the
distractors. In comparison, comparable fixations were found
between the rhyme competitor and distractors, suggesting that
rhyme information was not involved (as compared to cohort) in
lexical competition during spoken word recognition. A similar
pattern of stronger and sustained role of cohort competitor
compared to the rhyme competitor was also observed in
ERP studies (e.g., Malins and Joanisse, 2012). Given that the
cohorts have more weight than the rhymes during spoken word
processing, in this study, we investigated the issue that whether
the embedded cohort of the rhyme (i.e., second syllable) could
also be activated during spoken perception in Chinese.

2Chinese characters of the examples in Malins and Joanisse (2010) were not
given in the original article. We added those Chinese characters to ease the
understanding for readers.

In the following experiments, we adopted a printed-word
paradigm with eye tracking to investigate the processing of the
second syllable processing in Chinese spoken word perception
(Huettig and McQueen, 2007; McQueen and Viebahn, 2007).
The visual world paradigm has been widely used to explore
phonological processing in visual word recognition (Shatzman
and McQueen, 2006; Huettig and McQueen, 2007; McQueen
and Viebahn, 2007; Weber et al., 2007; Ito et al., 2018; Shen
et al., 2018). Compared to the ERP technique, the visual world
paradigm with eye tracking has several advantages: (1) In ERPs
studies, some explicit responses such as eye blinks and moving
eyes would cause a great deal of electrical noise on the EEG
signals (Rayner and Clifton, 2009), while the eye movements
recording can occur implicitly without the interferences from
explicit responses (Huettig and McQueen, 2007); (2) In ERP
studies, incongruent spoken sentences are usually constructed
when investigating the spoken comprehension (e.g., Liu et al,
2006), the eye movements recording can be recorded in a more
natural language comprehension environment with the normal
spoken sentence as stimuli; thus has higher ecological validity
than the ERP technique. The printed-word paradigm adopted in
the current study is a variation on the visual world paradigm in
which the printed words replace visual pictures (McQueen and
Viebahn, 2007). In addition, to avoid potential confounding that
may harm the observation of rhyme competition effect, in the
current study we adopted the following manipulations: (a) Only
one type of phonological competitors (i.e., the rhyme competitor)
was presented in each visual display. This could reduce the
potential interference from any other competition effects. (b)
Target words were presented in isolation (without sentence
context) to avoid any possible prediction or semantic plausibility
effect from sentence context; (c) A detailed time course analysis
was conducted to tap into the rhyme competition in Chinese.

In the current study, participants viewed a display of printed
words with simultaneous verbal presentation of target words.
For a given target word, the competitors either shared the full
phonemes of the second syllable with the targets (hereafter
called “the syllabic overlap condition”), or shared partial (i.e.,
initial) phonemes of the second syllable (hereafter called “the
sub-syllabic overlap condition”) with targets. The cohort model
posits that rhyme information is not accessed during word
recognition, and thus no competition effect should be observed in
the syllabic overlap condition. On the other hand, both TRACE
and NAM predict a significant phonological competition effect
in the syllabic overlap condition, that was, a rhyme competition
effect should be observed. In addition, based on the prior findings
according to monosyllabic words that cohorts have more weight
than the rhymes during spoken word recognition (Malins and
Joanisse, 2010, 2012), we hypothesized that if the second syllable
(i.e., rhyme) can be activated, the initial phonemes of the second
syllable would also be activated to some extent.

Furthermore, the manipulation of two conditions also allows
us to test the hypothesis of “phonological similarity.” According
to the TRACE model, “global similarity” plays an important
role in mapping spoken words onto lexical representations
(McClelland and Elman, 1986). This assumption predicts that
the degree of word activation varies with phonological similarity.
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Using the eye-tracking technique, Shen et al. (2018) manipulated
the phonological similarity of the first syllable in Chinese
disyllabic words and found that more fixations were allocated to
high-similarity competitors (sharing full phonemic overlap with
targets) compared to low-similarity competitors (sharing partial
phonemic overlap with targets). If the mapping rule of “global
similarity” also applies to second syllable processing in Chinese,
we would observe a larger phonological competition effect in the
syllabic overlap condition while a small effect in the sub-syllabic
overlap condition.

EXPERIMENT 1

Method

Participants

Forty undergraduates (13 men, 27 women) from Hangzhou
Normal University were randomly recruited and participated in
the experiment. Their ages ranged from 18 to 27 years (Mean
age = 21.2 years) and they were all native Mandarin Chinese
speakers who had normal or corrected-to-normal vision and
normal hearing. A monetary compensation was paid to each
participant after the experiment. The research protocol reported
here was approved by the ethics committee of the Institute of
Psychological Sciences from Hangzhou Normal University.

Materials and Design
All spoken target words were recorded by a native Chinese
female speaker at a normal speaking speed on the software Praat
at a sampling rate of 44.1 kHz. All spoken target words were
embedded in a spoken instructional carrier, “/F47Z” (“please click
on”), and presented to participants through headphones.
Fifty-four Chinese disyllabic words were selected as target
items. Each visual display included a target word, a phonological
competitor, and two distractors that were neither semantically
nor phonologically related with target word. For each target word,
there were two types of corresponding phonological competitors:
a syllabic overlap competitor and a sub-syllabic overlap
competitor. For the syllabic overlap condition, the phonological
competitor shared all phonemes of the second syllable with
the target words (e.g., “/%) xiao3zhuan4, “calligraphy” vs.
L4 gonglzhuand, “revolution”). For the sub-syllabic overlap
condition, the competitor shared cohort-part phonemes of the
second syllable with targets (e.g., “@#,” yuan2zhu4, “cylinder” vs.
2442 gonglzhuand, “revolution”). To maximize the possibility
of observing the phonological competition effect, all phonological
competitors were matched in the lexical tone of the second
syllable with the targets. (See Figure 1 for sample stimuli of
Experiment 1.) Word frequency and number of strokes were
carefully matched across the four printed words in the two
conditions (syllabic overlap condition: Fs < 1, ps > 0.60; sub-
syllabic overlap condition: Fs < 1, ps > 0.82; see Table 1 for
the lexical properties of experimental stimuli; word frequency
data from the Chinese Linguistic Data Consortium, 2003). All
phonological competitors were carefully selected to share no
semantic association or orthographic association with target
words. Another twenty participants (who did not participate
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FIGURE 1 | An example of a printed-word display in Experiment 1. For the
spoken target word 2'#, gong1zhuan4, “revolution,” the printed-word display
consisted of an identical target word, a phonological competitor word in the
syllabic overlap condition (A) 2%¢, xiao3zhuan4, “calligraphy” or in the
sub-syllabic overlap condition (B) /4%, yuan2zhu4, “cylinder” and two
unrelated distractors #7%, cheng2lou2, “gate tower” and £7#, bai2yin2,
“silver” in four corners of the display.

in the following eye-tracking experiment) were recruited and
were asked to rate the semantic relatedness between targets and
competitors on a 5-point scale. Results showed no significant
difference between the two types of competitors (targets and
syllabic overlap competitors: mean score = 1.15, SD = 0.25;
targets and sub-syllabic overlap competitors: mean score = 1.13,
SD =0.21; t = 0.45, p = 0.65). In addition, two research assistants
examined the material to ensure there was no orthographic
association between targets and competitors (i.e., sharing no
radicals). All critical stimuli were split into two lists. Each list
contained 27 syllabic overlap items and 27 sub-syllabic overlap
items with no repetition of target words. Each participant was
randomly assigned to perform one list only. See the Appendix
for all materials used in critical trials.

Apparatus

Participants’ eye movements during the experiment were
recorded using an EyeLink1000 Desktop tracker (SR Research,
Mississauga, ON, Canada), with sampling at a rate of 1000 Hz.
The experimental task was programmed using Experimental
Builder software (SR Research Ltd). Auditory stimuli were
presented to the participant via headphones (Sennheiser, PC 230).
Visual stimuli were presented on a 21-inch monitor (resolution:
1024 x 768; refresh rate: 85 Hz) of a Dell computer. The visual
stimuli were displayed in black (RGB: 0, 0, 0) against a white
background (RGB: 255, 255, 255). Participants were seated about
57 cm away from the display screen and 1 cm on the screen
subtended a visual angle of approximately 1°. A chin rest was
used to control the participant’s head position. Although the
viewing was binocular, only eye movements of the right eye were
recorded during the entire procedure.

Procedure

Before the experiment, each participant was given a brief
introduction to the experiment. The eye-tracker was then
calibrated and validated via 9-point calibration prior to the
beginning of the experiment. A drift check was performed before
the start of each trial. Each trial started with a blank screen
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TABLE 1 | Lexical properties of the experimental materials in Experiment 1 and 2.

Target word Phonological competitor (the Phonological competitor (the Distractor Distractor

syllabic overlap condition) sub-syllabic overlap condition)
Mean word frequency 2.39 (2.53) 2.32 (2.61) 2.74 (3.70) 2.20 (2.04) 2.28 (2.11)
Mean number of strokes 16.81 (4.60) 16.94 (4.76) 17.37 (4.19) 17.37 (4.46) 17.81 (4.75)

Mean word frequency was calculated as occurrences per million. The standard deviants are presented in brackets.

displayed for 500 ms, and then followed by a visual display
consisting of four printed words. The auditory stimuli were
presented 200 ms’ after the visual display onset. The four printed
words were arranged at the four corners of the screen and the
positions of each printed word were randomized across trials*.
The size of each disyllabic word was approximately 1.5° x 3°
and located about 10° away from the screen center. Participants
were asked to find the target word (that was same as the auditory
stimulus) and click on it using a computer mouse. The visual
display remained on the screen until a response was made.
Participants were required to make the responses as quickly and
accurately as possible.

There were seven practice trials prior to the formal experiment
to ensure that participants were familiar with the task procedure.
Additional 54 filler trials including a target and three distractors
were added into the experiment, which were constructed to
avoid participants being aware of the manipulations in the
critical trials. Critical trials and filler trials were intermixed and
randomly presented. The duration of the whole experiment was
approximately 10-15 min.

Results and Discussion

Accuracy Data

Filler trials, practice trials, and critical trials with wrong responses
were all excluded from the data analysis. Participants’ accuracy in
the critical trials was 99.9%, suggesting that they paid sufficient
attention to the task.

Data Coding

A square region of 10° x 10°centered around each printed word
was designated as the region of interest (ROI) for eye tracking.
Only fixations that fell into the ROI were defined as “fixating
on the current word” and those fixations that did not fall on the
printed words were considered as falling on the background. All
fixations were coded as “0” (not fixed) or “1” (fixed) for every
100 ms bin starting from 200 ms before the onset of the auditory
stimulus presentation.

Eye Movement Data

A logit mixed model (Jaeger, 2008; Quené and van den Bergh,
2008; Ferreira et al., 2013) was employed to analyze the eye
movement data in the R software (R Core Team, 2020). A glmer()
function in the Ime4 package (Version 1.1-23; Bate et al., 2015)

3This choice of preview time prevents participants from reading the words
strategically.
“For each spoken target word, the positions of printed targets, competitors,
and distractors were the same in the syllabic overlap and sub-syllabic overlap
conditions.

was used to build the mixed effect models. For the base model,
a random intercept for participants and items was added. Then,
the fixed effects (“the word type”: competitor vs. distractor and
“the competitor type”: the syllabic overlap competitor vs. the
sub-syllabic overlap competitor) were added into the models
one by one, followed by the interaction of the fixed effects as
well as the by-participants random slope for the fixed factor
(Cunnings, 2012; Barr et al, 2013). To test whether adding a
factor improved the model fit, anova() was used to conduct
the model comparison. For any significant interaction effect,
contrast analysis was performed to compare the effect between
the competitor and the distractors.

Figure 2 presents the proportion of the fixations to the
targets, the phonological competitors, and the distractors’ in the
syllabic overlap and sub-syllabic overlap conditions, respectively.
As seen in Figure 2, the fixation proportion curve of the target
showed a significant separation trend compared to that of the
phonological competitors and distractors after 300 ms from the
onset of the spoken words. However, in both conditions, the
fixation proportion curves of the phonological competitors and
the distractors were almost overlapping except for a very tiny
difference in the time window bin of 400-500 ms vs. 500-600 ms.
The data for the two time windows were thus analyzed to test
whether the difference reached statistical significance. Results
of the logit mixed model showed that adding fixed factors or
interaction did not improve model fit for either the time window
of 400-500 ms [x? (2) = 0.24, p = 0.89] or 500-600 ms [x?>
(2) =0.89, p = 0.64].

In Experiment 1, no evidence was found for a phonological
competition effect on the second syllable (i.e., the rhyme), in
agreement with the findings of Malins and Joanisse (2010). This
result stands in contrast to the cohort competition effect found in
Chinese using a very similar design (Shen et al., 2018). We assume
that rhyme processing may be relatively weak compared to
cohort processing in Chinese. Therefore, a competitive situation
(e.g., presenting a target word in the visual display) may make
the subtle rhyme effect less observable. Some previous studies
have already shown that the semantic competition effects were
larger when the target was not presented in a visual display
(i.e., a target-absent design) compared to when the target was
presented (i.e., a target-present design) (Huettig and Altmann,
2005). This is because the presence of the target will attract the
most attentional resources in the visual field, thus leading to
less attention being directed to other visual referents. For this
reason, the use of the target-present design may have reduced
the likelihood of observing the rhyme competition effect in

>The curve of distractors refers to the average fixation proportions of the two
distractors in Figures 2, 4.
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Experiment 1. Therefore, in Experiment 2, we adopted a target-
absent display of the visual-world paradigm to further test the
role of the second syllable (i.e., the rhyme) competition effect
during Chinese spoken word recognition.

EXPERIMENT 2
Method

Participants

Forty undergraduates (15 men, 25 women) from the same
participant pool were randomly recruited to participate in
Experiment 2; none of them had participated in Experiment 1.
Their ages ranged from 17 to 23 years (Mean age = 19.95 years)
and they were all native Mandarin Chinese speakers who had
normal or corrected-to-normal vision and normal hearing.
A small compensation was paid to each participant after the
experiment. The research protocol reported here was approved
by the university ethics committee.

Materials and Apparatus
Materials and apparatus were the same as those used
in Experiment 1.

Procedure

The procedure was modified from Experiment 1, in that the visual
referents of the spoken target words for the critical trials were
not presented on the display screen. Additionally, the spoken
target words were presented to participants without the preceding
carrier phrase. For each trial, three printed words were presented,
arranged as a V-shape or an inverted V-shape on the screen.
The positions of the printed words were randomized across
trials® (Tsang and Chen, 2010). Each word was located about
8° away from the screen center (see Figure 3 for experimental

SFor each spoken target word, the positions of competitors and distractors were
the same in the syllabic overlap and sub-syllabic overlap conditions.

stimuli of Experiment 2). Participants were presented with
spoken target words and instructed to determine whether or not
the referent of the spoken target word was on the screen by
pressing corresponding buttons on a keyboard. An equivalent
number of filler trials were constructed to balance the responses.
The referents of spoken targets were presented in the visual
display only for filler trials. Thus, “YES” responses were expected
in the filler trials, and “NO” responses were expected in the
critical trials.

Results and Discussion

Accuracy Data

Filler trials, practice trials, and critical trials with wrong responses
were all excluded from the further data analysis. Participants’
accuracy in the critical trials was 99.26%, suggesting that they
paid sufficient attention to the task.

N ik [ Wk

H R (SR

FIGURE 3 | An example of a printed-word display in Experiment 2. For the
spoken target word 2%, gong1zhuan4, “revolution,” the printed-word display
consisted of a phonological competitor word in the syllabic overlap condition
(A) /%, xiao3zhuan4, “calligraphy” or in the sub-syllabic overlap condition (B)
FtE, yuan2zhu4, “cylinder” and two unrelated distractors #¢#, cheng2lou2,
“gate tower” and £7#, bai2yin2, “silver”. In this example, the three printed
words were arranged as a V-shape.
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FIGURE 2 | Proportion of fixations on the target, the phonological competitor and the distractors from 200 ms before the onset of the spoken target word in the
syllabic overlap condition (A), and sub-syllabic overlap condition (B), respectively in Experiment 1.
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Eye Movement Data

The data coding and statistical analysis were the same as that in
Experiment 1. Figure 4 presents the proportion of the fixations to
the phonological competitors and the distractors in the syllabic
overlap and sub-syllabic overlap conditions, respectively. The
fixation proportion curves of the phonological competitor and
the distractor had a clear disassociation from 800 ms until
1300 ms after the onset of the spoken targets. Numerous
fixations fell on the phonological competitors compared to the
distractors in both conditions. But the degree of divergence in the
syllabic overlap condition was larger than that in the sub-syllabic
overlap condition. To test whether the differences approached
statistical significance, the time windows from 900 to 1300 ms
were analyzed using the logit mixed model (see Table 2). The
results showed that the model was significantly improved by the
interaction of fixed effects and the by-participant random slope
of the “the competitor type” [x> (5) = 16.62, p < 0.01] in the
time window of 900-1000 ms. The pattern of interaction effects
was sustained for the time window from 1000 to 1300 ms (y>
s > 8.01, ps < 0.05). For the time window of 900-1000 ms,
contrast analysis showed that phonological competitors attracted
more fixations compared to the distractors in both the syllabic
overlap condition (b = 0.59, SE = 0.09, Z = 6.30, p < 0.001)
and the sub-syllabic overlap condition (b = 0.32, SE = 0.10,
Z =341, p < 0.001). Moreover, fixation proportions on syllabic
overlap competitors were significantly larger than those on the
sub-syllabic overlap competitors (b = -0.45, SE = 0.10, Z = -4.59,
p < 0.001), while no difference was found for the distractors
(Z =0.70, p = 0.49). The significant phonological competition
effects suggested that the second syllable (i.e., the rhyme) was
indeed competing and activated during processing of the spoken
word perception. More importantly, the phonological activation
of sub-syllabic overlap competitors also suggested a significant
phonological competition effect of the initial phonemes of the
second syllable. In addition, the interaction effects suggested
that the activation of phonological competitors was sensitive
to phonemic overlapping such that the activation degree of
the phonological competitor was varied as a function of the

full/partial phonemic overlap. Thus, more visual attention was
directed to the syllabic overlap competitors than to the sub-
syllabic overlap competitors.

Unexpectedly, we also found a main effect of “the word type”
in the time window of 300-500 ms. The fixation proportions on
phonological competitors were significantly higher than those on
distractors in both conditions (x%s > 6.86, ps < 0.04). However,
no interaction of fixed effects was found (x%s < 1, ps > 0.70).
We assume that the mismatched word frequency for some items
may account for this unexpected result. After a careful check of
the material, we found that the word frequency of item 28 did not
match perfectly across conditions such that the word frequency of
the sub-syllabic overlap competitor (i.e., “44£,” baodzha4, Word
frequency = 23.31 occurrences per million) was much higher than
the word frequencies of the distractors (Le., %%, ling2mud,
Word frequency = 2.14 occurrences per million, “&#7,” zuodyi3,
Word frequency = 2.19 occurrences per million). When a further
data analysis excluding item 28 was conducted, results showed
that the unexpected main effect in the time window of 300-
500 ms disappeared (x% s > 3.45, ps > 0.13), and our main
interaction effects in the time windows of 900-1300 ms remained
significant (x? s > 6.91, ps < 0.05). In addition, the mean
word frequency and number of strokes between targets and the
competitors and distractors remained matched (syllabic overlap
condition: Fs < 1, ps > 0.69; sub-syllabic overlap condition:
Fs <1, ps > 0.54)".

GENERAL DISCUSSION

Two experiments were conducted to determine whether the
second syllable compete for word recognition and whether the
initial-part of the second syllable is involved in the processing of

“Mean word frequency: syllabic overlap competitors, M = 2.36, SD = 2.62; sub-
syllabic overlap competitors, M = 2.35, SD = 2.38; distractor, M = 2.20, SD = 2.06;
distractor, M = 2.28, SD = 2.13; Mean number of strokes: syllabic overlap
competitors, M = 16.94, SD = 4.81; sub-syllabic overlap competitors, M = 17.17,
SD = 3.96; distractor, M = 17.26, SD = 4.43; distractor, M = 17.74, SD = 4.76.
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condition (A), and sub-syllabic overlap condition (B), respectively in Experiment 2.

FIGURE 4 | Proportion of fixations on the phonological competitor and the distractors from 200 ms before the onset of the spoken target word in syllabic overlap
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TABLE 2 | Time windows analysis for results of logit mixed models in the syllabic overlap and sub-syllabic overlap conditions in Experiment 2.

Time window from Predictor Syllabic overlap condition Sub-syllabic overlap condition
spoken target word (ms)
Estimate Standard Zvalues Corrected Estimate Standard Zvalues Corrected
error p-values error p-values
900-1000 ms (Intercept) —1.01 0.07 —14.00 <0.001*** —1.03 0.07 —13.92 <0.001***
Distractor —0.07 0.10 —0.69 0.49 0.06 0.10 0.63 0.53
Phonological competitor 0.59 0.09 6.34 <0.001** 0.32 0.10 3.41 <0.001**
1000-1100 ms (Intercept) —1.29 0.09 —13.91 <0.001*** —1.28 0.09 —13.71 <0.001***
Distractor 0.05 0.10 0.47 0.64 0.10 0.10 0.93 0.35
Phonological competitor 0.70 0.10 7.10 <0.001*** 0.33 0.10 3.17 <0.001***
1100-1200 ms (Intercept) -1.57 0.11 —-13.96 <0.001*** —1.54 0.12 -13.10 <0.001***
Distractor 0.16 0.11 1.44 0.15 0.10 0.11 0.95 0.34
Phonological competitor 0.62 0.11 5.88 <0.001** 0.17 0.11 1.54 0.12
1200-1300 ms (Intercept) —-1.71 0.14 —12.61 <0.001*** —1.85 0.14 -13.19 <0.001**
Distractor —0.19 0.12 —1.58 0.11 0.07 0.12 0.55 0.58
Phonological competitor 0.31 0.11 2.76 <0.01** 0.09 0.12 0.79 0.43

*n < 0.01, **p < 0.001.

Chinese disyllabic word recognition using a printed-word version
of the visual-world paradigm. We manipulated the competitors
sharing full phonemes of the second syllable with the targets
(i.e., “the syllabic overlap condition”) or sharing the cohort-
part phonemes of the second syllable with the targets (ie.,
“the sub-syllabic overlap condition”). No main effect or any
interaction effect was found to be significant when the targets
were presented in the visual display in Experiment 1. However,
a significant phonological competition effect was observed under
both conditions when the target referents were removed from
the visual display in Experiment 2 (i.e., the fixation proportions
on the phonological competitors were higher than those on
distractors) in both syllabic overlap and sub-syllabic overlap
conditions, suggesting that both second syllable (i.e., the rhyme)
and the initial part of the second syllable were accessed for
competition. In addition, we also found a larger competition
effect in the syllabic overlap condition than that in the sub-
syllabic overlap condition in Experiment 2.

In the current study, we observed clear and robust evidence
that the second syllable (which was usually deemed as a rhyme
in previous Chinese studies, Liu et al., 2006; Meng, 2014) are
involved in competition in Chinese spoken disyllabic word
recognition using a target-absent display of the visual-world
paradigm. Prior studies regarding rhyme processing in Chinese
have yielded contradictory results. Some studies have found
no evidence for rhyme competition while other studies have
observed a rhyme competition effect (Zhao et al., 2011; Meng,
2014). To revisit this issue and maximize the possibility of
observing a compound rhyme competition effect on disyllabic
words, we altered some aspects of our original experimental
design, i.e., presenting only one competitor type and presenting
targets in isolation, using the printed-word paradigm. The results
showed an important role of the second syllable (i.e., the rhyme)
in Chinese spoken word recognition, in that the syllabic overlap
competitors attracted more fixations than did the distractors.
The significant rhyme effect in Chinese is consistent with the

role of rhyme for disyllabic words in alphabetical languages,
showing a universal competitive role of rhymes across languages.
However, the rhyme competition effect in Chinese was only
observed in the target-absent situation in Experiment 2 and the
effect disappeared in the target-present situation in Experiment
1. These results seem to indicate that the rhyme effect for
disyllabic words in Chinese is relatively weak, such that a
competitive environment (such as presenting targets on a screen)
weakens the rhyme effect to the point of producing a null effect
in Experiment 1.

More importantly, we also observed the activation of the
initial phonemes of the second syllable (i.e., rhyme) during
spoken word recognition. As noted, most studies focused
on the separate role of cohort/rhyme and few studies have
ever investigated the role of embedded cohort in the rhyme.
The significant competition effect observed in the sub-syllabic
overlap condition suggested that the embedded cohort part
within a rhyme was also activated and the rhyme processing
in the disyllabic word was accessed in a multiple-layer way:
the whole-word layer and the monosyllabic layer. In addition,
we also observed a modulating role of phonemic overlapping
proportion on the activation degree of the phonological
competitors; a larger competition effect was found for syllabic
overlap competitors and a relatively small competition effect
was found for sub-syllabic overlap competitors, demonstrating
that the mapping of spoken signals onto the inner lexical
representation was determined by the degree of phonological
similarity. Therefore, syllabic overlap competitors with full
phoneme overlapping with targets are activated to a higher
degree than the sub-syllabic overlap competitors with only
partial phoneme overlapping with targets. This is reflected
in eye movement behaviors as more fixations are directed
to the syllabic overlap competitors than to the sub-syllabic
overlap competitors.

Given that the second syllable was considered as the rhyme
in prior Chinese disyllabic word processing (Liu et al., 20065
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Meng, 2014), the current findings also contribute to refinements
of the rhyme processing assumptions in the spoken word
recognition models. Existing spoken word recognition models
make different assumptions regarding rhyme processing. The
second syllable (i.e., rhyme) competition effect observed in the
present study is in line with the assumptions of the TRACE
model (McClelland and Elman, 1986) which assumes that spoken
word recognition is a continuous process with the competition
among rhymes being involved. The TRACE model also predicts
that rhymes and cohorts are processed with different weights,
with a weaker and later activation of the rhyme processing but
an earlier and stronger activation for the cohort processing.
Our current finding of an absence of a rhyme competition
effect in the target-present situation stands in contrast to the
significant cohort effect found in the target-present situation
in our prior studies (Shen et al., 2018). The combined results
across two studies provide some indication that the rhyme
effect is relatively weaker than the cohort effect in Chinese.
In addition, both the TRACE and TTRACE model (proposed
by Tong et al, 2014) make no assumptions about how the
embedded cohort/rhyme are processed in Chinese spoken word
recognition. Our current findings provided the first piece of
evidence that the embedded cohort part of the rhyme can
also be activated during Chinese disyllabic word recognition.
The significant phonological competition effect observed in
the sub-syllabic overlap condition in Experiment 2 also shed
some lights on the uniqueness and complication of the rhyme
processing in Chinese. The rhyme processing in Chinese is
likely to be accessed in a multiple-layer manner: the whole
word layer and the monosyllabic layer, and the rhymes are
possibly to be accessed in parallel or serially at these two
different levels.

It is well known that compared to alphabetical languages
such as English, most syllables in Chinese can be mapped onto
morphemes and can stand alone as monosyllabic words (Zhou
and Marslen-Wilson, 1994; Zhao et al., 2011). This specific
linguistic property may lead to different rhyme representations in
Chinese (especially in disyllabic Chinese words) as compared to
that in alphabetical languages such that rhyme representation in
Chinese may be more salient than that in alphabetical languages.
However, the saliency of rhyme representation in Chinese may
be affected by word frequency. Prior studies have found that low-
frequency words are more likely to be represented as separated
morphemic entries while high-frequency words are more likely
to be represented as whole-word entries in the mental lexicon
(Pollatsek et al., 2000; Yan et al., 2006). Thus, it is possible
that the separated morphemic representations of low-frequency
words may also increase the saliency of the linking phonological
representations (i.e., rhyme representation) compared to high-
frequency words. In our current study, the mean word frequency
of the target words is 2.39 occurrences per million. Based on
a Chinese Linguistic Data Consortium (2003), only 22.86%
words’ frequencies are higher than the targets. Therefore, target
words in current study are relatively high-frequency Chinese
words and the rhyme representations of those words are not
that salient. In this study, we did not manipulate the word
frequency of targets directly, and thus it remains unclear how

the word frequency would influence rhyme processing and
representations. More studies need to be conducted to further
examine this issue.

One may argue that the phonological competition effect
observed in the target-absent design in Experiment 2 may have
resulted from task-specific strategies. For example, participants
may allocate more attentional resources to the target absent
displays because the task was to search for a matched target.
However, this explanation is less plausible because: (1) the visual
display was previewed for 200 ms before the onset of the auditory
words. Given that 200 ms is usually assumed to be the retrieval
time for phonological information from printed words (Huettig
and McQueen, 2007), this preview time prevented listeners
from searching for visual words strategically and accessing the
phonological code of printed words based on the phonological
information of the spoken targets. The setting of the preview
time allows that the phonological information of the spoken
word and the printed words was accessed concurrently and
the eye movement measures of the printed words reflected the
ongoing cognitive processing during spoken word recognition
rather than a later search effect after the target words had been
activated. (2) In addition, participants in the current study were
instructed to search for a target word in the visual display and
responded by pressing keys. It should be noted that no explicit
phonological processing was necessary in order to complete
the task. If the phonological competition effect had resulted
from a visual search strategy, then the fixation proportion
under both syllabic overlap and sub-syllabic overlap conditions
should be the same since both the syllabic overlap and sub-
syllabic overlap competitors were not targets and there was no
reason for participants’ eyes to fixate on these visual referents.
However, the significant competition effect suggested that the
phonological information of the second syllable was indeed
activated. Based on this fact, we argue that the phonological
information of the second syllable was activated automatically
to a larger extent during the visual search and less likely to
have been the result of the task. More future studies need
to be conducted to further examine whether the phonological
competition effect on rhymes and on partial phonemes of
rhymes still exist under a more general and natural language
processing situation.

Our study has several limitations worth noting. First, the
lexical tone of the phonological competitors was not manipulated
in the current study. One of our prior studies showed that
lexical tone affects the degree of activation of cohort competitors
(Shen et al, 2020), and thus it remains unclear how the
lexical tone of rhymes might modulate the activation degree
of rhyme competitors. This should be investigated in future
studies. Second, the current study did not include a cohort
competitor type in the word level, and thus it was unable
to directly compare the processing differences in time course
and activation degree between the two types of phonological
candidates on same level during spoken word recognition. Third,
in the current study, we only considered the processing of word-
initial phonemes (i.e., cohort-part) in the syllable level (i.e.,
second syllable). Future studies need to be conducted to further
explore whether the word-final phonemes (i.e., rhyme-part) of
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the second syllable can also be activated. These studies have
important implications in uncovering the uniqueness of rhyme
processing in Chinese. Fourth, current study did not intentionally
control or manipulate the participants’ cognitive/meta-linguistic
abilities or the familiarity degree of Chinese printed words. It
is possible that those factors may also exert some confounding
influence on our current findings. Future studies need to be
conducted to further investigate the role of these factors on the
syllable processing in Chinese. Lastly, more future studies need
to be designed to investigate how context predictability may
influence rhyme processing in Chinese spoken perception.

Taken together, the current study confirmed that not only the
second syllable (i.e., thyme) at the word level is activated, but also
the initial phonemes of the second syllable at the syllabic level
are also activated for competition in Chinese spoken disyllabic
word recognition.
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APPENDIX

TABLE A1 | Materials used in Experiments 1 and 2.
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TABLE A1 | (Continued)

Id Target Phonological competitor Phonological competitor Distractor Distractor
(Syllabic overlap condition) (Sub-syllabic overlap condition)

49 A2 (gong1 guanT) S (wai4 guani) PN (xi1 gual) I (red liang4) EL 11 (kun1 chong?)
50 22 (sheng1 jiang™) JULL (jiu3 jiang1) K (qing4 jial) ALK (beid out) 5 (fud hao2)
51 AL (te4 xiao4) XK (huant xiaod) REH (sheng4 xiad) ER5 (zong1 ying3) FEZE (ing2 mu4)
52 A (jiu3 jing1) K@ (shuid jing1) i (gang1 jin1) T4 (zhi2 beid) i3k (she2 tou)
53 BRI (zhut wang3) KAE (jai2 wang3) YR (fand wan3) 7Kt (shuid chi2) kg (pin3 ge?)
54 WEFF (zheng4 jian4) 51 (gong1 jian4) F4E (shut jiad) FYF (yues bing3) FIEk (ming2 zhu)

Words’ pronunciations are presented in brackets.
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Peibing Liu, Xin Zhang "?" and Renlai Zhou ™

" Department of Psychology, Nanjing University, Nanjing, China, 2 Smart Home Solution BU of Innovation Business Group,
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Whether working memory training is effective in enhancing fluid intelligence remains in
dispute. Several researchers, who doubt the training benefits, consider that placebo
effects may be the reason for positive training gains. One of the vital variables that may
induce the placebo effect is the mindset of intelligence. In this article, we provide a test of
whether the mindset of intelligence leads to placebo effects in working memory training.
Participants were overtly recruited and allocated to the growth mindset group or the fixed
mindset group by Theories of Intelligence Scale scores. A single, 1h session working
memory training is the cue to introduce the placebo effects. During pre/post-testing, all
participants completed tasks measuring working memory capacity (near transfer) and
fluid intelligence (far transfer). Our findings show no significant difference between the
two groups in both tasks. Therefore, these results suggest that the placebo effect does
not exist in this study, which means individuals’ mindset of intelligence may not be a
contributor to the placebo effect in 1 h working memory training. This research will further
help to clarify the mechanism of the placebo effect in working memory training.

Keywords: working memory training, fluid intelligence, placebo effects, mindset of intelligence, transfer effect

INTRODUCTION

Working memory is a cognitive system that plays a crucial role in keeping things in mind
while performing complex attentional-cognitive control activities such as goal-directed behavior,
reasoning, decision-making, comprehension, and learning (Kane and Engle, 2002; Holmes et al,,
2009; Baddeley, 2010; Shahar et al., 2018). From this perspective, working memory training is
assumed to improve not only working memory capacity but also a battery of related abilities.
Several studies have verified the assumption that the training can enhance attention (Chein
and Morrison, 2010; Kundu et al, 2013), decrease attention deficit hyperactivity disorder
(ADHD)-related symptoms (Klingberg et al., 2002, 2005), and strengthen reading or language
comprehension (Carretti et al., 2013, 2014; Artuso et al., 2019). In 2008, a study found a promising
result, short-term working memory training can improve the fluid intelligence of healthy adults,
to support that fluid intelligence is trainable (Jaeggi et al., 2008; Sternberg, 2008). Building
on this initial research, more studies on working memory training on fluid intelligence have
accumulated (Jaeggi et al., 2011, 2014; Hardy et al., 2015). Fluid intelligence refers to the ability
to solve novel, abstract problems through insight into complex relationships without relying
on previous knowledge experience (Cattell, 1963). Fluid intelligence is not only the basis for
other cognitive abilities but also plays a key role in how we solve problems in daily work and
life and how we adapt to new situations (Sternberg and Gastel, 1989). Although many studies
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have reported that the near-transfer effect (i.e., increased working
memory ability) is statistically significant and lasts for several
months, some controversial results remain on the far-transfer
effect (i.e., improvement in other abilities), especially on the
transfer to fluid intelligence (Colom et al., 2010, 2013; Owen
et al., 2010; Chooi and Thompson, 2012; Bastian and Oberauer,
2013; Redick et al., 2013; Sprenger et al., 2013; Thompson et al.,
2013; Bastian and Eschen, 2016; Lawlor-Savage and Goghari,
2016; Clark et al., 2017). Whether working memory training can
increase fluid intelligence still lacks consistent evidence.

Considering the argument, the role of placebo effects in
early positive findings, expectations may lead to post-training
fluid intelligence gains, is of a central concern (Shipstead et al.,
2012; Slagter, 2012; Melby-Lervag and Hulme, 2013; Redick
et al., 2013). Placebo effects are psychophysiological changes
caused by the symbolic meaning of treatment rather than
specific pharmacological or physiological properties (Brody,
1980; Stewart-Williams and Podd, 2004). It is well-known that
in drug trials, the control group takes a placebo pill (which
looks the same as the experimental group) to promise both to
have the same anticipation for the pills. In medical practice,
one reason for the improvement experienced by a patient after
treatment is the confidence of the patient in the healer or the drug
is so strong that the psychological effect of the relief alleviates
their condition (Zhang et al., 2011). The improvement is not
caused by the treatment itself. It is the belief and expectation (the
treatment will work) that lead to the placebo effect. Psychological
intervention, including working memory training, should also
pay attention to the difference in expectations between groups
(Boot et al,, 2013). Foroughi et al. (2016) published an infusive
report confirming the placebo effects in 1h working memory
training. In this research, the placebo group was recruited with
a flyer that overtly advertised the cognitive enhancement effect
of working memory training; the control group was recruited
covertly with a visually similar flyer. During the 1h training
session, the results showed that fluid intelligence was significantly
improved in the placebo group rather than the control group.
These results suggest that the observed effects are due to overt
recruitment (reveal the objective to induce expectancies), which
challenges the true efficacy of working memory training.

It is worth noting that, in the study of Foroughi et al.
(2016), the average Theories of Intelligence Scale (TIS) scores
of the placebo group were significantly higher than the control
group. The TIS measures the mindset of intelligence, which
reflects beliefs regarding the malleability of intelligence. Students
can hold different “theories” about their intelligence (Dweck,
2000). Some students who have a fixed mindset believe that
their intelligence is unchangeable (an entity theory). Others
who have a growth mindset believe that their intelligence can
be developed through effort and persistence (an incremental
theory). Individuals who have high TIS scores may consider that
their intelligence can be improved. However, Foroughi et al.
only attributed positive post-test outcomes to the recruitment
methods. The role of the mindset of intelligence in placebo effects
is ambiguous.

According to the mindset theory (Dweck, 2000), students
with a growth mindset have many benefits, including adherence

to learning goals rather than performance goals (Richard and
Pals, 2010), positive effort belief (Tempelaar et al.,, 2015), and
holding effort and positive strategies (Ommundsen et al., 2005).
These also lead to better academic achievement (Claro et al,,
2016). However, this theory has been discredited and inconsistent
empirical findings were found (Dommett et al., 2013). A recent
meta-analysis (Sisk et al., 2018) found that the relationship
between mindset interventions and academic achievement was
non-significant, which did not support Dweck’s claim. This also
suggests that more related research is needed. Therefore, our
study (the mindset of intelligence is a critical variable) can also
be seen as an answer to this need.

Several studies emphasize the influence of individual
differences on training results (Jaeggi et al., 2014; Guye et al,,
2017), among which mindset of intelligence is an essential
factor. Individuals who think their intelligence is malleable
show a greater transfer effect in training than those who think
intelligence can hardly be changed through effort (Jaeggi et al.,
2014). Clinical empirical studies have supported that mindset is
one of the factors inducing the placebo effect. Mindset can lead to
the attention and motivation of patients and affect the subjective
and objective measurements of health and well-being (Crum and
Zuckerman, 2017). Moreover, according to the study on stress,
diet, and exercise, the mindset was related to mental and physical
well-being, including blood pressure, weight loss, and cortical
and hormonal responses (Crum and Langer, 2007; Crum et al.,
2013; Crum and Zuckerman, 2017). Before being informed of
the disease and treatment information, patients already have a
certain mindset, which can interpret the information reception,
affect subsequent expectancies, and induce the placebo effect
(Zion and Crum, 2018). Similarly, the mindset of intelligence
could be a contributor to placebo effects in working memory
training. That is, the variable, mindset of intelligence, may
have confounded the results reported in the Foroughi et al’s
(2016) study. Therefore, empirical research is needed to examine
whether overt recruitment or the interaction between overt
recruitment and mindset of intelligence contributes to the
placebo effects in working memory training.

To answer this question, we adopted the same recruitment
paradigm, procedure, and sample size as in the study by Foroughi
etal. (2016). Additionally, we ensured no difference in TIS scores
between the placebo group and the control group (Zhang et al,,
2019). However, we found no improvement of fluid intelligence
in either group, which failed to replicate the findings of the
Foroughi et al.’s (2016) study. These results ruled out the separate
role of overt recruitment in positive post-test outcomes, leading
us to wonder whether the mindset of intelligence is the cause of
the placebo effect. This study aims to illustrate these questions.

For this aim, in this study, we recruited both groups overtly by
advertising fluid intelligence improvement. Importantly, before
the formal experiments, participants filled in the TIS and were
divided into the growth mindset group (higher TIS scores) and
the fixed mindset group (lower TIS scores). Therefore, if the
growth group rather than the fixed group has task performance
enhancement (placebo effect), it would support that mindset
of intelligence is the contributor to task performance. Three
different versions of adaptive working memory training tasks
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were used in the 1 h cognitive training session. In addition to the
fluid intelligence (far-transfer effect), we also used a 2-back task
to measure the near-transfer effect.

MATERIALS AND METHODS

Participants

Participants were recruited at Nanjing University via an overt
advertisement poster stating that “Various studies indicate
that working memory training can improve fluid intelligence”
(Figure 1). Participants are all adults aged between 18 and 25
years, right-handed, in good health, and not taking any drugs.
All participants provided informed, written consent before the
formal experiment.

We recruited a total of 50 participants and divided them into
two groups of 25 persons, the same size as Foroughi et al.’s (2016)
study, based on their TIS scores. The specific recruitment process
is as follows: we first show our recruitment posters. If students
are interested in our experiment, they can scan the QR code
on the posters to fill in a questionnaire, which is the TIS. After
the statistical analysis on the scale scores of participants, we will
invite participants with scores >35 and <20 to participate in
our formal experiments. The TIS scores in the growth mindset
group are >35 (M = 36.6, SD = 2.26); in the fixed mindset
group, the TIS scores are <20 (M = 16.92, SD = 2.93). Table 1
provides detailed information on participants. The two groups
did not demonstrate any significant difference in gender ratio
[x2 (1, N = 50) = 0.104, P = 0.747, Cramers V = 0.046] or
in average age [t(4g) = 1.393, P = 0.170, Cohen’s d = 0.39, 95%
CI = —-0.337, 1.857].

Procedure Overview

Figure 2 describes the procedure for the study. The experiment
was divided into three parts: pretest, working memory training,
and post-test. All participants attended the pretest and post-
test tasks (2-back task measuring near-transfer effect; Raven’s
Advanced Progressive Matrices (RAPM) measuring far-transfer
effect). A single, 1h session working memory training was
conducted between the pretest and post-test. Similar to Foroughi
etal. (2016), the reason for choosing an hour as training duration
is that training time should be adequate (roughly 20 sessions,
each lasting 30-60min) to make cognitive training effective
(Shipstead et al., 2012), so the positive outcomes from 1 h training
must be due to placebo effects. At the end of the experiment, all
participants were compensated with money.

Training Tasks

After the pretest, participants completed a computerized working
memory training. We used three different versions of adaptive
working memory training tasks, including three kinds of memory
materials: animals, letters, and positions (Figure 3). Based on
the classical running memory span task, many studies have
previously adopted the training tasks in cognitive training
research (Zhao et al., 2011; Wang et al., 2014; Chen et al., 2018).
We will take the animal training task as an example to explain
the operation of training tasks in detail. In the animal training
task, animals are different and presented in the center of the

screen in sequence. In each trial, the number of animals varied
randomly from 5 to 7, 9, and 11, and participants were asked
to remember the last three animals presented in this trial. It is
worth noting that participants could not predict the number of
animals that would appear in each trial, they were not told, so
they had to update the memory items constantly. It would train
the working memory updating abilities. The other two training
tasks are similar to the animal training task: participants must
report the last three letters of the alphabet training task and the
last three animation positions in the position training task. Each
training task consists of 30 trials, which are divided into six blocks
with five trials each. At the beginning of the training, the duration
of each stimulus was 1,750 ms. If participants correctly reported
three or more trials in this block, the duration would be decreased
by 100 ms in the next block. In this study, participants completed
each training task two times in a randomized order, which lasted
approximately an hour.

Transfer Measurements

Working Memory Capacity (Near Transfer)

We used a computerized 2-back task to assess the near-transfer
effect in working memory training. In this task, participants were
asked to press key “F” if the currently presented item was the
same as the item presented two steps earlier; press “J” if not.
The matching and mismatching stimuli were both presented 50%
in this task. A “4+” was always presented in the center of the
screen, and a series of numbers, ranging from 0 to 9, will appear
at the top, bottom, left, and right of the “4.” Participants are
required to ignore the verbal information and judge whether the
digital space position of the current number matches the target
stimulus. Numbers and their spatial positions are both random.
Each trial consisted of a fixation (200 ms), a blank screen interval
(1,300 ms), target (200s), and reaction time (until response or
until 2,500 ms). Reaction time and accuracy were included in
the analysis.

Fluid Intelligence (Far Transfer)

One of the far-transfer effects that researchers are most
concerned with is fluid intelligence. In this study, we utilized
Raven’s Advanced Progressive Matrices (RAPM), commonly
used in adult intelligence research, to assess fluid intelligence
change (Raven et al., 1998). Referring to Jaeggi et al. (2008), we
used parallel forms for the pretest and post-test by dividing the
RAPM test into even and odd items.

RESULTS

All analyses were conducted using mixed-effects linear regression
with restricted maximum likelihood.

Training Effects

We compared whether there were differences in training
tasks between the two groups (Figure 4). The performance of
participants in training tasks can be measured by the task
difficulty level they eventually reach. The time interval between
adjacent stimuli presents the difficulty of the training task. The
shorter the time interval between stimuli, the more difficult the
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Brain Training and Cognitive Enhancement

Various studies indicate that working memory training can improve fluid

intelligence (e.g., Jaeggi et al., 2008; Rudebeck et al., 2012; Au et al., 2014)

Scan QR code to tind out more

Why not join our study today!

FIGURE 1 | Poster (the original poster was in Chinese).

TABLE 1 | Characteristics of participants.

Growth mindset group (N = 25) Fixed mindset group (N = 25) Group differences (p-value)
Gender (male: female) 7:18 6:19 0.747
Age (years; M + SD) 20.76 + 217 20.00 + 1.66 0.170
TIS scores 36.6 + 2.26 16.92 + 2.93 <0.001

task is. The baseline interval was 2,250 ms. The maximum level =~ P = 0.986, b = 0.005] or reaction times [B = —19.72, SE = 42.42,
of difficulty that participants attained did not differ between the = #(4g) = —0.465, P = 0.644, b = 0.14]. We observed a main effect

two groups: B = 72, SE = 87.64, t(45) = 0.822, P = 0.416, b =  of time on the accuracy [B = —0.13, SE = 0.03, t(4g) = —3.809,
0.24 for animal task; B = —16, SE = 51.90, t4gy = —0.308, P = P < 0.001, d = 0.88], but not on the reaction time [B = 31.32,
0.759, b = 0.09 for location task; and B = —24, SE = 24.77, t(45y  SE = 40.29, t(44) = 0.777, P = 0.439, d = 0.16]. Both interactions
= —0.969, P = 0.338, b = 0.30 for letter task, respectively. between time and group were not observed [ACC: B= —0.03, SE

=0.47, tgg) = —0.595, P = 0.554, d = 0.14; and RT: B = —55.34,

Transfer Effects SE = 56.98, t(45) = —0.971, P = 0.334, d = 0.20] (see Figure 5).

Two-Back Task (Near Transfer)

We calculated the accuracy and reaction time difference between ~ Raven’s Advanced Progressive Matrices (Far

the two groups in 2-back task from pretest to post-test. At the — Transfer)

pretest, the two groups did not significantly differ in accuracy =~ We analyzed the performance of RAPM between the two groups.
[B = —0.27, SE = 0.41, t4g = —0.670, P = 0.506, b = 0.19]  The two groups did not differ in pretest [B = —64, SE = 0.50,
or reaction times [B = —75.07, SE = 38.05, t45) = —1.973, P = tyg) = —1.290, P = 0.203, b = 0.38) or post-test (B = —0.16,
0.054, b = 0.58]. After the training, there was still no significant ~ SE = 0.53, t(4g) = —0.304, P = 0.762, b = 0.09). We did not
difference in accuracy [B = 0.0004, SE = 0.02, f43) = 0.018,  observe a main effect of time on test performance [B = 0.56,
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Pre-test task measurement

Near transfer task: work memory capacity (2-back task)
Far transfer task: fluid intelligence (Raven’s Advanced
Progressive Matrices)

FIGURE 2 | Procedure for the training study.

Growth mindset group [l N 1 h working memory training I —

Fixedmindsetgroup [N WSS | |, working memory training N —

Post-test task measurement

Near transfer task: work memory capacity (2-back task)
Far transfer task: fluid intelligence (Raven’s Advanced
Progressive Matrices)
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FIGURE 3 | Demonstration of three training tasks.

SE = 0.51, t(48) = 1.095, P = 0.276, d = 0.22]. And there was not
an interaction between time and group [B = —0.48, SE = 0.72,
t(48) = —0.664, P = 0.508, d = 0.14] (refer to Figure 6).

Overall, our data showed that the growth mindset group and
the fixed group did not differ in training effects, near-transfer
effect, and far-transfer effect.

DISCUSSION

Although evidence suggests that placebo effects exist in
working memory training, no research has directly examined
whether the mindset of intelligence is a critical variable.
In this study, we replicated the protocol of the Foroughi
et al’s (2016) study that involved overt recruitment and
a single, 1h session of training. Importantly, we assigned

participants to a growth mindset group and a fixed mindset
group based on their TIS scores to avoid any confound.
We tested for near-transfer effects using the 2-back task and
far-transfer effects (fluid intelligence) using RAPM. However,
the results showed that compared with the fixed mindset
group, the performance of the growth mindset group was
not significantly different from the pretest to the post-test
in all tasks. It seems to suggest that mindset of intelligence
does not contribute to the placebo effect in the 1h working
memory training.

Foroughi et al. (2016) recently attributed different TIS scores
between two groups to their own selection of participants for
the overt/covert recruitment, subjects who chose the overt flyer
had higher expectancies and higher TIS scores. They ignored
that the TIS score itself represents the mindset of intelligence
that could cause the placebo effect, which means they confused
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the role of the mindset of intelligence and recruitment methods.
Another possible explanation of Foroughi et al’s (2016) study
is that the results may be due to differences in the mindset of
intelligence between the placebo group and the control group.
Therefore, to our knowledge, this study is the first to directly
test whether the mindset of intelligence is a contributor to
placebo effects. However, the answer is no. It also triggers our
deeper thinking about the mindset of intelligence. Compared
with western students and ethnic Chinese students growing
up in western countries, Chinese students have a more fixed
mindset, which may be due to differences in reasoning about
intelligence (Kim et al., 2017; Sun et al,, 2021). This puts the
relevant research into a broader cultural context and also suggests
that we should not ignore the potential influence of social
context, parenting variables, and educational style. Future studies
should examine what variables influence the shaping of the
mindset of intelligence of children and how cultural differences
in the mindset of intelligence may lead to different outcomes.
However, cultural differences are not directly responsible for the

discrepancy between our results and those suggested by Foroughi
et al. (2016). On the one hand, there was no difference between
the TIS scores of both our two groups and their two groups.
On the other hand, our finding is consistent with Thompson
et al.’s (2013) study (a western study), which found that relevant
cognitive factors such as mindset of intelligence have a negligible
effect on training results and transfer effects.

We should note that we used a different training paradigm
from Foroughi et al.’s (2016). However, this does not affect the
results of the experiment. According to the response expectancy
view (Kirsch, 1999), when studying placebo effects, setting a
training task is only a cue to trigger the expectancy or motivation
of participants. The improvement in performance due to the
placebo effects should not depend on the training gains; that is
why these studies chose an hour as training duration (no actual
training gains). Besides, the three working memory training
tasks in this study are also commonly used in cognitive training
research (Zhao et al., 2011; Wang et al., 2014; Chen et al., 2018).
Given this evidence, we believe that the difference shown in our
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FIGURE 6 | The difference between the fixed group and the growth group in Raven’s Advanced Progressive Matrices (RAPM).

research is not due to the different training paradigms. Another
point worth noting is that we observed the main effect of time on
the accuracy of the 2-back task. In view of the improvements in
both groups, this might be a reflection of the practice effect, since
the task was relatively easy for college students, and the interval
was only an hour.

Opverall, we found no evidence that there are placebo effects
caused by the mindset of intelligence during working memory
training. This study and Zhang et al.’s (2019) study reveal that
neither the overt recruitment nor the mindset of intelligence
contributes to placebo effects in 1 h working memory training.
Two sets of explanations may account for these results.

First, do participants truly believe that 1h of training can
change their fluid intelligence? Just like researchers believe
that rigorous and persistent cognitive training rather than 1h
cognitive training is practical, even the high TIS participants
may think intelligence is malleable only with massive and long-
duration practice; such a short training time is unrealistic.
After all, the notion, fluid intelligence is hard to change, is
well-known in researchers and laypeople. However, previous
studies and this study ignored to examine actual expectancy
of intelligence enhancement of participants in an hour, which
should be addressed in future research. The goal of measuring
the expectancy and motivation of participants in different
intervention research stages is to infer the degree of engagement
of participants in the training process (Tsai et al., 2018). The
subjective report is usually used to evaluate expectancies and
motivations. In the research of placebo effects, it is essential to
evaluate the expectancy and motivation of participants before,
during, and after the intervention. Measuring expectancy is the
premise of examining its effect on positive training outcomes.
However, it is unclear whether repeat measurement will expose

the purpose of the experiment and weaken the expectancy or
motivation of participants. Therefore, the appropriate approach
to assess the expectancies and motivations needs to be
further explored.

Second, can subjective expectancy improve the objective
measurement of fluid intelligence? Pratkanis et al. (1994) found
the illusory placebo effect: perceptions of personal improvement
of participants were consistent with their expectations but
inconsistent with objective measures. The illusory placebo effect
also existed in working memory training, in which subjects
believed that their cognitive abilities, such as intelligence, had
been affected by the experiment in the absence of objective
evidence (Redick et al., 2013). It challenges the placebo effect
in intelligence research, which means IQ as a highly heritable
ability (Plomin, 2004; Plomin et al.,, 2008; Sternberg, 2008) is
hardly changed by subjective expectancies. To test this question
persuasively, we suggest future cognitive training research to
examine the relationship among expectancy, perceptions of
change, and objective measurements of participants.

As far as we know, there are few studies on placebo effects
in working memory training (Foroughi et al., 2016; Tsai et al.,
2018; Zhang et al, 2019). Although these studies have some
limitations, such as poor sample size, simple experimental design,
and inconsistent results, we aimed to draw academic attention
to placebo effects in cognitive training. The factors influencing
the placebo effect are complex, and more empirical evidence
is needed to promote the progress. Besides, the theoretical
framework of placebo effects should be introduced. Previous
studies lack theoretical depth in explaining the placebo effect
phenomenon in working memory training and do not connect
the findings with the broader field of placebo effect research.
The main theoretical methods of studying placebo effects can
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be roughly divided into three views: classical conditioning,
expectancy, and motivation (Geers et al., 2005). Interestingly,
these three views are currently considered to be conflicting.
Among them, the response expectancy view, which is widely
mentioned in the perspective of expectancy, is a suitable model
suggested by Foroughi et al. (2016). According to this theory,
response expectancy is an automatic pre-reaction to situational
and behavioral cues, a direct self-confirmation of individuals.
The placebo effect is the direct and non-intermediary result of
expectancy. In the study of Foroughi et al. (2016), the overt
recruitment method was used to make the placebo group have
stronger expectancy for the training results (intelligence can be
improved); the working memory training task is only a cue to
induce the placebo effect. If this theory holds, then when we use
the same experimental design, no matter what type of working
memory training task is used, it should always induce placebo
effects. At present, the research on placebo effects in working
memory training is not systematic and in-depth. We sincerely
suggest that all researchers interested in this field should focus
on absorbing beneficial inspiration from the classical theoretical
model of placebo effects, which will promote our understanding
of this field and further promote the progress of working
memory training.

Although we failed to replicate the findings of Foroughi et al.
(2016), we share their concern: researchers should pay more
attention to the design of cognitive training experiments until
substantial studies reveal the role of placebo effects. We suggest
that participants should be assigned to one of three groups:
training group, active control group, and no-contact control
group. It is also necessary to measure the expectancies, subjective
perceptions, and objective tasks of subjects. Cognitive abilities,
especially fluid intelligence, can be improved is a promising
finding for humans. On the one hand, we cannot exaggerate the
training efficacy with placebo affecting actual training outcomes;
on the other hand, we should not despise the training benefits just
for concerns about placebo effects.
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A basic human visual function is to identify objects from different viewpoints. Typically,
the ability to discriminate face views based on in-depth orientation is necessary in
daily life. Early neuroimaging studies have identified the involvement of the left fusiform
face area (FFA) and the left superior temporal sulcus (STS) in face view discrimination.
However, many studies have documented the important role of the right FFA in face
processing. Thus, there remains controversy over whether one specific region or all
of them are involved in discriminating face views. Thus, this research examined the
influence of high-definition transcranial direct current stimulation (HD-tDCS) over the left
FFA, left STS or right FFA on face view discrimination in three experiments. In experiment
1, eighteen subjects performed a face view discrimination task before and immediately,
10 min and 20 min after anodal, cathodal and sham HD-tDCS (20 min, 1.5 mA) over
the left FFA in three sessions. Compared with sham stimulation, anodal and cathodal
stimulation had no effects that were detected at the group level. However, the analyses
at the individual level showed that the baseline performance negatively correlated with
the degree of change after anodal tDCS, suggesting a dependence of the change
amount on the initial performance. Specifically, tDCS decreased performance in the
subjects with better baseline performance but increased performance in those with
poorer baseline performance. In experiments 2 and 3, the same experimental protocol
was used except that the stimulation site was the left STS or right FFA, respectively.
Neither anodal nor cathodal tDCS over the left STS or right FFA influenced face view
discrimination in group- or individual-level analyses. These results not only indicated
the importance of the left FFA in face view discrimination but also demonstrated that
individual initial performance should be taken into consideration in future research and
practical applications.

Keywords: high-definition transcranial direct current stimulation (HD-tDCS), fusiform face area (FFA), superior
temporal sulcus (STS), face view discrimination, initial performance
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FFA and Face View Discrimination

INTRODUCTION

As a kind of visual stimulus or complex object, the face is
important to the survival and social communication of various
species, including humans. It is a remarkable property for
the primate visual system to recognize faces across different
viewpoints in invariant views (Axelrod and Yovel, 2012).
Humans, for example, can accurately recognize a face despite
changes in viewpoint. In real life, we frequently need to recognize
a person’s face from various angles. Given that face view
processing is a basic ability that people possess, methods that
facilitate this kind of face processing could be valuable and
attractive due to their importance.

To our knowledge, there could be two important ways
to improve or recover functions related to face processing.
One is perceptual learning, which refers to a phenomenon in
which extensive practice of a perceptual task can boost various
perceptual functions (Lu et al., 2011, 2016; Sasaki et al., 2012).
Studies have confirmed that face perception can be improved
through perception learning (Hussain et al., 2009; Bi et al., 2010;
Mcmahon and Leopold, 2012). However, this method is time
consuming because it generally needs hundreds or thousands of
practice trials over days to weeks to improve. Another method
is transcranial direct current stimulation (tDCS), a non-invasive
brain stimulation technique that is attracting increasing attention
because of its low cost, portability and feasibility (Reinhart
et al., 2016; Turski et al.,, 2017). It has been found that tDCS
not only directly boosts perceptual performance (Ding et al.,
2016; Reinhart et al., 2016; Wu et al., 2020) but also facilitates
perceptual learning, which produces more benefits, such as a
reduction in training time, a larger magnitude of improvements
and more enduring improvements (Bolognini et al, 2010;
Sczesny-Kaiser et al., 2016). More importantly, tDCS contributes
to exploring the causality between a certain cortical area and its
corresponding functions.

Transcranial direct current stimulation transiently modulates
cortical excitability by altering the membrane potential of
neurons (Stagg and Nitsche, 2011; Stagg et al., 2011). The
technique delivers a mild direct current (DC) between anode and
cathode electrodes that are placed on the scalp of a participant.
The mild intracerebral DC enters the cortex from the anode
and exits the cortex to the cathode. Generally, tDCS effects are
bidirectional based on the different directions in the current
flow: the anodal electrode increases cortical excitability, and the
cathodal electrode decreases excitability (Horvath et al., 2015;
Parkin et al., 2015; Woods et al., 2016). The identification of
relevant stimulus sites on the scalp is an important question to
consider in tDCS studies. There is considerable evidence that
humans have specific neural mechanisms for face processing
(Kanwisher and Yovel, 2006). It is generally acknowledged that
the “core system” for face processing currently includes the
fusiform face area (FFA), the inferior occipital gyrus (occipital
face area, OFA) and the superior temporal sulcus (STS; Haxby
et al, 2000; Gobbini and Haxby, 2007; Fox et al, 2009).
Specifically, the FFA is primarily engaged in the perceived
identity of the face, whereas the OFA is apparently dedicated
to the physical properties of the face stimulus (Rotshtein et al.,

2005; Pitcher et al., 2007). STS is related to dynamic aspects of
faces, such as their emotional expressions, gazes and viewpoints
(Andrews and Ewbank, 2004).

Previous studies may have provided some insights into
the neural mechanisms underlying face view discrimination.
Studies involving monkeys found face view-selective neuron
clustering in the inferior temporal cortex (IT) and STS (Perrett
et al,, 1985, 1991; De Souza et al.,, 2005). Early neuroimaging
research in humans revealed a greater response in the STS
when a face with the same identity was presented from
different viewpoints (Andrews and Ewbank, 2004). In contrast,
an investigation in terms of perceptual learning of face views
demonstrated a close relationship between the left FFA and
face view discrimination learning. Specifically, the behavioral
learning effects were closely related to improved left FFA stability.
Additionally, the pretraining thickness of the left FFA could
predict individual behavioral learning effects (Bi et al., 2014).
Similarly, an event-related potential (ERP) study also found that
the trained face view rather than the untrained view significantly
reduced the N170 latency in the left occipital-temporal area (Su
et al., 2012). There outcomes in monkeys and humans seem
to build close connections between the left cerebral hemisphere
and face view discrimination. However, the essential role of the
right FFA in face recognition has been extensively documented
in literature over the past few decades (Kanwisher et al., 1997).
There is a bulk of literature showing a larger response to faces
in the right hemisphere than in the left hemisphere (Pinsk
et al., 2005; Fang et al., 2007). Thus, the specific cortical region
remains controversial.

Recently, tDCS research has found that the results obtained
using only the group mean may mask some notable findings,
suggesting that analyses of interindividual differences are
necessary. For example, previous studies found that neither
anodal nor cathodal tDCS over the left dorsolateral prefrontal
cortex affected response inhibition measured in a go/no-go
task at the group level unless interindividual differences in
genetic polymorphisms (Plewnia et al, 2013; Nieratschker
et al, 2015) or personality traits (Weidacker et al, 2016)
were taken into consideration. Indeed, tDCS data frequently
involve high levels of variability across participants, and often,
there are some people who show little improvement or
even opposite effects after stimulation (Lopez-Alonso et al,
2014; Benwell et al, 2015; Li et al, 2015). Among these
interindividual factors that influence tDCS effects, individuals’
initial performance is worthy of attention (Li et al, 2015;
Wu et al., 2020). The initial performance can be considered
to be related to baseline brain excitability levels that may
subsequently determine the stimulation effects on performance
(London and Slagter, 2021). In a visual perception study, for
example, only anodal tDCS over the primary visual cortex
modulated the magnitude of change in contrast sensitivity
as a function of individual baseline contrast sensitivity even
though both anodal and cathodal tDCS did not influence
contrast sensitivity at the group level (Wu et al, 2021).
Thus, the current study not only focused on the tDCS
effect on face view discrimination at the group level but
also further analyzed the individual tDCS effect regarding the
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correlation between baseline performance and the magnitude of
performance change.

Transcranial direct current stimulation is capable of
modulating the excitation and inhibition of a certain brain
region; therefore, it provides an effective way to tell us about the
roles the different cortical areas play in processing face views at
different angles. Conventional tDCS typically delivers electrical
current in a relatively non-focal manner using a pair of electrodes
placed on the scalp (1x1 electrode configuration; Lang et al.,
2019). Recently, multielectrode configurations (referred to as
high definition; HD) with individual control of current intensity
at each electrode allow for unique combinations of electrode
locations combined with current optimization algorithms to
more focally target brain regions (Dmochowski et al., 2011).

In summary, this research aimed to examine the involvement
of the left FFA, left STS and right FFA in face view discrimination
using HD-tDCS. In experiment 1, face view discrimination was
measured before and after anodal, cathodal and sham tDCS over
the left FFA that was counterbalanced across three sessions. In
experiments 2 and 3, the target brain region was the left STS
or right FFA, respectively. HD-Targets software (Soterix Medical
Inc., New York, United States) was employed to define the
optimal electrode positions to focally stimulate the left FFA, left
STS or right FFA. The modulation of face view discrimination by
tDCS was analyzed at the group and individual levels.

EXPERIMENT 1

Materials and Methods

Subjects

Eighteen male subjects (mean age: 20.2 £0.6 years) had normal
or corrected-to-normal vision. Each subject signed a written
informed consent form before participating, and they were all
naive to the objective of this study. In particular, they were
informed that we would apply mild DC on their scalp and that
they needed to complete a face-related task four times before and
after the application of the DC. None of them had previously
participated in tDCS-related experiments. The research received
approval from the local Research Ethics Committee and adhered
to the principles of the Declaration of Helsinki.

Stimuli

FaceGen Modeler 3.5 was used to generate 3D face images at
various in-depth rotation angles. The stimuli extended 2° x 2° of
the visual angle. One block of face view discrimination included
100 trials and lasted approximately 5 min. Each subject was
required to discriminate face views around the in-depth face
orientation that was 30° tilted to the right. In a trial (Figure 1A), a
200-ms fixation was presented in the center of the screen followed
by a 100-ms blank interval. Two face stimuli (30° and 30 =+ 6°
face views) were randomly presented in two 200-ms temporal
intervals, separated by a 1400-ms blank. A brief tone appeared
at the beginning of each interval. During each interval, the face
stimuli were displayed in the last 100 ms. The subjects needed to
make a two-alternative forced-choice (2-AFC) judgment of the
orientation of the second face view relative to the first view (left

or right). The step size was 0.2°, with both left and right rotations.
They pressed the left button when the second face turned left
relative to the first one and pressed the right button otherwise.
A brief tone appeared following each response independent of its
accuracy, and the next trial began 1000 ms after response.

The 6 varied trial by trial and was controlled by an adaptive
three-down one-up staircase method to assess subjects’ face view
discrimination thresholds that converged to a performance of
79.3% correct. The threshold of face view discrimination was
estimated by one block of 100 trials. We recorded a reversal
when the direction of the staircase changed from increasing to
decreasing 6 or vice versa. We deleted the first four (if the total
number of reversals was even) or five (if odd) reversals. The
threshold for the discrimination of the in-depth orientation of
the face view was calculated by averaging the remaining reversals.
The starting threshold for each staircase was set near the expected
threshold based on pilot testing.

The face images were presented by a computer running
MATLAB and PsychToolbox extensions. A gamma-corrected
60x34 cm monitor was used to display the face stimuli, with a
spatial resolution of 1920 1080 pixels and a refresh rate of 85 Hz.
The subjects viewed the displays binocularly, and their heads
were placed on a chin rest to maintain stabilization. The display
subtended 6.84° x3.89° at a 5-m viewing distance. Normal vision
was ensured for some subjects through optical correction.

Experimental Procedure

The study used a single-blind, sham-controlled within-subject
design. All subjects took part in three sessions (anodal,
cathodal and sham) with the sequence counterbalanced across
subjects. The time interval between each session was at least
48 h to limit potential carryover effects. The threshold of
face view discrimination was separately measured four times:
before and immediately, 10 min and 20 min after tDCS
(Figure 1B). The subjects rested during the stimulation and
between the block intervals. After completing all experimental
procedures, the subjects were asked to report scalp pain and
uncomfortable experiences, and they could not distinguish
between active and sham tDCS.

High-Definition Transcranial Direct Current
Stimulation

HD-Targets software, with a finite-element model of a template
adult brain to assess the current distribution, was used to confirm
the stimulation sites. This software has been proven to have good
effectiveness in previous studies (Nikolin et al., 2015; Hartmann
etal., 2019; Lang et al., 2019). Electrode positions were selected to
generate the highest current focality to the left FFA. Based on the
optimized current modeling, electrodes were placed at P9, CP5,
P3, AF7, and FT10 (Figure 2A). In the anodal stimulation, P9
served as the anode, delivering an intensity of 1.5 mA DC for
20 min (fade in/out: 30 s). The remaining electrodes receiving
the return current were as follows: CP5 = -1.04 mA, P3 = -
0.15mA, AF7 = -0.18 mA and FT10 = -0.13 mA. Conductive gel
was used to increase conductivity and reduce impedance. In the
cathodal stimulation, the polarity of all electrodes was reversed.
Electrode positions in sham conditions were counterbalanced
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FIGURE 1 | Task and procedure in experiment 1. (A) Schematic description of a trial in the 2-AFC face view discrimination task. (B) The experimental procedure in
one session. The black rectangle indicates anodal, cathodal or sham stimulation. The white rectangles indicate the four test blocks.

such that the positions corresponding to anodal and cathodal
tDCS occurred at equal times. The sham current lasted only
30 s, ramping up at the beginning and down at the end of the
20-min period. Figure 2B depicts the calculated current flow of
anodal tDCS using HD-Explore software (Soterix Medical Inc.,
New York, United States).

Data Analyses

SPSS statistical software was used to finish the data analyses. We
conducted a two-way ANOVA on the face view discrimination
threshold, with groups (anodal, cathodal and sham) and blocks
(before and immediately, 10 min and 20 min after) as within-
subjects factors to analyze the tDCS effect at the group level. Post
hoc tests were performed to compare the threshold differences
with Bonferroni-corrected p.

For the individual analyses, correlation analyses were
conducted between an individual’s initial performance and the
magnitude of the performance change separately for anodal,
cathodal and sham conditions. Furthermore, the analyses of
covariance (ANCOVAs) were used to compare the slopes of the
two linear models for the anodal/cathodal vs. sham models to
exclude the regression effect. The above statistical analyses were
performed individually for each of the different blocks.

Results

Group Analyses

Three groups and four blocks of two-way ANOVA on the face
view discrimination threshold were conducted. Figure 3A shows
a significant main effect of block, F(3,51) = 5.76, p = 0.002,
n? = 0.07. Additionally, no significance was found for other
effects, Fs < 1. Post hoc tests (with Bonferroni-corrected
p = 0.017) showed a significantly greater threshold before
stimulation than immediately after (p < 0.001), 10 min after
(p < 0.001) and 20 min after (p = 0.001) tDCS. There were
no significant differences in the thresholds for the three blocks
after tDCS (ps > 0.1). The possible reason for the significant
main effect of block was the practice effect. Theoretically, the

practice effect should exist between the first and second tests,
and disappear during the following tests. Indeed, we only found
a difference in threshold between the first two blocks, and there
was no change in the subsequent three blocks of tests. The results
indicated no modulation effect of either anodal or cathodal tDCS
over the left FFA on the threshold of face view discrimination at
the group level.

Individual Analyses

We correlated an individual’s initial threshold with the magnitude
of the threshold change separately for the anodal, cathodal
and sham conditions while controlling for the session order.
Regarding the results immediately after tDCS, we found a
significant correlation only in anodal tDCS with Bonferroni
correction (r = 0.70, p = 0.002; corrected p = 0.017). There were
no significant correlations detected in the cathodal (r = 0.47,
P =0.059) and sham conditions (r = 0.29, p = 0.263). Nevertheless,
the two tests before and after stimulation may have led to a
regression effect, a phenomenon in which a variable that is
extreme on its first measurement will tend to be closer to
the center of the distribution on later measurements. Thus,
the significant correlation in anodal stimulation may have
resulted from a regression effect instead of the stimulation
effect. Here, the results showed a significant correlation only
between the initial threshold and the change amount in the
anodal condition and not the cathodal and sham conditions,
suggesting the existence of a stimulation effect rather than a
regression effect.

Comparisons of the slopes in the anodal (or cathodal) vs.
sham linear models were conducted to further exclude the
regression effect. Specifically, the best-fitting regression lines
were estimated with the initial threshold and threshold change
through the least square method in the anodal (r* = 0.53,
p < 0.001), cathodal (r*> = 0.15, p > 0.10) and sham (r*> = 0.05,
p > 0.10) conditions. ANCOVAs with groups as a fixed
factor and the threshold before stimulation as a covariate were
performed to compare the slopes of the two models for the
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HD-tDCS electrode configuration

FIGURE 2 | Electrode configuration and simulated electric field in anodal HD-tDCS over the left FFA. (A) HD-Targets software defined the optimal electrode montage
to focally stimulate the left FFA. (B) HD-Explore software modeled the field intensity and current flow.
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anodal/cathodal vs. sham models. Here, ANCOVA was formally
equivalent to a moderation analysis in which the initial threshold
and groups separately served as continuous and categorial
independent variables. The regression effect was supported if
the two models (anodal/cathodal vs. sham) were parallel; in
contrast, the stimulation effect was supported if the two models
were non-parallel. We detected marginally significantly different
slopes of the anodal vs. sham linear models, F(1,32) = 3.05,
p =0.090, n? = 0.07. However, the slope differences between the
cathodal and sham linear models were not significant, F < 1.
These results demonstrated that anodal tDCS over the left
FFA can modulate the threshold of face view discrimination in
comparison with sham tDCS.

Furthermore, we analyzed the correlation between individual
initial thresholds and the magnitude of threshold change 10 min
and 20 min after tDCS using the same analytical methods.
For the 10 min after the stimulation time point (Figure 3C),
no significant partial correlation coefficients were found with
Bonferroni correction (corrected p = 0.017) in the anodal
(r = 0.45, p = 0.070), cathodal (r = 0.35, p = 0.176) and sham
(r=0.26, p = 0.308) conditions. ANCOVAs showed no significant
difference in the slope between the anodal and sham models,
F(1,32) = 145, p = 0.237, n% = 0.04, or between the cathodal
and sham models, F < 1. Similarly, for the 20 min after the
stimulation time point (Figure 3D), there were no significant
partial correlations with Bonferroni correction in the anodal
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(r = 0.50, p = 0.042), cathodal (r = 0.07, p = 0.788) and sham
(r = 0.31, p = 0.232) conditions, and no significant difference
in slope between the anodal and sham models, F(1,32) = 2.16,
p = 0.152, 1% = 0.06, or between the cathodal and sham models,
F < 1. Although the results did not reach significance, we
still observed a tendency for the slopes with the anodal vs.
sham models to be larger than the slopes with the cathodal
vs. sham models.

As shown in Figure 3B, data points in the anodal tDCS
were distributed on both sides around the dashed line (averaged
threshold change in the sham tDCS, 0.46°). For the better initial
performers, the threshold changes following anodal tDCS went
below the averaged change in sham stimulation and gradually
increased with the reduction in the initial threshold. For the
poorer initial performers, the threshold changes went above
the mean change and improved with increases in the initial
threshold. Together, anodal tDCS over the left FFA had diverse

effects on face view discrimination dependent on different
initial performances, which when combined, offset the group-
level effect of tDCS.

EXPERIMENT 2

As mentioned above, the specific cortical region (left FFA, left
STS or right FFA) involving face viewing discrimination remains
controversial. Experiment 1 provided evidence of the effect of
anodal tDCS over the left FFA on face viewing discrimination.
Thus, experiment 2 was conducted to investigate the role of the
left STS in discrimination.

Eighteen male subjects (mean age: 20.5 & 0.4 years) with
normal or corrected-to-normal vision participated in this
experiment. All the experimental procedures were the same
as in experiment 1. There were two changes in experiment 2:
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the target brain region was the left STS (Figure 4); and the
threshold of face view discrimination was recorded before and
immediately after tDCS.

Results

Group Analyses

Similar to experiment 1, two-way ANOVA showed a significant
main effect of block, F(1,17) = 24.49, p < 0.001, n? = 0.15.
However, there was no obvious main effect of group,
F(2,34) = 1.69, p = 0.200, n? = 0.03, or interaction effect,
F < 1 (Figure 5A). The non-significant interaction effect
indicated that both anodal and cathodal tDCS over the left STS
did not influence the threshold of face view discrimination at the
group level in comparison to sham stimulation.

Individual Analyses

Partial correlation analyses between the initial thresholds and
the change amounts in the threshold were conducted in anodal,
cathodal and sham tDCS (Figure 5B). No significant correlations
were observed with Bonferroni correction in the anodal (r = 0.42,
p = 0.091), cathodal (r = 0.34, p = 0.187) and sham (r = 0.52,
p = 0.034) conditions. Furthermore, we estimated the best-
fitting lines with the initial threshold and the threshold change
amount in the anodal (2 = 0.27, p < 0.05), cathodal (r* = 0.11,
p > 0.10) and sham (r* = 0.26, p < 0.05) conditions. ANCOVAs
showed no significant differences in the slope of the linear models
between the anodal (cathodal) and sham groups, Fs < 1. The
analyses of individual differences further indicated that neither
anodal nor cathodal tDCS over the left STS influenced face
view discrimination.

EXPERIMENT 3

Experiments 1 and 2 revealed that the left FFA, rather than the left
STS, was related to face view discrimination. Some studies have
demonstrated a larger response to faces in the right hemisphere
than in the left hemisphere (Pinsk et al., 2005; Fang et al., 2007).
Thus, the third experiment further investigated how tDCS over
the right FFA influences face view discrimination.

Twenty male subjects (mean 19.6 £ 0.6 years) with normal
or corrected-to-normal vision took part in this experiment. The
objective of this experiment was to further investigate the role
of right FFA in face view discrimination using HD-tDCS. Based
on the optimized current modeling, electrodes were placed at
P10, CP6, P4, AF8, and FT9, which were symmetrical to the
electrode positions of left FFA. In the anodal stimulation, the
anodal electrode was placed on the P10 (1.5 mA). The remaining
electrodes were as follows: CP6 = -1.04 mA, P4 = -0.15 mA,
AF8=-0.18 mA and FT9 = -0.13 mA. In the cathodal stimulation,
the polarity of all electrodes was reversed. In addition, all the
experimental procedures were the same as in experiment 2.

Results

Group Analyses

Three groups (anodal, cathodal and sham) and two blocks (pre-
and post) of two-way ANOVA showed that the main effect of

block was significant, F(1,19) = 6.30, p = 0.021, 1> = 0.11.
Additionally, the main effect of group and interaction effect were
non-significant, Fs < 1 (Figure 6A), indicating that both anodal
and cathodal tDCS over the right FFA had no effects on face view
discrimination threshold at the group level.

Furthermore, we conducted a three-way ANOVA on the face
view discrimination threshold, with groups (anodal, cathodal
and sham) and blocks (before and immediately after) as within-
subjects factors and stimulation sites (left and right FFA) as
between-subject factors, to combine the results of Experiment
1 (left FFA) and Experiment 3 (right FFA). The results only
showed a significant main effect of block, F(1,36) = 15.66,
p < 0.001, 1% = 0.07. No significance was found for other effects,
Fs < 1. There was no significant effect regarding stimulation sites,
indicating that the effect of tDCS over the left and right FFAs was
not different at the group level.

Individual Analyses
Partial correlation analyses showed non-significant relationships
between the initial threshold and chance of threshold with
Bonferroni correction for anodal (r = 0.37, p = 0.122), cathodal
(r = 0.51, p = 0.026) and sham (r = 0.38, p = 0.109) conditions.
Furthermore, the best-fitting regression lines were estimated in
three tDCS groups (see Figure 6B). ANCOVAs were performed
and revealed that the two linear models were parallel independent
of anodal vs. sham outcomes, and cathodal vs. sham outcomes,
Fs < 1, excluding the effect of stimulation. These results
suggested that anodal and cathodal tDCS over the right FFA did
not change face view discrimination at individual level.
Additionally, we compared the slopes of the anodal models
between the left and right FFAs. ANCOVAs showed no significant
difference in the slopes of the anodal models between the left and
right FFAs, F(1,34) = 1.23, p = 0.276, 1> = 0.02.

DISCUSSION

The current study used HD-tDCS over the left FFA, left STS
or right FFA to modulate cortical excitability of these three
brain regions and explored whether they were causally related
to face view discrimination. Initially, both anodal and cathodal
tDCS over the left FFA had no effects at the group level
Interestingly, anodal tDCS, but not cathodal tDCS, over the
left FFA modulated the relationship between the individual
initial threshold and the magnitude of the threshold change.
Specifically, the degree of change after anodal tDCS relied on
the initial performance, with poorer (or better) initial performers
having a greater gain (or loss). In contrast, neither anodal tDCS
nor cathodal tDCS over the left STS or right FFA influenced
the threshold of face view discrimination at the group and
individual levels. These results indicated that the left FFA seemed
to be more susceptible to discriminate face views than the left
STS and right FFA.

Interestingly, the effect of tDCS over the left FFA was not
found at the group level but at the individual level. As shown
in Figure 3B, the data points following anodal tDCS were
distributed around the mean level of threshold change following
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A HD-tDCS electrode configuration

8 Field intensity and current flow

FIGURE 4 | Electrode configuration and simulated electric field in anodal HD-tDCS over the left STS. (A) HD-Targets software defined the optimal electrode montage
to optimize the focality on the left STS. (B) HD-Explore software modeled the field intensity and current flow.
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sham tDCS, indicating a convergence effect. In particular, the
better initial performers became worse; in contrast, the poorer
initial performer improved. Finally, the differential changes
averaged together, causing a non-significant change at the
group level. Similar outcomes were also found in previous
research regarding inhibitory control (Plewnia et al., 2013;
Nieratschker et al., 2015; Weidacker et al., 2016), attentional
blink (London and Slagter, 2015) and contrast sensitivity (Wu
et al., 2021). For example, Wu et al. (2021) did not find
modulation of anodal or cathodal stimulation over the primary
visual cortex (Oz) on group-level contrast sensitivity compared
with sham stimulation. However, initial contrast sensitivity was
found to be negatively related to the magnitude of change
(more typical at a spatial frequency of 8 ¢/°) only in the anodal

condition, which suggested the involvement of Oz in contrast
sensitivity. The convergence effect demonstrates that the various
magnitudes of performance change after tDCS depend on the
baseline performance. Two studies regarding visual short-term
memory also revealed that low initial performers benefited from
stimulation, but high performers did not (Tseng et al., 2012;
Hsu et al., 2014). Similarly, in a study on attentional blink,
participants with a large baseline attentional blink decreased
the attentional blink after anodal tDCS, but those with a
small baseline attentional blink increased the attentional blink
(London and Slagter, 2015). Together, these findings suggest that
individual differences in initial performance should be taken into
consideration because the group mean results may cover some
notable findings.
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FIGURE 5 | Effect of tDCS over the left STS on the threshold of face view discrimination. (A) The average thresholds are depicted before and immediately after
tDCS. Error bars indicate standard errors (SE). (B) The baseline threshold as a function of the magnitude of threshold change for each type of stimulation.
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The convergence effect may have two possible explanations.
First, the current intensity and the baseline neural excitability
work together to influence tDCS effects. In particular, initial
performance may reflect cortical excitability related to the
processing efficacy for incoming stimuli (Silvanto et al., 2018).
A better initial performance indicates higher excitability; in
contrast, a poorer performance signifies lower excitability. Here,
the degree of cortical excitability caused by anodal tDCS may
be located in the middle position between better and poorer
performers. For better performers (high initial excitability),
tDCS decreased excitability and then worsened performance.
For poorer performers (low initial excitability), tDCS increased
excitability and further enhanced performance. Second, the
prestimulation cortical excitation/inhibition balance determines
the stimulation effects on performance. Specifically, individuals
possess various baseline balances between cortical excitation

and inhibition within a certain brain area, which influence
the stimulation effect based on whether the stimulation moves
the balance toward or away from its optimum (London
and Slagter, 2021). If a certain brain area already had
optimal balance, tDCS would worsen efficiency since the
optimal balance is broken. Conversely, if the area has been
functioning suboptimally, tDCS would improve its efficiency.
Thus, individuals with lower initial performance have suboptimal
levels of cortical excitability, and their performance may
be improved by tDCS, while individuals with higher initial
performance have optimal or supraoptimal cortical excitability,
and their performance may be impaired by tDCS. More details
regarding the two likely explanations should be investigated in
future research.

In an early neuroimaging study, Andrews and Ewbank (2004)
found a role of the STS in face view discrimination. Specifically,
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they showed that a face with the same identity generated greater
activation in the STS than faces with different identities when
changing the head/gaze direction. Clearly, their study involved
face identities using real face images, in addition to face views.
In contrast, the current study focused only on the face view
using artificial 3D face images. Thus, the above differences
between their study and our study may be the reason for the
inconsistent findings.

Our findings provide further evidence for hemispheric
asymmetry in face processing. Many literatures have documented
that the right lateralized responses to faces in the brain were
much larger than those in the left hemisphere (Pinsk et al,
2005; Fang et al, 2007), but we still know little about the
exact functional difference between these two hemispheres.
Meng et al. (2012) proposed different functions in the bilateral
cerebral hemispheres. Specifically, the left FFA performs the
graded analyses of faces, while the right FFA performs the
categorical analyses. Additionally, the left FFA is more susceptible
to contextual information than the right FFA. Based on
the findings of the current study, we argue that the left
FFA is more susceptible to face view discrimination than
the right FFA. Our view is consistent with two previous
neuroimaging studies (Su et al., 2012; Bi et al., 2014). It’s worth
noting that although we confirmed the importance of the left
FFA with HD-tDCS, we cannot deny potential contributions
from other cortical areas (e.g., right FFA) since tDCS is
limited by the low spatial resolution and weak intensity of
current to cortex.

The duration of tDCS effects remains controversial. Some
early research showed a short-lasting effect of tDCS, such as
7 min (Antal et al., 2001) or 10 min (Antal et al., 2004) after
stimulation, which would limit its practical application. To
investigate the duration, the threshold of face view discrimination
was measured four times: before and immediately, 10 min
and 20 min after tDCS. At the group level, neither anodal
nor cathodal tDCS influenced the threshold regardless of the
duration. Furthermore, the analyses of individual differences
immediately after tDCS were significant: the correlation between
the initial threshold and the change in threshold was significant
after anodal tDCS rather than cathodal and sham tDCS;
additionally, the difference in the slope of the linear models
between anodal and sham tDCS reached marginal significance.
In contrast, the analyses of individual differences at 10 min
and 20 min after tDCS were not significant. However, we
still found a similar tendency at these three time points.
On the one hand, these results verified the reliability of
our findings because a similar tendency was found in the
three tests at different times. On the other hand, the non-
significant results at 10 min and 20 min after tDCS may
result from the gradual disappearance of the tDCS effect at
these two times.

One potential limitation in this study is the non-specific effects
of tDCS on left FFA. In an intact man, the brain is protected
from electricity by the skull and by the scalp, both of which
normally offer considerable resistance. Thus, the localization
of the stimulus on the cortex will always be much less sharp,
and the current decays very much. In other words, tDCS is

better suited for superficial areas. However, the fusiform gyrus
is ventral and medial and the location of the FFA may not
be directly accessed. Additionally, it has been found that brain
areas are not independent and are especially interconnected.
Thus, it is possible that tDCS actually affects the whole network
by modulating one part of the network, which may generate
unexpected interactions between stimulation sites (Zheng et al.,
2011; Krause and Cohen Kadosh, 2014). Given this, there is no
direct stimulation of the FFA alone and any effects, if present,
cannot be interpreted because of lack of specificity. The current
study used HD-tDCS, which has been confirmed to generate
more focal current on the target brain region than conventional
tDCS with a 1x1 electrode configuration. HD-tDCS is more
beneficial by improving the focality of the current and hence
potentially limiting the interacting effects among different brain
regions. Additionally, the results of this study are consistent with
previous fMRI study in which left FFA is related with the face view
discrimination (Bi et al., 2014). Thus, it is reasonable to speculate
that the left FFA was stimulated in current research.

There were at least two contributions of this study. First,
neuroimaging studies have identified the involvement of the
left FFA and left STS in face view discrimination. tDCS has
advantages in investigating the causal relevance of target brain
regions for corresponding cognitive functions. To the best of our
knowledge, this research is the first to confirm the role of the
left FFA in face discrimination through HD-tDCS, contributing
to a deeper understanding of the underlying neuromechanisms
of face processing. Second, the previous literature has often
used group-level results to validate tDCS effects. However,
we did not find a significant influence of anodal tDCS over
the left FFA at the group level. In contrast, we found a
significantly negative correlation between the initial threshold
and the change in threshold, still indicating the role of the
left FFA in face view discrimination. These results suggest
that the group average results may cover some important
findings due to the great variability across individuals. Future
research should take individual differences, such as baseline
performance, into account.

The current study found that individuals with poorer initial
performance showed more improvement following anodal tDCS
over the left FFA but not the left STS and right FFA, and
further verified the important role of the left FFA in face view
discrimination. In future research, individual variability should
be taken into account to decrease variability, uncover unclear
mechanisms and develop individualized stimulation methods.
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Covert Attention to Gestures Is
Sufficient for Information Uptake

Kendra Gimhani Kandana Arachchige*, Wivine Blekic, Isabelle Simoes Loureiro and
Laurent Lefebvre

Department of Cognitive Psychology and Neuropsychology, University of Mons, Mons, Belgium

Numerous studies have explored the benefit of iconic gestures in speech comprehension.
However, only few studies have investigated how visual attention was allocated to these
gestures in the context of clear versus degraded speech and the way information is
extracted for enhancing comprehension. This study aimed to explore the effect of iconic
gestures on comprehension and whether fixating the gesture is required for information
extraction. Four types of gestures (i.e., semantically and syntactically incongruent iconic
gestures, meaningless configurations, and congruent iconic gestures) were presented in
a sentence context in three different listening conditions (i.e., clear, partly degraded or
fully degraded speech). Using eye tracking technology, participants’ gaze was recorded,
while they watched video clips after which they were invited to answer simple comprehension
questions. Results first showed that different types of gestures differently attract attention
and that the more speech was degraded, the less participants would pay attention to
gestures. Furthermore, semantically incongruent gestures appeared to particularly impair
comprehension although not being fixated while congruent gestures appeared to improve
comprehension despite also not being fixated. These results suggest that covert attention
is sufficient to convey information that will be processed by the listener.

Keywords: covert attention, iconic gestures, information uptake, eye tracking, incongruency effect

INTRODUCTION

In daily conversational situations, our senses are continuously exposed to numerous types of
information, not all of which are processed. Among the information that could benefit listeners’
comprehension, iconic gestures are hand gestures that convey meaning semantically related to
the speech they accompany (McNeill, 1992, 2008; Kendon, 2004). According to Kelly et al.
(2004), these gestures could create a visuospatial context that would affect the subsequent processing
of the message. Research in this field refers to the combination of gestural and verbal information
to create a unified meaning as “gesture-speech integration” (Holle and Gunter, 2007).

Several studies have shown that listeners could indeed benefit from the presence of iconic
gestures (Beattie and Shovelton, 2001, 2002; Holle and Gunter, 2007; Holler et al., 2009),
particularly in the event of degraded speech (Drijvers and Ozyiirek, 2017, 2020; Drijvers et al.,
2019). Drijvers and Ozyiirek (2017) observed a joint contribution of iconic gestures and visible
speech (i.e., lip movements) to comprehension in a speech degraded context. According to
these authors, the semantic information conveyed through iconic gestures adds to the phonological
information present in visible speech. However, a minimum level of auditory input is required
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for an optimal enhancement by visible speech (Ross et al,
2007). A question that has been fairly less investigated concerns
the allocation of visual attention to iconic gestures (Beattie
et al., 2010; Drijvers et al.,, 2019).

Earlier studies on where visual attention is allocated in a
conversational context showed that listeners mainly fixated the
speaker’s face (Gullberg and Holmgqvist, 1999, 2001, 2006;
Gullberg, 2003; Gullberg and Kita, 2009; Beattie et al., 2010;
Drijvers et al, 2019) and only minimally fixated gestures
(Gullberg and Holmgvist, 1999). In a face-to-face context, the
increased attention allocated to a speaker’s face is assumed to
reflect interest and engagement (Gullberg, 2003). This pattern
has also been observed using audio-visual stimuli (Gullberg
and Holmgqvist, 2001; Gullberg, 2003). According to Gullberg
and Holmqvist (2006), speech and gestures compete for attention.
Two mechanisms are of interest: a bottom-up selection, referring
to attention being involuntarily captured by a physical
characteristic of the stimulus (Theeuwes, 2010; Moore and
Zirnsak, 2017; Wang and Theeuwes, 2020), and a top-down
selection, where the individual voluntarily brings the stimulus
into their focus of attention (Moore and Zirnsak, 2017; Wang
and Theeuwes, 2020) thereby fixating it (Gullberg and Holmqvist,
1999). Considering that participants seem to spend more time
focusing on a speakers face, this theorizes the presence of
the gesture in the peripheral visual field that could induce a
bottom-up visual attention process in an attempt to retrieve
task-relevant information (Gullberg and Holmqvist, 2006).
Nevertheless, the amount of information retrieved from a fixated
stimulus is higher than the amount retrieved from the stimulus
attended at a peripheral location (Gullberg and Holmqvist, 1999).

Although the face area is mainly fixated, there are some
instances where the gestures are more looked at. A first study
by Rimé et al. (cited by Gullberg and Holmqvist, 1999) showed
that when faced with speech in their non-native language,
participants tended to fixate gestures more than when faced
with speech in their own language. This distinction between
native and non-native language has also been found in a more
recent study (Drijvers et al, 2019) showing that while both
groups of participants mostly fixated faces, the non-native group
more oftenly gazed toward gestures than native listeners.
Additionally, Gullberg and Holmqvist (2006) showed that when
speakers looked at their own gestures, listeners were more
likely to gaze toward the gestures. Several authors also highlighted
that gestures containing holds (i.e., a temporary cessation of
the gestural movement) attracted more the listener’s visual
attention than gestures without holds (Nobe et al., 1997; Gullberg
and Holmgqvist, 2006; Gullberg and Kita, 2009). Gullberg and
Holmgqvist (2006) associated the effect of a speaker’s gaze to
a top-down-related effect and the presence of a hold to a
bottom-up-related effect.

To the best of the researchers’ knowledge, the study conducted
by Drijvers et al. (2019) was the first and only study to investigate
how overt visual attention is allocated in the context of degraded
speech. Native and non-native participants were presented with
video clips of an actor enacting an iconic gesture combined
with either clear or degraded speech. The participants were
fitted with an eye tracking device and were asked to recognize

which single verb was heard among four propositions. Their
results demonstrated that an overt allocation of visual attention
to gestures in the presence of degraded speech benefited native
speakers. Drijvers et al. (2019) also showed that participants
were more likely to gaze at the face and mouth areas both
when presented with clear and degraded speech.

Exploring whether listeners actually attend and integrate
gestural information, Gullberg and Kita (2009) found no evidence
of an association between gesture fixation and information
uptake. According to these authors, attention to gestures appears
to be mostly covert (Gullberg and Kita, 2009), referring to the
deployment of attention at a given space in the absence orienting
eye movements (Carrasco and McElree, 2001). This attention
can then be directed by the speaker either through speech or
by using a deictic (i.e., pointing type) gesture (Wakefield et al.,
2018). In contrast, Beattie et al. (2010) found that low-span
character-viewpoint gestures (i.e., gestures that are produced
from the viewpoint of the character and do not cross any
boundaries in the gesture space; see Beattie et al, 2010 for
details) were the most communicative gesture type and the
most and longest fixated gestures. Their results suggest an
association between attentional focus and the uptake of information
from this particular type of iconic gesture (Beattie et al., 2010).

In view of the current scarcity of studies investigating the
uptake of gestural information in the context of clear and/or
degraded speech, the present study thus aims to explore this
issue in a more ecological manner and using a different paradigm
than in previous studies. Rather than being presented with
isolated words (such as in Drijvers et al, 2019), participants
would be presented with short sentences describing daily events
(as in Beattie et al, 2010). In each sentence, one element is
associated with an iconic gesture, representing either the action
or a physical attribute of the object mentioned in speech (McNeill,
1992). In contrast to previous studies, participants will
be presented with different types of gestures (i.e., semantically
incongruent iconic gestures, syntactically incongruent iconic
gestures, meaningless configurations, and semantically congruent
iconic gestures). A gesture is considered semantically incongruent
if its meaning fit its position in the sentence but does not
match the sentence’s meaning (e.g., the gesture “small” in the
sentence “the car was on a large road”). In other words, a
semantically incongruent gesture will, if a possible meaning is
“translated” to words, retain a correct grammatical class for its
position in the sentence. Another example could be the gesture
“close” (which would be enacted by the arm, after moving away
from the rest position on the lap, fist closed, in front of the
actor in the gesture space, would come back toward the chest),
enacted simultaneously to the verbal utterance “knocked on”
in the sentence “she knocked on her neighbors” door” In this
case, while a semantic congruency would occur in the event
of audible speech, in the event of altered speech, the sentence
would retain meaning as an action gesture takes place
simultaneously to a verb in the sentence. A syntactically
incongruent gesture is a gesture that conveys a meaning that
would not fit that place in the sentence (e.g., the gesture
“rectangle” in the sentence “he must know how to drive”).
Finally, meaningless configurations were taken from Wu and
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Coulson (2014). These “gestures” are actually meaningless
configurations (rather than gestures) and have been found to
be uninterpretable by Wu & Coulson (see Wu and Coulson,
2014 for more details).

In behavioral studies, the investigation of gesture-speech
integration via the use of mismatching gesture-speech pairs is
far from new and has consistently shown that iconic gestural
and verbal information were integrated to form a unified
representation (Kelly et al., 2010a,b; Margiotoudi et al., 2014;
Zhao et al., 2018). The advantage of using mismatching gestures
in investigating information uptake relies in the possibility of
observing a negative effect of these gestures on comprehension.
Moreover, it allows to explore whether fixating the gestures is
a necessary requirement for information uptake or whether their
presence alone affects comprehension. To the best of the
researchers’ knowledge, to date, no work has explored the visual
allocation of attention to iconic gestures in a speech degraded
context by contrasting the presentation of matching and
mismatching gestures in a hope to shed light on
information uptake.

Consistent with previous studies, we first expected participants
to spend a longer time fixating the face compared to gestures,
particularly in the event of degraded speech. No previous
study having investigated the allocation of visual attention to
different types of mismatching gestures, we could only speculate
the presence of different visual allocation behaviors depending
on the type of gestures presented. Regarding the comprehension
task, we anticipated the higher scores in the semantic congruent
condition compared to the other three conditions and the
lowest scores in the semantically incongruent condition compared
to the other conditions. Hence, we expected a difference in
the processing of the three types of mismatching gestures.

MATERIALS AND METHODS

Participants

Hundred and thirty-six healthy French-speaking participants
took part in the study. They were recruited through
announcements on the University groups on social media.
Exclusion criteria included neurological and current
psychological disorders as well as visual and/or auditory
impairments. Wearing glasses was also considered as an exclusion
criterion due to the potential reflection that could disrupt the
eye tracking recording. Six participants had to be excluded
following technical failures. Two more participants were excluded
for not having French as their mother tongue.' The final sample
consisted of 128 French-speaking participants (35 men;
M,,.=21.34; SD=0.21; Min=17; Max=28). They each received
5€ for taking part in the experiment. This study was approved
by the Ethics Committee of the University of Mons. All
participants gave written informed consent before taking part
in this study.

"The inclusion criteria mentioned being fluent in French. However, during
testings, the two participants who were not native French speakers, related
their difficulties in following the task and the testings, were, therefore, stopped.

Material

Computerized Task

The task involved material that has never been used in previous
studies. Hence, several steps were required to ensure the validity
of our material. The creation of the task as well as the different
validation steps are presented here below.

This task was performed using SMI Experiment Suite 360°
software. During the computerized task, participants were
asked to sit in front of a computer and keyboard. The
experimental task comprised 200 trials (50 sentencesx four
types of gestures). The videos consisted of an actor uttering
a sentence while performing a gesture. They were presented
semi-randomly and were followed by a comprehension question.
A graphical illustration of the trial structure is provided in
Figure 1. The list of the sentences that were used can be found
in Appendix A.> The Appendix also informs on which element
was enacted through a gesture (in bold), whether congruent
or incongruent (semantically and syntactically), which
meaningless configuration was used (see Wu & Coulson for
the references), and what statement was presented to assess
participants’ comprehension.

Stimuli and Equipment

Creation of Stimuli

Sentences

A) The final stimuli used for the experimental task consisted
of video recordings of 50 short sentences relating daily
topics. Each sentence contained one (and only one) element
that was enacted through an iconic gesture (either describing
an action, a physical attribute of an object or spatial
relationship between two objects, McNeill, 1992). The element
enacted through an iconic gesture is indicated in bold in
Appendix A. All gestures were completed by an actor to
whom no specific instructions were given besides the word
that was to be described. Separate audio recordings were
also collected, to ensure a good quality. For all audio
recordings, the actor was asked to maintain a neutral prosody
as to avoid conveying any emotional or complementary
information through the voice. Because no previous studies
investigating iconic gestures in a sentence context have been
conducted in French, a validation of our stimuli was required
beforehand. First, 60 short sentences relating daily topics
were created. The study having taken place amidst the
COVID-19 pandemic, a Google Form was generated to
collect a first set of data on how emotionally loaded our
sentences were. We were looking to only keep neutral
sentences, emotional content potentially affecting eye gaze
(Calvo and Lang, 2004; Rigoulot and Pell, 2012; Lanata
et al., 2013). Forty-nine healthy French-speaking participants
completed the online questionnaire after giving informed
consent. After removing the outliers for age, the final sample
consisted of 38 participants (M, =25.55; SD =0.74; Min =21;

*Because of the differences between French and English sentences’ construction,
some incongruencies that work in French would not work in English. Therefore,
the English translation is not proposed here but can be found in Appendix B.
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FIGURE 1 | Representation of the proceeding of a task (Sc=semantically congruent; Sl=semantically incongruent; Syn = syntactically incongruent;

Max =39). They were asked to judge the emotional valence
of 30 pairs of sentences on a 9-level Likert-type scale ranging
from 1 (positive) to 9 (negative) with a neutral range located
between levels 4 and 6. Participants were presented with
Self-Assessment Manikin to help them visualize the graduation.
No further instructions were given. After analysis, 29 pairs
were scored as neutral (with a mean score between 4 and
6) and one pair was scored at 3.58. The discarded stimuli
were still processed as they would be used in the training
runs (explained here below). B) The comprehension sentences
(relevant for the second part of the task) were formulated
in such a way to test participants’ comprehension relative
to the enacted part of the sentence through a yes/no statement
(e.g., if the video stated that “He kept his papers in round
boxes he bought from the store.,” with “round” being enacted;
the comprehension sentence stated that “The boxes he bought
were red”).

Gestures

Second, 15 new healthy French-speaking participants (three
men; M,.=26.8; SD=0.47; Min=24; Max=30) judged the
semantic congruency and incongruency of 240 videos (60
gestures x4 types of congruencies) on a 5-level Likert scale
ranging from 1 (totally incongruent) to 5 (totally congruent).
In other words, participants were asked to judge the level
of correspondence between the gesture and the audio it
accompanied. The congruent and incongruent gestures were

inspired by Kandana Arachchige et al. (in press). The gestures
for the meaningless configurations corpus were taken from
Wu and Coulson’s validated database (Wu and Coulson,
2014). The audio-visual stimuli were presented on Testable.?
After analysis, the 60 congruent gestures were considered
congruent at an average of 4.6/5 and the 180 incongruent
gestures were considered incongruent at an average of 1.1/5.
One supposedly congruent gesture being judged congruent
at only 2.9/5, it has been removed from the stimuli set
(along with the other 7 items associated with it). The revised
congruent average for the other 58 gestures was of 4.7/5.
Third, fifteen new healthy French-speaking participants (3
men; M,,=23.53; SD=0.99; Min=21; Max=36) judged the
iconicity of each gesture presented with no sound. They
were asked to name the gesture seen (interpretative task).
The soundless videos were presented on Testable (www.
testable.org), and a blank space was available to type their
answer. If the gesture evoked no particular meaning, they
were asked to type “N/A” Results showed a 57% recognition
rate, replicating previous results (Zhao et al., 2018). However,
three gestures supposed to show a similar rate were under-
recognized (at an average of 13%). These three gestures
were removed, and the revised recognition rate increased
to 58%. Given the specific nature of iconic gestures that
contain meaning per se but also depend on context to
be understood (Holle and Gunter, 2007), we can assume

*www.testable.org
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that these results support the iconicity of our gestures. At
the end of these validation processes, our stimuli sample
consisted of 52 sentences x 4 congruency levels: (1) congruent
iconic gestures, (2) semantically incongruent iconic gestures,
(3) syntactically incongruent iconic gestures, and (4)
meaningless configurations. It is important to note that in
all the items, the temporal alignment between the gesture/
meaningless configuration was kept constant. Indeed, one
characteristic of iconic gestures is their temporal alignment
with the speech they relate to (McNeill, 1992, 2008; Obermeier
and Gunter, 2014). In other words, while the preparation
phase of the gesture (i.e., “the phase of movement leading
up to the stroke,” p.112, Kendon, 2004) precedes the verbal
utterance, the stroke phrase of the iconic gesture (i.e., “the
phase when the expression of the gesture (...) is accomplished,”
p.112, Kendon, 2004) occurs simultaneously to the verbal
utterance (Kendon, 2004). This alignment was maintained
in our stimuli set, in every condition.

Alteration

The audio sound files for the 50 and 100% alteration conditions
were created on Audacity® version 2.3.0. ‘The target verbal
utterances (i.e., those to which gestures were related) were
separated from the sentence and processed alone. They were
combined with a Multi-babble soundtrack (available on open
access here: https://www.ee.columbia.edu/~dpwe/sounds/noise/;
Richey et al, 2018) at different intensities. For the 50%
alteration, both soundtracks were kept at the same volume
intensity and superimposed. For the 100% alteration, the
verbal utterance soundtrack was reduced of 24 dB, while the
multibabble soundtrack was kept unchanged. The modified
soundtrack segments were then mixed back with their original
sentences. Following these manipulations, a fourth short
validation test was conducted. Eleven new healthy French-
speaking participants (one man; M, =27.36; SD =0.96; Min =25;
Max=36) took part in this pre-test. The sentences were
presented on Testable (www.testable.org), and participants
were asked whether they could, or not, hear the noised word.
They were asked to respond 1 for any word they could
understand and 2 for words they were unable to understand.
After analysis, the mean score for the 100% alteration set
was of 1.9/2. The mean score for the 50% alteration set was
of 1.33/2. However, a pair of items were evaluated at an
average of 1.88/2 and were therefore discarded from the
stimuli set.

Mask

Finally, a mask was applied to the lip area of the actor using
PowerDirector 365 software to avoid lip reading in the 50
and 100% alteration conditions. The use of a mask for blurring
the mouth area to this end is common in this field of research
(e.g., Holle and Gunter, 2007; Cocks et al,, 2011; Wu and
Coulson, 2014; Sekine et al., 2015; Momsen et al., 2020).

*https://www.audacityteam.org/

Equipment

An HP computer with SMI iView 250 RED and SMI Experiment
Suite 360° software was used to generate the protocol and
present the stimuli on a 34x19cm LCD screen running at a
frame rate of 60Hz. Stimuli were presented against a black
background. Prior to testing, eye location was calibrated for
each participant. The average viewing distance was 56cm
approximating the distance at which the eye tracker receives
the best signal. This position was adjusted for each participant
until the best possible eye tracking signal was acquired.

Procedure

Participants were seated approximately 56 cm in front of a computer
and keyboard. They were first offered a training run to familiarize
themselves with the task and eye tracking device as well as to
find a comfortable sitting position in which they would be able
to stay without moving. The instructions were given a first time
verbally and were also presented on screen. Participants were
asked to sit as still as possible and watch the videos that were
presented. No information on the presence of gestures or the
aim of the study was given, and no specific task was required
from the participants during the presentation of the video. The
sound of the video was either audible, half degraded, or completely
degraded. After each video, participants were presented with a
sentence and were asked to decide, by keypress (Q or M;
counterbalanced between participants), whether the information
corresponded or not to that conveyed in the video. In case of
doubt, they were asked to answer anyway. The training run
consisted of the exact same procedure as the experimental procedure
(ie., including a calibration process) and contained stimuli at 0,
50, and 100% alteration as well as congruent and mismatching
gestures. Once the participants were comfortable and were clear
with the instructions, they were invited to complete the experimental
task. The researcher repeated the instructions verbally before the
calibration process of the experimental task to avoid any head
movement after the calibration. The instructions were then repeated
on screen, and participants could then begin the task. The entire
experimental protocol took approximately 11min to complete.

Eye Tracking Data and Coding Areas of
Fixation

Eye tracking data were analyzed using BeGaze software from
Senso-Motoric Instruments (SMI). SMI software automatically
performed data reduction and exported only usable eye
movements. Each video for each participant was processed
individually. Areas of interest (AOI) was (1) the face and (2)
the hands. Each AOI was defined in a frame-by-frame manner
following the course of the gesture and/or head movements.

ANALYSIS AND RESULTS

Analysis

Mean dwelling time (in ms) and number of fixations on the
video clips and percentage of correct answers on the behavioral
task were analyzed.
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The statistical analyses were performed using the software
SPSS (version 21). Paired t tests were conducted between the
head and hand AOI to determine which zone was most and
longer fixated. The full experimental design was a 4 (congruency;
semantically congruent, semantically, and syntactically
incongruent, meaningless configurations) x 3 (alteration; clear,
partly, and completely degraded) factorial design, and a
corresponding 4x3 repeated-measure ANOVA was used to
analyze the data. Following the ANOVA, follow-up paired ¢
tests were conducted where statistical significance was accepted
at a Bonferroni-adjusted alpha level of 0.016 (p=0.005/3)
following the multiple (i.e., 3x) occurrence of the same variables
in the t tests.

Finally, paired t tests were conducted to investigate how
visual allocation to the hand AOI would vary with
speech degradation.

Results

Dwelling Time on Hand Versus Head AOIls

Paired t tests were conducted to investigate whether the face
area would attract more attention in general than the hand
area. Results showed significant differences in dwelling time
in all conditions, with more time spent on the face area
compared to the hand area.

Number of Fixations on Hand Versus Head AOIs
Paired t tests were conducted to investigate the number of
fixations in the face area compared to the hand area. Results
showed significant differences in number of fixations in all
conditions, with more fixations made on the face area compared
to the hand area.

Dwelling Time on Face AOI

Paired ¢ tests were conducted to investigate whether the face
area would attract more attention when the auditory information
was degraded. Results yielded no significant differences between
any of the alteration levels, for any types of gestures.

Dwelling Time on Hand AOI
The repeated measures ANOVA vyielded a main effect of Congruency
[Fi3381=32.96; p<0.001], with more time spent on average on
the syntactically incongruent gestures (M=320.81; SD=18.75),
compared to meaningless configurations (M=237.08; SD=18.02),
semantically incongruent gestures (M=210.30; SD=17.86), and
semantically congruent gestures (M=201.43; SD=15.94). A main
effect of alteration was also found [F4=13.71; p<0.001] with
more time spent on average on the hand AOI when the sound
was clear (M =274.74; SD=18.11), compared to in a 50% alteration
condition (M=235.06; SD=17.03) and 100% alteration condition
(M=217.41; SD=15.57). Furthermore, the results also yielded a
Congruency x Alteration effect [Fi;6,=3.11; p<0.01, Greenhouse-
Geisser correction] reflecting an interaction between the types
of gestures presented and the level of hearing alteration (Figure 2).
A summary of the ANOVA results can be found in Table 1.
Follow-up paired t tests were conducted to further clarify
the nature of Alteration by Congruency interaction. In the

absence of audio alteration, significant differences were observed
between meaningless configurations and syntactically incongruent
gestures [f,;=—3.47; p=0.001], with longer dwelling times
on the latter (M=366.39; SD=24.01) compared to the former
(M=277.86; SD=24.81). Differences were also found between
meaningless configurations and semantically congruent gestures
[t127=3.03; p=0.003], with more time spent on the former
(M=277.86; SD=24.81) compared to the latter (M=199.65;
SD=22.04). Syntactically incongruent gestures (M=366.39;
SD =24.01) were also longer fixated than semantically congruent
[M=199.65; SD=22.04; t4,;y="7.14; p<0.001] and incongruent
[M=255.06; SD=25.66; tu.;=3.85; p<0.001] gestures. The
difference between semantically congruent and incongruent
gestures just failed to reach significance [t,;,=—2.24; p=0.02],
No significant differences were found between meaningless
configurations and semantically incongruent gestures.

In the case of 50% alteration, significant differences were
observed between (1) meaningless configurations and syntactically
incongruent [t,,;,=—2.48; p=0.01] with more time spent on
the latter (M=311.45; SD=22.15) compared to the former
(M=245.74; SD=24.48). A significant difference was also found
between meaningless configurations and semantically incongruent
gestures [f,;,=3.50; p=0.001], with more time spent on
meaningless configurations (M =245.74; SD=24.48) compared
to semantically incongruent gestures (M=166.58; SD=18.88).
More time was also spent on syntactically incongruent gestures
(M=311.45; SD=22.15) compared to semantically congruent
[M=216.46; SD=21.79; t41;y=4.13; p<0.001] and incongruent
[M=166.58; SD=18.88; t4,;=8.39; p<0.001] gestures. The
difference between semantically congruent and incongruent
gestures just failed to reach significance [t(,;=2.25; p=0.02].
No significant differences were found between the meaningless
configurations and semantically congruent gestures.

For the conditions where the audio was 100% altered,
significant differences were observed between (1) meaningless
configurations and syntactically incongruent gestures [f,7=—5.13;
p<0.001], (2) syntactically incongruent gestures and semantically
congruent [f,,=4.51; p<0.001] and incongruent [f,;,=3.61;
p<0.001] gestures. More time was spent on the syntactically
incongruent gestures (M=284.58; SD=20.36) compared to the
meaningless configurations (M=187.62; SD=18.50), the
semantically congruent gestures (M=188.19; SD=19.62), and
semantically incongruent gestures (M=209.25; SD=21.98). No
significant differences were observed between meaningless
configurations and semantically congruent gestures, meaningless
configurations, and semantically incongruent gestures and between
semantically congruent and semantically incongruent gestures.

Paired t tests were conducted to investigate how visual
allocation to the hand AOI would vary with speech degradation.
Results showed significant differences for the meaningless
configurations with less time spent on them in the 100%
alteration condition (M=187.62; SD=18.50) compared to the
clear condition [f(,7=3.9; p<0.001; M=277.86; SD=24.81] and
the 50% alteration condition [f,;=2.57; p=0.01; M=245.74;
SD=24.48]. A significant difference was also highlighted for
the syntactically incongruent gestures, with more time spent
on them in the clear condition (M =366.39; SD =24.01) compared
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TABLE 1 | ANOVA results for hand AOI dwelling time.

Variable DoF F Sig.

Alteration 2 13.71 0.000
Congruency 3 32.96 0.000
Alteration*Congruency 5.08 3.1 0.008

to the 50% alteration condition [t,,,=2.44; p=0.01; M=311.45;
SD=22.15] and the 100% alteration condition [f,,;=4.21;
p<0.001; M=284.48; SD=20.36]. Finally, dwelling time for
semantically incongruent gestures was significantly higher
[t12=3.48; p=0.001] in the clear condition (M=255.06;
SD =25.66) compared to the 50% alteration condition (M= 166.58;
SD=18.88) and significantly lower [f,,;=-2.57; p=0.01] in
the 50% alteration condition compared to the 100% alteration
condition (M=209.25; SD=21.98). No significant differences
were observed for the semantically congruent gestures.

Number of Fixations on Hand AOI

The repeated measures ANOVA yielded a main effect of Congruency
[Fis8y=17.58; p<0.001], with more fixations for syntactically
incongruent gestures (M=0.63; SD=0.03) compared to meaningless
configurations (M=0.50; SD=0.03), semantically incongruent
(M=0.047; SD=0.03), and semantically congruent (M=0.46;
SD=0.03) gestures. A main effect of Alteration was also found
[F59=13.80; p<0.001], with more fixations in the clear sound
condition (M=0.59; SD=0.03) compared to in the 50% alteration
(M=0.50; SD=0.03) and 100% alteration (M=0.46; SD=0.03).
Furthermore, the results also yielded a significant Congruency
x Alteration effect [Fiy6,=2.03; p=0.03, Greenhouse-Geisser

correction] reflecting an interaction between the types of gestures
presented and the level of hearing alteration (Figure 3). A
summary of the ANOVA results can be found in Table 2.

Follow-up paired t tests were conducted to further clarify
the nature of Alteration by Congruency interaction. In the
absence of audio alteration, significant differences were observed
between (1) meaningless configurations and semantically
congruent [f,,;=2.74; p<0.01] gestures, with more fixations
on the meaningless configurations (M =0.61; SD =0.05) compared
to the semantically congruent gestures (M=0.47; SD=0.04).
Significant differences were also observed between syntactically
incongruent gestures and semantically congruent [t(,,=5.21;
p<0.001] and incongruent [t,;=4.01; p<0.001] gestures, with
more fixations on the syntactically incongruent gestures (M =0.73;
SD=0.04) compared to the semantically congruent (M=0.47;
SD=0.04) and semantically incongruent (M=0.53; SD=0.04)
gestures. The difference between meaningless configurations
and syntactically incongruent failed to reach significance at
the Bonferroni-adjusted level [t,,;,=-2.183; p=0.03]. No
significant differences were observed between meaningless
configurations and semantically incongruent gestures and between
semantically congruent and incongruent gestures.

In the case of 50% alteration, significant differences were
observed between (1) meaningless configurations and syntactically
incongruent [t,,;,=—2.56; p=0.01] with a higher number of
fixations in the latter (M=0.06; SD=0.04) compared to the
former (M=0.47; SD=0.04) and (2) syntactically incongruent
gestures and semantically incongruent gestures [f(,;,=5.02;
p<0.001] with a higher number of fixations in the former
(M=0.06; SD=0.04) compared to the latter (M =0.42; SD =0.04).
No other significant differences were observed.
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TABLE 2 | ANOVA results for number of fixations on hand AQOI.

Variable DoF F Sig.
Alteration 2 13.80 0.000
Congruency 3 17.58 0.000
Alteration*Congruency 5.59 2.30 0.03

For the conditions where the audio was 100% altered,
significant differences were observed between (1) meaningless
configurations and syntactically incongruent gestures [f,;,=—4.18;
p<0.001], with more fixations in the latter (M =0.57; SD=0.04)
compared to the former (M=0.41; SD=0.04), and (2) syntactically
incongruent gestures and semantically congruent [f,;=4.46;
p<0.001] and incongruent [t,;,=2.67; p<0.01] gestures where
syntactically incongruent gestures are more fixated (M=0.57;
SD =0.04) than semantically congruent (M =0.40; SD=0.03) and
incongruent (M=0.45; SD=0.04) gestures.

Percentage of Correct Answer

The repeated measures ANOVA yielded a main effect of
Congruency [F sy =24.69; p <0.001], with a higher percentage
of correct responses in the semantically congruent condition
(M=82.32; SD=1.18) compared to the meaningless
configurations (M =74.78; SD = 1.00), syntactically incongruent
(M=73.49; SD=1.18), and semantically incongruent gestures
(M=68.18; SD=1.16). A main effect of Alteration was also
found [F;,s54=149.06; p<0.001], with a higher percentage of
correct responses in the clear sound condition (M=86.22;

SD=0.77) compared to the 50% (M=73.73; SD=0.93) and
100% (M =64.12; SD =0.97) alteration conditions. Furthermore,
the results also yielded a significant Congruency x Alteration
effect [F(s76,=7.16; p<0.001] reflecting an interaction between
the types of gestures presented and the level of hearing
alteration (Figure 4). A summary of the ANOVA results can
be found in Table 3.

In the clear sound condition, follow-up paired t tests showed
a significant difference between syntactically incongruent gestures
and semantically congruent gestures [t,,=—2.76; p<0.01], with
a higher percentage of correct answer for the latter (M=288.89;
SD=1.39) compared to the former (M=83.2; SD=1.60). No other
significant differences were highlighted in the clear sound condition.

In the 50% alteration condition, follow-up paired t tests
showed a significant difference between meaningless
configurations and semantically congruent gestures [#.,,=—4.28;
Pp<0.001] with a better correct response percentage in the latter
(M=83.91; SD=1.82) compared to the former (M=72.66;
SD=1.82). A significant difference was also observed between
the meaningless configurations condition and the semantically
incongruent gestures [£,;=2.93; p<0.01], with a higher correct
answer percentage when in presence of meaningless
configurations (M=72.66; SD=0.82) compared to semantically
incongruent (M=65.38; SD=1.88). The percentage of correct
answer was also higher [t,,,=2.56; p=0.01] for syntactically
incongruent gestures (M=72.98; SD=2.12) compared to
semantically incongruent gestures (M=65.38; SD=1.88). A
significant difference was also found between the syntactically
incongruent gestures and semantically congruent gestures
[t17=—3.80; p<0.001], with better results for the latter

Frontiers in Psychology | www.frontiersin.org

November 2021 | Volume 12 | Article 776867


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles

Kandana Arachchige et al.

Information Uptake From Iconic Gestures

95

90

85 —

80

75

70

65

60

Mean correct response percentage

55

50
Mgl Syn

degradation).

Type of gestures

FIGURE 4 | Graphical representation of the percentage of correct answer according to the types of gestures presented and the level of hearing alteration
(Mgl=Meaningless; Syn=syntactically incongruent; Sc=semantically congruent; SI=semantically incongruent; 1 =clear speech; 2=50% degradation; 3=100%

Sc Si

TABLE 3 | ANOVA results for percentage of correct answers.

Variable DoF F Sig.
Alteration 2 149.06 0.000
Congruency 3 24.69 0.000
Alteration*Congruency 5.35 7.16 0.000

(M=83.91; SD=1.82) compared to the former (M=72.98;
SD=2.12). A higher percentage of correct responses [t,,)="7.12;
p<0.001] was also found in the presence of semantically
congruent (M=83.91; SD=1.82) compared to semantically
incongruent (M=65.38; SD=1.88) gestures. No significant
differences were found between the meaningless configurations
and syntactically incongruent gestures.

In the 100% alteration condition, a significant difference
was found between the meaningless configurations and the
semantically congruent gestures [t,;,=—2.94; p<0.01] with a
higher percentage of correct responses in the latter (M=74.08;
SD=2.11) compared to the former (M=66.41; SD=1.72).
Significant differences were also found between meaningless
configurations and semantically incongruent gestures [#,,,=4.71;
p<0.001], with better performances in the presence of
meaningless configurations (M=66.41; SD=1.72) compared to
semantically incongruent gestures (M =51.74; SD=2.45). Better
performances were also highlighted [#,;,=-3.14; p<0.01] for
semantically congruent gestures (M =74.08; SD=2.11) compared
to syntactically incongruent gestures (M=64.28; SD=2.1).
Semantically incongruent gestures (M =51.74; SD =2.45) induced
a lower percentage of correct responses compared to syntactically
incongruent gestures [f;,;=3.75; p<0.001] and semantically
congruent gestures [f(,,=6.67; p<0.001].

DISCUSSION

The aim of the study was to investigate participants’ visual
behavior when confronted with different types of gestures in
an (un)favorable listening context and how different types of
gestures would influence information uptake. To date, this is
the first study exploring these questions together. The main
findings show a difference in visual attention allocation depending
on type of gesture and on the clarity of the verbal message
as well as evidence of information uptake during covert attention.
These results suggest (1) that although visual attention is not
explicitly focused on the gesture, its presence can affect
comprehension (e.g., negatively if semantically incongruent, or
positively if semantically congruent) and (2) that not all
mismatching gestures are processed equally.

First, this study replicates previous results (Gullberg and
Holmgqyvist, 1999, 2006; Gullberg, 2003; Gullberg and Kita, 2009;
Beattie et al., 2010) showing longer and more fixations on the
face area compared to hand gesture area, and this, in the presence
of any type of gestures. The preferential fixation of the face
area is not surprising given the importance of this body part
in social interactions (Kanwisher and Yovel, 2006). From an
early age, humans are naturally attracted to faces (Johnson et al.,
1991) and neuroimaging studies have highlighted brain areas
either broadly involved in their processing, such as the medial
temporal lobe (Haxby et al., 1996), or specifically dedicated to
their processing, such as a small region located in the right
lateral fusiform gyrus (McCarthy et al.,, 1997). The absence of
an increase in fixation time to face areas with speech degradation
could appear contradictory to previous studies (Saryazdi and
Chambers, 2017; Drijvers et al., 2019). However, it is likely
that this absence of effect was consequent to the blurring of
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the mouth area in the present study. In Drijvers and Ozyiirek’s
(2020) study, participants appeared to have benefited from the
presence of visible speech, particularly when the auditory message
was degraded. The alteration in the auditory information led
participants to focus more on the lip/mouth region likely to
gain phonological information (Drijvers and Ozyiirek, 2017).
Due to the material used, this effect could have not been present
in the current study and was indeed not observed.

While no differences in visual attention allocation for the
face area were highlighted across the different levels of speech
alteration, gestures showed a more complex pattern. First, overall,
more attention was paid to gestures in a clear auditory context
compared to both degraded speech conditions, replicating previous
results (Drijvers et al, 2019). When taking a closer look,
participants’ gaze toward semantically congruent gestures appeared
to be constant throughout the different levels of auditory
degradation. For mismatching gestures, this varied depending
on the type of incongruency (i.e., semantic and syntactic). The
presence of different patterns of visual attention allocation
depending on the type of mismatch is consistent with previous
electrophysiological research (Friederici et al, 1993) showing
different event-related brain potentials in the presence of different
types of mismatching information. In the case of meaningless
configurations, participants spent more time fixating them when
in the presence of clear speech or a 50% alteration compared
to when the speech was inaudible. For syntactically incongruent
gestures, more time was spent fixating them in a clear auditory
context compared to any degradation of speech. Finally,
semantically incongruent gestures were more fixated in clear or
completely degraded speech compared to the 50% alteration
condition. One explanation for this pattern of results resides in
the amount of attention required to understand the conveyed
message (Wild et al., 2012). In the presence of simple sentences
and clear speech, information comprehension does not impose
a particular demand on attentional processes (Hartsuiker and
Moors, 2017). In the case of meaningless configurations, we can
assume the deployment of these processes to attempt extracting
meaning. Because these gestures do not, per definition, convey
any meaning, their presence should not be disrupting participants
comprehension. Indeed, no differences in correct response
percentage were observed between the meaningless configurations
condition and the semantically congruent gestures. In a clear
speech context, the same observation can be made for syntactically
incongruent gestures. In the presence of speech degradation,
attentional processes become required to comprehend the conveyed
message (Wild et al, 2012). In this situation, the decrease in
time spent on syntactically incongruent gestures can be explained
by the increased necessity to focus on the auditory input to
attempt gaining information. Participants therefore turn their
attention away from not only irrelevant but also disrupting
information to focus on speech. For processing meaningless
configurations, a partial speech degradation appears to
be acceptable. However, in the presence of a total degradation
of the auditory information, attention is taken away from the
gestures and probably captured by attempting to understand
the conveyed message. For semantically incongruent gestures,
the pattern varies. For these gestures, more time is spent fixating

them in the clear speech and in the completely degraded speech
conditions compared to the partially degraded speech condition.
In the clear condition, participants could have enough attentional
resources to attempt resolving the incongruency compared to
the partial degradation condition. In the latter, the semantically
incongruent gestures are highly disrupting the comprehension
process since they convey information that is directly contradictory
to the one presented in the faded speech. When the verbal
utterance is completely degraded the semantically incongruent
gesture, fitting the sentence construction, could be conveying
relevant information.

When considering the time spent on fixating gestures alone,
the current study highlights an interaction between the degree
of auditory alteration and type of gesture presented. Across the
different levels of alteration, syntactically incongruent gestures
were consistently fixated for a longer time than any other types
of gestures. Syntactically incongruent gestures essentially conveyed
meaning that presented a syntactic violation in the sentence
(i.e., they did not fit into the sentence construction). Exploring
language comprehension, a previous electrophysiological study
(Hahne and Friederici, 1999), demonstrated the existence of a
two-step processing in sentence comprehension, with a first
highly automatic parsing process dealing with word category
(Friederici, 1995). The gestures presented in the syntactically
incongruent condition having been specifically selected to convey
a meaning that would not fit their position in the sentence, it
is possible that they particularly attracted attention and disturbed
processing. In fact, in the clear speech condition, the percentage
of correct responses was significantly lower when in presence
of these gestures. Furthermore, a previous eye tracking study
investigating the differences in the perception and time course
of syntactic and semantic violations showed that syntactic violations
were detected earlier than semantic violations (De Vincenzi
et al, 2003). Although the current study did not explore the
time course of fixations, the longer dwelling times on syntactically
incongruent gestures could suggest an earlier entry and local
attempt to resolve the incongruency (Braze et al, 2002).
Interestingly, unlike syntactically incongruent gestures, the presence
of meaningless configurations or semantically incongruent gestures
did not impair comprehension. When the speech is clear and
easily understandable, a syntactic violation thus appears to disturb
comprehension at a higher level than semantic violation, even
when presented through a gesture. This is associated with an
increased amount of time spent fixating these gestures.

The results in the presence of a verbal alteration are more
complex. First, although semantically congruent gestures were
not particularly more or for longer looked at than other types
of gestures, comprehension scores were significantly higher in
their presence. As mentioned above, different gaze patterns were
observed for the different types of mismatching gestures, along
with different levels of comprehension. In both alteration conditions,
while more time was spent on fixating syntactically incongruent
gestures compared to meaningless configurations, no significant
difference in comprehension was highlighted. However, although
semantically incongruent gestures were the least fixated of all
mismatching gestures, they induced the most incorrect responses
in the comprehension task. These results suggest that the presence
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of gestures did in fact affect comprehension, and an overt allocation
of attention them was not required for information uptake. This
is inconsistent with the general suggestion of a higher quality
of retrieved information in the case of gesture fixation (Gullberg
and Holmqvist, 1999) as the presence of semantically incongruent
gestures clearly impaired comprehension. It is, however, consistent
with previous claims (Gullberg and Kita, 2009) suggesting that
attention to gestures is mostly covert and that the uptake of
information appears to be independent of fixation.

While this study offers a number of interesting results, several
adjustments could be made for future research. First, the current
study did not consider complementary iconic gestures. Indeed,
the iconic gestures used (ie. in the congruent condition) were
all redundant (i.e., the information contained in the iconic gesture
repeats that contained in speech). Future studies could therefore
investigate whether different results would be observed for
complementary and redundant gestures. Second, we did not
differentiate between the types of iconic gestures (i.e., action,
shape, position). Because of the potential difference of importance
for comprehension between these types of iconic gestures (see
Kandana Arachchige et al., 2021), it would be interesting to see
whether and how visual attention is distinctively allocated to all
of them. Finally, in the current study, although some sentences
(16/50 items) retained some meaning in the event of a total
degradation (e.g., “He kept his papers in the red boxes he bought
from the shop” remains understandable without “red”) and others
did not (e.g., “He mixed his cement mixture;” makes little sense
without “mixed”), we do not believe this had an effect on the
observed results. Indeed, on the one hand, the majority of the
sentence lost meaning in the event of an alteration, and on the
other hand, the comprehension statements were specifically designed
to investigate the comprehension of the bold item (see Appendix
A). Nevertheless, future research could differentiate these conditions
and verify whether distinguished results would arise from them.

CONCLUSION

To conclude, the current study is the first to show that different
types of mismatching gestures differently attract visual attention
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Event-based prospective memory (ProM) refers to remembering to execute planned
actions in response to a target ProM cues. Encoding modality influences ProM
performance; visual encoding has been studied more than auditory encoding. Further, it
has not yet been examined whether different encoding may influence ProM performance
in different encoding modalities. This study examines the effects of encoding modality
(visual vs. auditory), cue-encoding specificity (specific cue vs. non-specific cue),
and encoding modes (standard vs. implementation intention) on event-based ProM
tasks. In Experiment 1, cue specificity and encoding modality were manipulated as
a within-groups encoding of visual cues is more commonly and between-groups
variable. Results revealed the facilitative effect of cue specificity on ProM performance.
Also, with respect to encoding modality, participants showed better performance
when receiving auditory instructions compared with the visual encoding condition.
In Experiment 2, as in Experiment 1, cue specificity and encoding modality were
manipulated. Encoding mode was added as a new between-group variable. Result
revealed that there was a significant interaction between encoding modality and
encoding modes. Visual implementation intention encoding was a more effective
method for improving ProM performance compared with visual standard encoding.
Furthermore, there was a significant interaction between cue-encoding specificity and
encoding modes. Implementation intention encoding enhances ProM performance in
non-specific cue-encoding conditions. Overall, the present study found that (1) auditory
encoding modality showed superior ProM performance compared with visual encoding,
although implementation intention had facilitative on ProM performance regardless of
the encoding modalities, and (2) there was better ProM performance under specific
encoding compared with non-specific encoding, and implementation intention had a
facilitative effect on ProM performance in the non-specific condition.

Keywords: prospective memory, implementation intention encoding, specific encoding, non-specific encoding,
visual encoding, auditory encoding

INTRODUCTION

Prospective memory (ProM) is a memory of an action that refers to executing a delayed intended
action in the appropriate context or at a planned time (Sanjram and Khan, 2011). ProM, such
as sending a letter when you pass a mailbox, is fundamental to our lives. ProM includes four
processes, namely, encoding, maintaining, retrieving intentions, and executing an intended action
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in the future. The previous ProM studies focused primarily
on the involvement in maintenance and retrieval processes
in performing a delayed intended action. Only recently have
researchers started to explore encoding strategies but mostly
focused on visual encoding, and the auditory encoding modality
process remains somewhat neglected. The present study focuses
on the encoding process, as encoding is a necessary precondition
for successfully executing a ProM task.

In laboratory studies, ProM manipulation of encoding
is conventionally achieved by providing instructions to
participants. Participants were informed of intentions through
a verbal or written introduction (Cai and Dong, 2012; Li et al,,
2016). Regarding information processing, auditory and visual
stimuli are the two most common and independent ways
through which humans receive information. The visual pathway
leads from the occipital cortex to the inferior temporal cortex,
and the auditory pathway leads from the superior temporal
cortex to the ventral prefrontal regions (Maeder et al., 2001).
The separation of process streams may affect ProM encoding
differently. Vedhara et al. (2004) randomly allocated participants
to one of four habitual ProM task conditions, namely, no cues,
visual cues, auditory cues, or dual cues (auditory and visual
cues), of which the last three conditions were operated by visual,
auditory, or dualhabitual ProM cue introductions reminder. The
results showed that habitual ProM of participants was optimal
in the dual-cue condition, suggesting this condition was the
most beneficial to habitual ProM performance. Additionally,
participants performed better under auditory than visual cue
conditions. However, Yang et al. (2008) confirmed that there
was no difference between auditory and visual encoding on
activity-based ProM for undergraduates, regardless of whether
ProM intention was important. Both studies on the effect of the
ProM encoding modality have produced inconsistent results.
It may be caused by the heterogeneity of subjects in the two
studies and the different control of the experiment. Vedhara et al.
(2004) adopted a natural experiment with old adults with type 2
diabetes as participants; Yang et al. (2008) adopted a laboratory
experiment with young adults as participants. Therefore, it is
necessary to explore whether auditory encoding is different from
visual encoding. Chen et al. (2014) found that the frontal lobe was
activated and engaged in monitoring ProM targets. The auditory
pathway and ProM task involved the same brain region—the
frontal lobe, so we hypothesized that ProM performance would
be better under the auditory encoding modal.

People commonly give specific instructions, but they can
also give unclear instructions. Both instructions consist of cue-
encoding specificity. Previous research showed that participants
perform better in ProM tasks under conditions where they could
encode visual specific cues (e.g., “jaguar,” “lion,” and “tiger”)
rather than visual general cues (e.g., “animal”; Einstein et al,
1995). Kuhlmann and Rummel (2014) confirmed that intentions
encoded by visual specific cues form a tight encoding trace,
allowing participants to flexibly allocate cognitive resources,
thereby enhancing ProM performance (Kuhlmann and Rummel,
2014). For encoding, these previous studies (e.g., Ball and
Bugg, 2018) showed a “specific advantage”, indicating that the
memory content comprised mostly specific events with a high

proportion of specific memories; to recall this content, there
was an advantage to remembering specific details (Chen, 2013).
Furthermore, Scullin et al. (2018) systematically investigated the
encoding process for ProM and confirmed that specific was better
than non-specific cue encoding, for which 22.5% of participants
gave little thought to the ProM tasks and tended to translate
categories to specific exemplars (Pereira et al., 2018). It may
be that participants using non-specific cue encoding had to
pay closer attention than those using specific cue encoding to
correctly determine ProM targets.

However, all of the above studies compared visually specific
and non-specific conditions and did not provide direct evidence
of auditory specificity encoding. In the current study, we tested
the effects of encoding specificity and encoding modality with
undergraduate students, building on these different findings. In
the first experiment, we investigated whether there was a specific
advantage both in the visual and auditory encoding process and
whether non-specific auditory encoding was better than non-
specific visual encoding in ProM.

We hypothesized that a manipulation, which reduces
cognitive resource requirements by enhancing both visual and
auditory target cue specificity, would improve ProM, and the
performance in the auditory-specific encoding is better than in
the visual-specific encoding. Additionally, we hypothesized that
participants would perform better in the auditory non-specific
content than in the visual non-specific content.

EXPERIMENT 1

Methods

Participants

The sample size was based on an a priori power analysis using
the GPOWER 3 software. The effect size f was based on previous
research (Pereira et al., 2018). The alpha level was 0.05, power was
0.95, and an effect size of 0.5 was considered. To find a statistically
significant effect in the model, 54 participants would be necessary.
Thus, the goal sample size was 60, to account for dropouts.

The initial sample included 60 undergraduate students
(Mage = 20.55 years, range 18-25; 27.12% males). Each participant
had normal or correct-to-normal vision and audition, and
none had previously taken part in a similar experiment. Four
participants were excluded from the analysis because their
parameter estimates of the ongoing task or their ProM task were
more than three standard deviations (SDs) from the mean of
their respective group. Thus, there were 56 participants in total
(Nauditory =29, Nyjsual = 27).

Participants provided signed informed consent before the
experiment. The only demographic information collected from
the participants was their age and gender; no names or personal
information were recorded. Participants were given a small gift
as compensation.

Experimental Design

The experiment had a two encoding modality (visual vs.
auditory) x two cue-encoding specificity (specific cue vs. non-
specific cue) mixed factorial design with the second factor as a
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within-groups variable. Participants received verbal instructions
through earphones and written texts for auditory modality and
visual modality, respectively. Instructions were provided until
participants fully understood them. The within-subjects variable
was counter-balanced among participants to avoid a practice
effect. Half of the participants started with the specific cue-
encoding block, and the other half started with the non-specific
cue-encoding block.

Materials

The experimental stimuli were 20 capital English letters
(excluding “A “E} “I7 “O; “E” and “T”). The letters “A” “E)
“I7 and “O” were excluded to balance-specific and non-specific
cue conditions, and “F” and “J” were omitted because they were
reaction keys for the ongoing task. The experimental trials were
presented visually in a random order. The ProM target was
presented six times. To match the number of presentations of
specific and non-specific cues, the ProM cues were the same in
all specific conditions. Whether the cue was specific or not, we
set “U” as the target. Both visual and auditory ProM targets were
used for non-salient cues, to avoid the interference effects of cue
salience (see Kliegel et al., 2013). All items were presented in
white, Courier New, 60-point font on a black background.

Experimental Task

Throughout the experimental task, participants performed two
tasks simultaneously, namely, the ongoing task and the ProM
task. The ongoing task was a one-back task, in which participants
needed to compare the present letter with the previous one and
then press “J” if they were the same and “F” if they were different.
In the ProM task, participants were asked to press the spacebar
for a ProM target.

Procedure

This experiment was programmed using the E-Prime 1.1
software. All participants were tested individually in a quiet
environment. Participants were initially told that the research
goal was to study people’s performances on various computer-
based tasks and gauge their thoughts during those tasks.

In the first step, participants performed a practice block (see
Figure 1). They received instructions for the one-back task
(i.e., ongoing task). For each trial, a fixation cross (+) was
presented for 500 ms, followed by a letter for 3,000 ms. The letter
would disappear once the participant responded or 3,000 ms had
elapsed. Participants received feedback on their accuracy. The
“yes” and “no” response keys decisions were counterbalanced,
with each decision taking up an equal proportion of the trials.

After participants completed 50 practice trials, they received
instructions for simultaneously completing the ProM and
ongoing tasks in the normal experimental blocks, i.e., the
intention encoding phase. In the visual-specific encoding
condition, instructions were presented in the form of text, and
encoding content was as follows: “The vowel U may appear
during the block. When you see it, you do not need to compare
whether the letter is the same as the previous one. Press the
spacebar directly.” In the visual non-specific encoding condition,
instructions were also presented in the form of text, and encoding

content was as follows: “Vowels may appear during the block.
When you see a vowel, you do not need to compare whether
the letter is the same as the previous one. Press the spacebar
directly.” For the audio-specific encoding condition, instructions
were played in the form of voice (sound files were embedded
in E-prime), and encoding content was the same as the visual-
specific encoding condition. When assigned to audio non-specific
encoding condition, participants were also played instructions in
the form of voice, and encoding content was the same as visual
non-specific encoding condition.

Then, we asked participants to repeat the instructions to
the experimenter to demonstrate if they understood them. To
prevent participants from monitoring the ProM target letters,
participants were told that the ProM and ongoing tasks were
equally important.

Following the ProM encoding process (i.e., ProM instructions
in the different conditions), participants completed an
interference task of simple digital arithmetic and then began the
formal experiment, which included 94 trials of the ongoing task
and six presentations of the ProM target (“U”) for per block.
The non-specific and specific cue-encoding blocks were the
same, with the exception that the ProM instructions required
participants to press the spacebar for vowels. Between the specific
and non-specific encoding blocks, there were an interference
task and a 2-min rest period.

Results

For all analyses, the alpha level was set at 0.05. Unless otherwise
noted, the dependent variables were reaction time (RT) and
accuracy in the ProM target and ongoing trials.

Prospective Memory Task Performance

Prospective memory hits occurred when a participant pressed
the spacebar on the ProM target trials. ProM performance was
defined as the number of hits divided by the number of target
events. The means and SDs are presented in Table 1.

To examine the ProM hit, we conducted a two encoding
modality (visual vs. auditory) x two (specific vs. non-specific)
mixed analysis of variance (ANOVA) with the last variable as
a within-groups variable. There was a significant main effect of
encoding modality, F(1,54) = 5.67, p = 0.021 < 0.05, n,% = 0.10;
the accuracy in the auditory encoding modality was higher than
visual encoding modality. Results also showed a significant main
effect of cue-encoding specificity, F(1,54) = 6.65, p = 0.013 < 0.05,
np? = 0.11. As Table 1 indicates, the accuracy in specific cue-
encoding condition was significantly higher than the non-specific
cue-encoding condition. There was no significant interaction
effect for encoding modality and cue specificity, F(1,54) = 0.03,
p=0.87.

A 2 x 2 mixed ANOVA was conducted with RTs for correct
responses to ProM targets as the dependent variable. There were
no significant main effects or interactions, Fs < 0.44, ps > 0.24.

Ongoing Task Performance

The results of both accuracy and RT data are displayed in
Table 1. To analyze the performance of the ongoing task, we
conducted a two (encoding modality: visual vs. auditory) x two
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(cue-encoding specificity: specific cue vs. non-specific cue) mixed
factorial ANOVA with the last variable as the within-subjects
variable and with the ongoing task accuracy and RTs as dependent
variables separately.

The analysis of ongoing task accuracy showed that there
were no significant main effects of cue encoding modality
and cue-encoding specificity, and no interaction effect between
cue encoding modality and cue-encoding specificity, and no
interaction effect between cue specificity and encoding modality,
F(1,54) < 2.92, ps > 0.09.

The analysis of ongoing task RTs revealed a main effect
of cue-encoding specificity, F(1,54) = 7.29, p = 0.009 < 0.05,
np? = 0.12, suggesting that participants made yes-or-no decisions
more faster during the specific cues encoding blocks compared
with non-specific cues encoding blocks in both the auditory and
visual conditions. There were no other significant differences
in RT between the auditory and visual encoding modalities,
F(1,54) = 0.09, p = 0.77 > 0.05, and no interaction effect between
cue-encoding specificity and encoding modality, F(1,54) = 1.83,
p=0.18 > 0.05.

Discussion

Notably, there was a significant difference in ProM performance
of visual and auditory encoding in Experiment 1. Participants
had a higher accuracy in the auditory encoding condition
than in the visual encoding condition, which was consistent
with our hypothesis and confirmed our suspicion that auditory
encoding was more convenient. Auditory encoding information
is transmitted to the ventral prefrontal regions (Maeder et al.,
2001), which happens to be the lobe activated by the ProM
intention. The common lobe may make auditory encoding more
advantageous. However, the discovery was inconsistent with the
conclusion of Yang et al. (2008), who concluded that participants
could successfully complete ProM tasks regardless of whether

they used visual encoding or auditory encoding, as long as they
formed the correct ProM intention. The reason for the different
results may be that Yang et al. (2008) explored the effect of
encoding on an activity based on ProM, which did not require
pausing ongoing tasks and was relatively simple. However, our
study explored the effect of encoding on event-based ProM,
which required participants to pause ongoing tasks and translate
recognitive cost to the ProM task. The difficulty of ProM task may
be an important factor.

In Experiment 1, we found advantages of specific cue encoding
for ProM, which was consistent with our hypothesis and in
line with Einstein et al. (1995) and Hicks et al. (2005), that
participants can detect more ProM targets in the specific
condition than in non-specific intentions. Participants performed
significantly faster in ongoing tasks in the specific condition
relative to the non-specific condition, which was consistent with
the conclusion of Hicks et al. (2005) that non-specific intentions
caused more task interference than specific intentions to the
ongoing task. However, RTs of ProM tasks have no significant
differences, suggesting possessing two intentions (i.e., ProM
intention and ongoing task intention) does not exert the same

TABLE 1 | The performance of dual tasks in different encoding modalities and
encoding specificity M (SD).

Task conditions ProM tasks Ongoing tasks
ACC RT (ms) ACC RT (ms)
Visual specific 0.78 (0.17) 770 (148) 0.92 (0.06) 670 (138)
Visual non-specific 0.64 (0.35) 828 (215) 0.91 (0.07) 759 (166)
Auditory specific 0.87 (0.16) 820 (155) 0.92 (0.06) 710 (132)
Auditory non-specific 0.75 (0.29) 831 (206) 0.90 (0.08) 740 (201)

ACC, accuracy; ProM, prospective memory; RT, reaction time.
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costs as each would exert individually; the slow RTs of the
ongoing task do not necessarily preserve ProM performance
(Hicks et al., 2005).

Our finding indicated that participants in the specific cue-
encoding condition performed better than those in the non-
specific cue-encoding condition, and the RTs of the ongoing
task were shorter in the specific cue-encoding condition than
in the non-specific cue-encoding condition, which somewhat
differs from those of Scullin et al. (2018), who found that
some ProM encoding components can be done “in passing”
(i.e,, a perfunctory and transient manner). We can infer that
the encoding process requires cognitive resources, and specific
cue encoding is more effective than non-specific cue encoding.
Although Scullin et al. (2018) were more focused on thought
probes during ProM encoding instead of RTs for retrieval
and manipulated only non-specific encoding, their results were
consistent with those of the present study in suggesting that
specific encoding is more convenient and efficient than non-
specific encoding, regardless of cue focality. Since non-specific
cue encoding is a common and unavoidable phenomenon, we
conducted Experiment 2 to investigate how to improve ProM
performance using non-specific cue encoding.

Taken together, the results of Experiment 1 showed that
auditory encoding was superior to visual encoding, and specific
cue encoding was superior to non-specific cue encoding in terms
of ProM intention.

EXPERIMENT 2

In light of the findings of Experiment 1 concerning inferior
performance, Experiment 2 further investigated how
implementation intention could improve ProM performance
under visual and non-specific encoding conditions. Meeks and
Marsh (2010) reported that the intention encoding of visual
implementation was an efficient encoding method. Thus, we
performed Experiment 2 to explore whether implementation
intention could improve performance on ProM tasks in the
visual and non-specific encoding conditions.

Implementation intention encoding is a conscious formation
of a specific intention and a response to a specific stimulus
(Gollwitzer and Peter, 1999; Scott, 2016) that determines
when, where, and how to put a goal into action based
on the goal intention. Implementation intention encoding
consisted of a typical statement in the form of “if situation x
occurs, then I will perform intended action y.” The statement
was often accompanied by asking participants to mentally
visualize (usually for 30 s) the intended action and repeating
the implementation intention instructions to the researcher.
McFarland and Glisky (2012) argued that the verbal articulation
of implementation intention is sufficient to improve ProM
performance, and imagery instruction is unnecessary. Scullin
et al. (2017) reported that a verbal statement and an imagery
procedure for implementation intention significantly increased
the generation of high typicality exemplars, suggesting that
verbally repeating instructions and imagery procedures for
implementation intention produced the same results. However,

imagining the context of implementation intention is more
difficult to control and may result in additional variables (Brewer
et al, 2011). Therefore, the present study asks participants
to repeat ProM introductions two times (Guo et al., 2016).
Conversely, in standard encoding condition (hereafter referred
to as standard encoding in this study), participants are told
what they should do but without asking them to form an
implementation intention or other intention encoding (Mcdaniel
et al., 2008; Meeks and Marsh, 2010; Rummel et al., 2012), and
the researchers check with participants to make sure they know
what to do without an articulated strategy or approach to the task.
Implementation intention differs from standard encoding in that
it asks participants to consciously encode ProM targets and ProM
intended behaviors, which forges connections between ProM
targets and actions and does not utilize the cognitive resources
of ongoing tasks.

By enhancing the automated connection between ProM
cues and actions, implementation intention has been shown
to improve ProM performance (Chasteen et al, 2010;
Zimmermann and Meier, 2010; Rummel et al, 2012; Chen
et al., 2015; Guo et al, 2016). For example, Lin (2016) found
that compared with standard encoding, implementation
intention improved the accuracy of ProM but not the RTs,
regardless of cognitive load. Lv (2010) compared the differences
between implementation intention and standard encoding,
concluding that implementation intention strengthened the
relationship between ProM cues and responses to ProM targeted
actions, contributing to participants performing ProM tasks
automatically without cognitive resources.

Above all, existing research has focused on intention encoding
of visual implementation in the specific cue-encoding condition
and justified that the intention of visual implementation was
useful for enhancing ProM; however, it remains unclear whether
auditory implementation intention encoding is as effective as
visual implementation intention encoding and whether the
advantage of implementation intention can be generalized to the
non-specific cue-encoding condition. Experiment 2 hypothesize
that implementation intention can improve ProM performance
in the visual and non-specific encoding conditions, and auditory
implementation intention is also an efficient encoding method.

Methods
Participants
The sample size was based on an a priori power analysis using
the GPOWER 3 software. The effect size f was based on previous
research (Pereira et al., 2018). The alpha level was 0.05, power was
0.95, and a size effect of 0.5 was considered. To find a statistically
significant effect in the model, 76 participants would be necessary.
A goal sample size of 120 was set to account for dropouts.
Experiment 2 was conducted with 120 undergraduate students
(Mage = 20.64, range: 18-26; 32.20% males) who received a gift
for participating. Two participants were excluded because their
RT data were & 3 SDs from mean of their group. There were
62 participants in the implementation intention conditions (i.e.,
30 in the visual condition and 32 in the audio condition) and
56 participants in the standard encoding conditions (i.e., 27 in
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the visual condition and 29 in the audio condition). The other
conditions were the same as Experiment 1.

Design

The experiment had a two encoding modality (visual vs.
auditory) x two encoding modes (standard vs. implementation
intention) X two cue-encoding specificity (specific cue vs. non-
specific cue) mixed factorial design with the last factor as the
within-groups variable. The cue specificity order was balanced
among participants: half executed the specific cue condition first,
while the other half executed the non-specific cue condition first.
RTs and accuracy rates served as the dependent measures.

Materials

We used an Acer computer and a 14.5-inch CRT display. The
experiment was programmed using the E-Prime 1.1 software. All
details regarding the stimuli were consistent with Experiment 1.

Procedure

The instructions given to participants describing the one-back
task were almost identical to those in Experiment 1, with the only
difference that participants were encoded by implementation
intention in the implementation intention condition. For
both the auditory and visual implementation intention
conditions, participants were asked to repeat the implementation
intention instructions two times. The implementation intention
instructions were, “If you see any of the vowels, press the
spacebar directly” or “If you see the letter U, press the spacebar
directly.” The standard condition instructions were, “The letter
U may appear during the experiment. When you encounter the
letter U, it is not necessary to compare whether the letters are the
same or not, just press the spacebar.” Participants in the standard
encoding condition were not required to repeat the instructions
about the ProM task. The remaining instructions were the same
as in Experiment 1.

Results

Prospective Memory Task Performance

Table 2 shows the means and SDs for ProM tasks. An ANOVA
was carried out for (encoding modality: visual vs. auditory) x two
encoding modes (standard vs. implementation intention) x two
(cue-encoding specificity: specific cue vs. non-specific cue) mixed
factorial design with the last factor as within-groups variable
on ProM accuracy. Results yielded a significant main effect of
encoding specificity, F(1,114) = 5.02, p = 0.027 < 0.05, np* = 0.04,
indicating that the accuracy rate was significantly higher in the
specific cue-encoding condition (M = 0.82, SD = 0.02) than in the
non-specific cue-encoding condition (M = 0.75, SD = 0.30).

We found a marginal significant interaction between encoding
mode and encoding specificity, F(1,114) = 3.40, p = 0.068,
np? = 0.03. Further simple effects analyses revealed that there was
a significant difference between implementation intention and
standard encoding in the non-specific cue-encoding condition,
F(1,114) = 4.08, p = 0.046 < 0.05, 1,*> = 0.04, suggesting that
implementation intention (M = 0.80, SD = 0.04) had a higher
accuracy than standard encoding (M = 0.81, SD = 0.02). There
was no significant difference between implementation intention

and standard encoding in the specific cue-encoding condition,
p = 0.69 > 0.05. In the standard encoding condition, there
was a significant difference between the specific cue-encoding
and non-specific cue-encoding condition, F(1,114) = 7.94,
p=0.006 < 0.05,1,® =0.07, suggesting that specific cue-encoding
condition (M = 0.83, SD = 0.03) had higher accuracy than non-
specific cue encoding (M = 0.69, SD = 0.04). There was no
significant difference between the specific cue encoding and non-
specific cue encoding condition in the implementation intention
encoding condition, p = 0.78 > 0.05.

We also found a significant interaction between encoding
mode and encoding modality, F(1,114) = 7.56, p = 0.007 < 0.05,
np? = 0.07. The further simple effects analysis found there
was a significant difference between standard encoding and
implementation intention encoding in the visual encoding
condition, F(1,114) = 885, p = 0.004 < 0.05, 1,2 = 0.07,
suggesting that participants had a higher ProM accuracy in
the implementation intention encoding condition (M = 0.81,
SD = 0.03) than the standard encoding condition (M = 0.71,
SD = 0.03). In the auditory encoding condition, there was
no significant difference between standard encoding and
implementation intention encoding, p = 0.38 > 0.05. We found
a significant difference between the visual and auditory encoding
condition in the standard encoding condition, F(1,114) = 5.38,
p = 0.02 < 0.05, npz = 0.05, suggesting that participants
had higher ProM accuracy in the auditory encoding condition
(M = 0.81, SD = 0.03) than the visual encoding condition
(M =0.71, SD = 0.03). In the implementation intention encoding
condition, there was no significant difference between the visual
and auditory encoding condition, p = 0.12 > 0.05. There were
no other significant main effects or interaction effects, Fs < 2.34,
ps > 0.13.

Prospective memory RT of correct responses (i.e., trials where
participants correctly responded to the PM targets) were analyzed
by performing an ANOVA for two encoding modality (visual vs.
auditory) x two encoding modes (standard vs. implementation
intention) x two cue-encoding specificity (specific cue vs. non-
specific cue) mixed factorial design with last factor as within-
groups variable. There was a significant main effect of cue
specificity, F(1,114) = 11.88, p = 0.001 < 0.05, nP2 = 0.09,
indicating RTs were much faster in the specific cue condition
(M = 787, SD = 13.92) versus the non-specific cue condition
(M = 851, SD = 18.43). There were no other significant main
effects or interaction effects, Fs < 2.77, ps > 0.09.

Ongoing Task Performance

To analyze performance in the ongoing task, we conducted a two
encoding modality (visual vs. auditory) x two encoding modes
(standard vs. implementation intention) x two cue-encoding
specificity (specific cue vs. non-specific cue) mixed factorial
design with the last factor as within-groups variable on accuracy
and RT of ongoing task, respectively. Table 3 shows the means
and SDs of ongoing task trials.

The analysis of accuracy of ongoing tasks found that the only
significant finding was a main effect of cue-encoding specificity,
F(1,114) = 1033, p = 0.002 < 0.05, 1), = 0.08, showing a higher
accuracy on specific cues (M = 0.92, SD = 0.01) compared with
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TABLE 2 | The performance of ProM tasks in different conditions M (SD).

Encoding models Encoding modality

Encoding specificity

Specific encoding

Non-specific encoding

ACC RT (ms) ACC RT (ms)

Standard encoding Audio 0.87 (0.16) 820 (155) 0.75 (0.29) 831 (207)
Visual 0.78 (0.17) 771 (148) 0.64 (0.35) 828 (216)

Implementation intention Audio 0.78 (0.23) 756 (166) 0.77 (0.29) 832 (192)
Visual 0.84 (0.17) 780 (131) 0.83(0.22) 913 (186)

TABLE 3 | The performance of ongoing tasks in different conditions M (SD).

Encoding models Encoding modality

Encoding specificity

Specific encoding

Non-specific encoding

ACC RT (ms) ACC RT (ms)

Standard encoding Audio 0.92 (0.06) 710 (132) 0.90 (0.08) 740 (201)
Visual 0.92 (0.06) 670 (139) 0.91 (0.07) 759 (166)

Implementation intention Audio 0.92 (0.05) 671 (142) 0.90 (0.06) 732 (169)
Visual 0.94 (0.04) 703 (138) 0.92 (0.05) 805 (162)

non-specific cues (M = 0.91, SD = 0.01). There were no other
significant main or interaction effects, Fs < 1.85, ps > 0.17.

Results of RT of ongoing tasks yielded a significant main
effect of cue specificity, F(1,114) = 21.32, p = 0.000 < 0.001,
np? = 0.16, with participants demonstrating faster RTs in the
specific (M = 689, SD = 12.70) than the non-specific condition
(M =759, SD = 16.15). There were no other significant main or
interaction effects, Fs < 2.67, ps > 0.11.

Discussion

Consistent with previous studies (e.g., Scullin et al, 2017)
and our hypothesis, Experiment 2 confirmed that visual
implementation intention was effective for improving ProM. The
result of Experiment 2 showed there was a significant difference
in ProM accuracy between visual implementation intention
encoding and visual standard encoding, indicating that visual
implementation intention can improve ProM accuracy relative to
visual standard encoding.

We did not find specificity advantage in the implementation
intention encoding condition, but we found participants had a
higher ProM accuracy in the implementation intention encoding
condition than the standard encoding condition in the non-
specific cue-encoding condition, which was consistent with our
hypothesis and suggested that implementation intention can
improve the performance in the non-specific encoding condition
and extent the finding that implementation intention was
suitable to non-specific cue encoding. We found no significant
difference between the standard encoding and implementation
intention encoding condition in specific cue encoding, which
was consistent with Meeks and Marsh (2010), who found that
specific cues (e.g., “deer” and “cow”) led to a ceiling effect in
both implementation intention (imagery; imagery + when-then)
and conventional event-based specific cue ProM conditions;

thus, there was no opportunity to investigate benefits of
implementation intention. Both Meeks and Marsh (2010) and the
present study demonstrated that non-specific implementation
intention can improve ProM performance.

The current finding of no significant difference of ongoing
tasks in different encoding modes was somewhat in line with
Lv (2010), who found that under implementation intention
conditions, reduced ongoing task performance did not improve
ProM task performance. The finding that implementation
intention did not reduce ongoing task performance of
participants relative to standard instructions contrasted Chen
et al. (2015), who reported that individuals had longer RTs for
ongoing tasks when encoded by implementation intention. We
speculated that this disparity could be explained by the relatively
simple ongoing task used in the current study; the further study
can manipulate the two-back task as the ongoing task.

GENERAL DISCUSSION

The result of Experiment 2 showed that there was a significant
difference between the visual and auditory modalities in
the standard encoding condition, which was consistent
with Experiment 1 that proved that auditory standard
encoding was more useful than visual standard encoding.
The finding confirmed our hypothesis that auditory encoding
and ProM process mechanism share the common lobe,
which is beneficial for auditory encoding. However, our
results are inconsistent with those of Yang et al. (2008),
who demonstrated that encoding modality had no effect on
activity-based ProM. Yang et al. (2008) explored whether
sensory modality (auditory and visual) influences ProM
encoding, by providing different sensory encoding modalities.
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The results showed that irrespective of whether audio or
visual information was encoded, intentions of participants
relative to the ProM task were the same. When formed correct
intention, participants were able to successfully complete
the task in the appropriate amount of time. The current
research denied the conclusion and proved the benefit of
auditory encoding.

The findings in the two experiments produced a consistent
pattern, showing the advantages of specific cues encoding in
the standard encoding condition. We purposely used a vowel
(“U”) as a ProM target, whether it was used in a specific
encoding condition or non-specific encoding condition. This
decision was based on situations one might face in everyday
life, such as going to the supermarket to buy food for lunch
and wondering which purchase would be better. For example,
an individual is more likely to purchase fruit when given the
name of a specific fruit than when only told to purchase fruit.
Our results are consistent with Lourenco et al. (2013), who
demonstrated that target specification can reduce costs in non-
focal ProM and trial-by-trial changes in task interference, as the
result of top-down attention control processes. Previous research
suggested that non-specific cue encoding may activate more
connections than specific cue encoding; therefore, participants
need more cognitive to perform intended tasks and resulting
in slower RTs (Hicks et al., 2005; Loft et al, 2008). If
target cues are specific and unambiguous, then the connection
between target and behavior becomes more specific, thereby
facilitating ProM retrieval. The current findings were consistent
with Pan (2010), who found that when ProM encoding was
specific, participants adopted automatic processing, the attention
required relatively few resources, and ProM performance was
high. However, when ProM encoding was non-specific, the
monitoring processing method was used more often, resulting
in a relatively higher resource consumption, affecting ProM
performance, and significantly impacting RT and accuracy in
the ongoing task.

Compared with non-specific encoding, specific encoding
requires fewer cognitive resources. This finding helps to explain
why it can be more difficult to perform an intended action
without a specific task description. For example, it may be
difficult to choose flowers when only told to get “fresh flowers”
and not told to select a specific type of flower. There were
also significant effects of accuracy and RT for the ongoing
task. Participants who were assigned to the specific ProM
target condition had more cognitive resources with which to
perform the ongoing task than those in the non-specific ProM
target condition.

Implementation intention encoding can not only make up
for the disadvantages of visual encoding but also improve ProM
performance for non-specific encoding conditions. The present
study confirmed that implementation intention enhanced
goal attainment by facilitating the initiation of planned
responses upon encountering critical situations (Gollwitzer and
Brandstitter, 1997). The mental representation of the ProM tasks
specified in the if-part becomes a highly activated and easily
accessible cue. By using implementation intention encoding,
individuals establish a vivid psychological image between ProM

intention and behavior, which has a superposition effect with
words encoded by visual, resulting in that visual implementation
intention encoding can significantly improve ProM performance.
As a consequence, the ProM task receives attentional and
perceptual priority (Achtziger et al., 2011; Janczyk et al., 2015)
and is easily detected in the environment. A strong link is
forged between ProM cue and ProM response specified in
then-part. This renders ProM response automatically (Gan
et al, 2017, 2020), and no other cognitive resources are
needed to perform theProM task correctly. This study shows
that the advantages of implementation intention encoding
are not affected by audiovisual encoding modality; moreover,
implementation intention encoding can compensate for the
shortcomings of visual encoding and promote the execution of
ProM tasks, without the cost of ongoing tasks.

Implementation intention creates a strong mental
representation of the situation and a strong linkage between
situation and response that makes it easy to execute the behaviors.
It helps people to overcome the gaps between the intentions
and the actual behaviors, and improves ProM performance
(Chen et al, 2015). The empirical data of the present study
confirmed that the effect of implementation intention can
be generalized to non-specific situations (Bieleke et al., 2018;
Huang et al., 2020). Through the connection of implementation
intention, the ProM performance under non-specific conditions
has been significantly improved, reaching a level equivalent
to that under specific conditions. Combined with the fact that
there was no significant difference between the implementation
intention and standard encoding condition, we inferred that
implementation intention can specify intention, which is similar
to specify encoding.

The Limitations of the Present Study

One potential limitation of the present study is that the one-
back task was our ongoing task, and almost all participants
performed it perfectly, with accuracy rates above 0.90, which
demonstrated high ceiling effects. Maybe the one-back task
was too easy for undergraduates. Thus, future studies should
use more difficult tasks and manipulate task load. Also, we
manipulated encoding and neglected the consistency of encoding
and extraction modality. It is also worth further research to
determine whether there is an audio-visual modality effect on
ProM performance, by comparing the consistency of encoding
and extraction modality of visual and auditory encoding.

CONCLUSION

The results of our study suggest there are specific advantages
in the field of ProM, and one such advantage is that specific
encoding can contribute to ProM performance relative to non-
specific encoding. Also, implementation intention is an effective
method for enhancing ProM performance in a visual encoding
condition and in a non-specific encoding condition. Regardless
of implementation intention or standard encoding, individuals
could successfully complete tasks as long as they were encoded by
specific intention.
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Effects of Leisure Activities on the
Cognitive Ability of Older Adults:
A Latent Variable Growth Model
Analysis

Chang-e Zhu, Lulin Zhou* and Xinjie Zhang

Department of Management, Jiangsu University, Zhenjiang City, China

Based on the data of four periods of CLHLS (2008, 2011, 2014, 2018), the latent
variable growth model (LGCM) was applied to 2344 older adults who completed four
follow-up surveys, to study the trajectory of leisure activities and cognitive ability and
explore the relationship between leisure activities and cognitive ability of older adults.
The results showed that: (1) leisure activities and cognitive ability of older adults showed
a non-linear downward trend; (2) leisure activities significantly and positively predicted
the cognitive ability of older adults at every time point; (3) the initial level of leisure
activity positively predicted the initial level of cognitive ability but negatively predicted
the rate of cognitive decline; In addition, cognitive activities had a greater effect on
cognitive ability than non-exercise physical activities; (4) the rate of decline of leisure
activities also significantly and positively predicted the rate of decline of cognitive ability;
(5) cross-lagged regression analysis further suggested the overall positive predictive
effect of leisure activity on cognitive ability; (6) overall, education level had a significant
contribution to cognitive ability, and the higher the education level, the slower the decline
of cognitive ability; and (7) smoking could promote cognitive ability in older adults and no
significant effect was found between alcohol drinking and cognitive ability. Accordingly,
the government should encourage older adults to do more leisure activities, especially
the cognitive activity, to effectively prevent cognitive decline.

Keywords: cognitive ability, leisure activities, development trajectory, latent variable growth model (LGCM),
cross-lagged regression analysis

BACKGROUND

With the deepening process of population aging, how to promote healthy aging and maintain
the physical and mental health of older adults had become the focus of attention from all walks
of life. The results of Chinas seventh population census revealed that in 2021, Chinas older
population had reached 264.02 million, accounting for 18.7% of the total population (National
Bureau of Statistics of China, 2021). According to the United Nations estimate, by 2050, China’s
older population would reach 488 million, accounting for 35.6% of the total population (United
Nations, 2012), which meant that China had stepped into a deep aging society, and suffered the
problem brought from aging.
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Although life expectancy continued to increase, it was
necessary to consider adverse outcomes in advance given the
increasing likelihood that cognitive ability will decline with
age. A previous study showed that deterioration of cognitive
ability could lead to physical dysfunction and certain chronic
diseases, and severe deterioration of cognitive ability was highly
associated with mortality (Yue et al,, 2021). Furthermore, the
decline of subjective (slight) cognitive ability could be regarded
as a precursor of dementia, which seriously impaired the health-
related quality of life of older adults (Pusswald et al., 2015).

It was estimated that the number of dementia patients aged
60 and above in China was 10 million to 11 million, the number
of dementia patients aged 65 and above was 9 to 10 million,
and more than 60% of dementia patients had Alzheimer’s disease
(Jia et al., 2020). Accordingly, studying the change trajectory
of cognitive ability and exploring the determinants of cognitive
ability in older adults, and formulating appropriate intervention
policies should be one of the most important tasks for China
to address the challenges of population aging. Indeed, previous
studies suggested that individuals with more years of education
showed less cognitive decline (Liu and Lachman, 2020). But
the years of education that older adults received at a young
age could not be changed, so it made more sense to study
variables that could be modifiable. Studies indicated that leisure
activities, as one of the main lifestyles of the elderly in their
later years, had an important impact on their cognitive ability.
However, the current research conclusions were inconsistent. To
be specific, intellectual leisure activities such as reading books and
newspapers had a positive impact on cognitive ability (Silverstein
and Parker, 2002). However, watching TV was examined to exert
an adverse effect on cognitive ability (Rundek and Bennett, 20065
Hamer and Stamatakis, 2014). Accordingly, it was necessary
to study the relationship between leisure activities and classify
leisure activities, and explain the differences in the impact of
different types of leisure activities on cognitive ability.

Development of Cognitive Ability of
Older Adults

Cognitive ability referred to a series of intelligent processing
processes in which the human brain received external
information and acquires knowledge, which included perception,
attention, memory, thinking and other abilities (Ruining and
Yinge, 2015). Maintaining the cognitive ability of the older
adults was of great significance for the old population in their
later life. Firstly, degradation of cognitive ability was strongly
associated with morbidity and mortality from a variety of
diseases. Secondly, consequences of cognitive decline in older
adults not only damaged physical health, but also significantly
increased the probability of Alzheimer’s disease (Prince et al,
2013). Last but not least, deterioration of cognitive ability could
lead to physical dysfunction and certain chronic diseases, and
severe deterioration of cognitive ability was highly associated
with mortality (Yue et al., 2021). Therefore, it was important
and urgent to study the changing trajectory of cognitive ability
of older adults. The theory of human cognitive aging proposed
that individual cognition ability would change with age. To be

specific, with the increase of age, the neural substrate of people
will change, and cognitive resources such as processing speed,
working memory, attention span, and inhibitory ability may
decline (Wingfield and Grossman, 2006). In other words, the
cognitive ability of older adults would decline overtime.

Based on the existing study, the following assumption was
proposed:

H1: With the increase of age, the cognitive ability of older
adults showed a downward trend;

Development of Leisure Activities for
Older Adults

Leisure activity was a kind of meaningful activity which was
not related to earning a living or getting a reward. It is an
inclusive intellectual activity, multi-dimensional concepts of
social, recreational and sports activities (Wuzhen, 2008). The
older adults retired from work, so leisure activities became an
important arrangement for the older people in their later years.
The young elderly (62-69) gradually steps into the ranks of
the middle-aged (70-76) and even older adults (77-94) over
time (Williams et al., 2012). During this period, the physical
function and psychological course of older adults will change,
which will further lead to changes in the way of leisure activities.
For example, when they were in the low level of aging, outdoor
physical exercise and other leisure activities that required much
physical exertion were more common than those for middle
and older aged people, while older aged people mainly read
newspapers and watched TV indoors due to the limitation of
their physical conditions and the change of their mental state
(Robinson et al., 2004). In addition, leisure activities related to
social and intellectual activities also tended to decline due to the
lack of energy of older adults. In general, older adults experienced
a decline in physical and mental functioning over time, resulting
in lower levels of leisure activity. In other words, the level of
leisure activities of older people may decrease over time.

Based on the existing literature, the following assumption was
proposed:

H2: With the increase of age, the leisure activities of older
adults showed a downward trend;

Relationship Between Leisure Activities
and Cognitive Ability

At present, there were a large number of studies to analyze the
relationship between leisure activities and cognitive ability and
leisure activities were considered to be a protective factor for
cognitive abilities in older adult (Mao et al., 2020), which would
reduce the risk of cognitive decline or dementia (Bennett et al.,
2014). For example, a prospective cohort study of community-
dwelling adults over 70 years of age found that leisure hobbies
significantly reduced the risk of cognitive decline in older adults
(Iwasa et al., 2012). In addition, regular outdoor exercise was
considered to be an important protection strategy to effectively
prevent the decline of cognitive ability (Ding et al., 2021).
The theory of social communication held that social activities
are an important way for individual human beings to survive,

Frontiers in Psychology | www.frontiersin.org

140

April 2022 | Volume 13 | Article 838878


https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Zhu et al.

Leisure Activity Influences Cognitive Ability

live and practice, a prerequisite for material production and
a direct link with individual mental health (Weixiong, 2004).
Social interaction can not only stimulate the individual’s thinking,
promote older people’s emotional communication, but also
improve and promote the older population’s understanding,
judgment, memory and expression and other cognitive functions.
Previous studies revealed that social activities such as keeping
close contact with friends could improve cognitive ability to a
certain extent, which was a key factor in effectively preventing
cognitive decline (Hui-Xin et al, 2013; Noice et al., 2014). In
addition, participation in recreational activities was suggested
to be a protective factor against cognitive decline in older
adults (Hui-Xin et al., 2002). Finally, numerous studies suggested
watching TV was associated with cognitive decline (Hamer
and Stamatakis, 2014; Fancourt and Steptoe, 2019). However,
watching TV, as a very common form of leisure in old age, was an
important source of information for older people and contributed
to their overall cognitive function (Ostlund, 2010). Accordingly,
leisure activities could be considered to be positively associated
with cognitive ability on the whole.

Based on the above analysis, the following assumptions were
put forward:

H3: Leisure activities of older adults positively predicted
their cognitive ability during the same period;

H4: The initial level of leisure activities of older population
positively predicted the initial level of cognitive ability;

In addition, leisure activities was confirmed to be a protective
factor for the cognitive ability of older adults. Leisure activities
may reduce the rate of cognitive decline, which indicated that the
higher the level of leisure activities, the slower the decline of their
cognitive ability. Therefore, the following assumptions were put
forward:

H5: The initial level of leisure activities of older adults
negatively predicted the change speed of their cognitive
ability;

The level of leisure activities and cognitive ability of older
adults showed signs of decline to some extent over time.
According to the life cycle theory (Haizhong, 2014), from the
early stage to the middle age stage, the physical and psychological
functions of older adults often showed a slow decline. From the
middle age to the advanced age stage, the older people reached the
last stage of the life cycle, both physical function and cognitive
function declined precipitously. In other words, the change
speed of physical function and psychological cognition of older
population was consistent. Therefore, the following assumptions
were proposed:

Hé6: The change rate of leisure activities of older adults
positively predicted the change rate of their cognitive
ability;

In addition, many studies suggested the positive relationship
between leisure activities and cognition ability, which, however,
were mainly based on the cross-sectional data or short follow-
up period. Cognitive decline is a continuous and insidious

process, so it is necessary to prevent and explore its protective
factors in advance (Kareholt et al., 2011). Additionally, cognitive
reserve theory suggested that intellectual activities in midlife
will created a stock for cognitive capacity, which will influenced
their cognitive ability in later life by improving the ability to
compensate for age-related neuronal damage (Costa et al., 2007).
In other words, baseline leisure time activities were examined to
be a protective factor for late-life cognition (Kareholt et al., 2011).
Most importantly, previous studies have proved the positive
relationship between leisure activities on cognitive ability, but
endogenous problem could not be ruled out (Andel et al., 2015;
Lee et al., 2019). Therefore, cross-lagged regression analysis was
used to further determine the temporal order of the relationship
between leisure activity level and cognitive ability. To verify that
there was a causal relationship between two variables, the key step
was to ensure that there was a temporal difference between the
two variables. In other words, one variable must occur before the
other. Hence, it was necessary to study the influence of current
leisure activities on cognitive ability in the later period. Therefore,
the assumption was put forward:

H7: The leisure activities of older adults in the
current period positively predicted cognitive ability
in the later period.

EDUCATION DIFFERENCES IN
COGNITIVE ABILITY

The concept of cognitive reserve theory suggested that innate
intelligence or life experience (such as educational or professional
achievement) may provide reserves in the form of a set of skills
to better cope with the decline of cognitive ability (Stern, 2002).
Education contributed to the development of brain structure
and neural networks, and to the further development of concept
formation, vocabulary expression and cognitive functions such as
perception and memory (Konttinen et al., 2016). Education was
considered a protective factor for cognitive ability, and studies
indicated that older people with higher levels of education had
higher cognitive abilities (Hazzouri et al., 2011; Ruining and
Yinge, 2015). And older adults with higher education had a slower
rate of cognitive decline (Sunmin et al., 2003). Therefore, the
following assumption was proposed:

H8: The educational level of older adults positively
predicted their cognitive ability;

To sum up, it was suggested that studies on cognitive abilities
of older people were mainly based on cross-sectional data (Saji
et al., 2020; Kashibayashi et al., 2021). Furthermore, the existing
research on the effect of leisure activities on cognitive ability was
mainly based on one leisure activity and did not distinguish the
differences in the impact of different types of leisure activities
on cognitive ability. In addition, the existing research did not
explain the mechanism of the influence of leisure activities on
cognitive ability, but simply verified the positive relationship
between the levels of two variables, and lacked discussion on
the relationship between the initial level of two variables and
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change rate. Accordingly, longitudinal multi-time data was used
to further enrich the connotation of leisure activities and track the
change trajectory of cognitive ability and leisure activities of older
adults over time. Additionally, leisure activities were categorized
into two parts, which included two major aspects: cognitive
activities and non-exercise physical activities to study the effects
of different types of leisure activities on cognitive ability. Last but
not least, this paper studied the influence mechanism of leisure
activity on their cognitive ability and discussed the relationship
between the initial level of two variables and change rate.

METHOD

Source of Data

The data were obtained from the Chinese Longitudinal Healthy
Longevity Survey (CLHLS), which were conducted by the
National Development Institute and the Center for Research
on Healthy Aging and development of Peking University. The
present study used data from the last four waves of datasets,
including the 2008, 2011, 2014, and 2018 waves and the
participations in this study were all aged over 60 at the baseline.
This paper mainly studied the changing trend of cognitive
ability of older adults and the effect of leisure activities on
cognitive ability. In order to effectively track the change trajectory
of cognitive ability of the older adults, the individuals who
simultaneously participated in the survey in 2008, 2011, 2014, and
2018 were included in this study. The sample data acquisition
process was shown in Figure 1. The individuals with missing
values on any variable were excluded and then a total of 2344
valid individuals were obtained. In addition, for the attrition,
the missing completely at random (MCAR) test was conducted
to clarify the trend of the missing data and the result was
not significant (x2/df = 6.8, P > 0.05), indicating the missing
participants were at random.

Variable Definition and Measurement
The cognitive ability was assessed by Chinese version of the
Mini-Mental State Examination (MMSE), which was suggested

participation in 2008
(N=16954)

|

Lost to follow-up in 2011
(N=2894)

|

Lost to follow-up in 2014
(N=584)

|

Lost to follow-up in 2018
(N=1258)

Re-interviewed in 2011
(N=8418)

Died before 2011
(N=5642)

Died before 2014
(N=2589)

Re-interviewed in 2014
(N=5245)

Died before 2018
(N=1547)

Re-interviewed in 2018
(N=2440)

FIGURE 1 | Source of sample structure.

to be validated in Chinese older population (Zeng et al., 2017; Lv
et al., 2018). To be specific, the cognitive ability was measured
by general ability (3 items), responsiveness (3 items), attention
and calculation ability (6 items), recall (3 items), and language
comprehension and self-coordination (6 items), which totally
consists of 24 items. Responses were given on dichotomous scale
(1 = correct, 0 = wrong) with the exception of the item“number
of kinds of food named in 1 min,” which allows a maximum score
of 7, so the range for cognitive ability was 0-30. An example
item is “What time of day is it right now (morning, afternoon,
evening)? The coefficients alpha at every point was 0.863, 0.855,
0.886, and 0.928.

Leisure activities were measured by eight questions, namely
(1) housework (cooking and taking care of children), (2) outdoor
activities (such as Taijiquan, square dance, crossing the door and
communicating with friends), (3) planting flowers and keeping
pets, (4) reading books and newspapers, (5) raising poultry and
livestock, (6) playing cards or mahjong, (7) listening to the radio,
and (8) participating in organized social activities. Responses
were given on a five-point Likert scale (1 = almost every day to
5 = rarely or never). An example item is “Do you now perform
the following activities regularly (Outdoor activities)?” In this
paper, the negative score of the original scale was transformed, so
the higher the score was, the higher the level of leisure activities
was and the final score range of leisure activities for older adults
was 8-40. The coeflicients alpha at every point was 0.768, 0.807,
0.856, and 0.908.

A total of 23,44 (1,097 males and 1,247 females) older adults
were included in the study (female = 0, male = 1). Education
level was measured by the number of years of education older
adults had received (0-22). In addition, lifestyle included whether
they had smoked/drunk alcohol was tested (yes = 1, no = 0).
Specifically, 840 (35.8%) people smoked in 2008,837 (35.7%) in
2011, 761 (32.4%) in 2014 and 758 (32.3%) in 2018, 815 (34.8%)
drank alcohol in 2008, 821 (35.0%) in 2011, 679 (29.0%) in 2014,
and 637 (27.2%) in 2018. The definition of all variables was shown
in Table 1.

Data Analysis Strategy
In this paper, Mplus8.0 was used to construct a latent variable
growth model to test the trend of cognitive ability of older

TABLE 1 | Descriptive analysis of samples.

Definition Mean SD
CA1 The total score of cognitive ability (0-30) 26.77 4.53
LA 1 The total score of leisure activity (8-40) 20.95 5.43
SM1 Smoked = 1; Never smoked =0 0.36 0.48
AD1 Drunk = 1; never drunk = 0 0.35 0.48
AGET The true age of older adults (61-108) 75.16 8.29
EDU The years of schooling (0-20) 2.84 3.7
SEX Male = 1; female = 0 0.47 0.5

CA denotes cognitive ability;, CAT = CA (2008); LA denotes leisure activities;
LAT = LA (2008); SM denotes smoking, SM1 = SM (2008); AD denotes alcohol
drinking; AD 1 = AD (2008); EDU denotes the years of schooling; SD denotes
standard deviation.
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TABLE 2 | Correlation coefficient matrix.

CA1 CA2 CA3 CA4 LA 1 LA2 LA3 LA4 SM1 SM2 SM3 Sv4 AD1 AD2 AD3 AD4
CA1 1
CA2 0.310" 1
CA3 0.272"* 0.412"** 1
CA4 0.311™ 0.383™* 0.452"* 1
LA7 0.338"* 0.225"* 0.191"* 0.201™* 1
LA2 0.223"* 0.308™* 0.233"* 0.2777* 0.310"* 1
LA3 0.246™* 0.260"* 0.316™* 0.354™* 0.323"* 0.440"* 1
LA4 0.236™* 0.269"* 0.279"* 0.492"* 0.294"* 0.393"* 0.459"** 1
SM1 0.101** 0.116** 0.127** 0.144** 0.102** 0.144** 0.130"* 0.138"** 1
SM2 0.097* 0.118™* 0.111* 0.136™* 0.105™* 0.156™* 0.135* 0.137** 0.910"* 1
SM3 0.102** 0.108** 0.128"* 0.131* 0.074** 0.163"* 0.142"* 0.130"* 0.694"* 0.714** 1
SM4 0.103** 0.110** 0.130** 0.127*** 0.075** 0.160* 0.151* 0.139"** 0.693*** 0.695"* 0.687*** 1
AD7 0.076™* 0.070"* 0.077** 0.081* 0.098* 0.092** 0.094* 0.087** 0.4568™* 0.441"* 0.370"* 0.365"* 1
AD2 0.080* 0.071** 0.078"* 0.069* 0.086™* 0.107** 0.100* 0.080"* 0.425"* 0.448"* 0.379"* 0.360"* 0.831*** 1
AD3 0.087** 0.087*** 0.106™* 0.116™* 0.067** 0.129** 0.1568"* 0.118"* 0.376™* 0.394™* 0.477** 0.373"* 0.569"* 0.606"* 1
AD4  0.099"* 0.091** 0.116™* 0.124™* 0.072** 0.127* 0.137** 0.133** 0.369"* 0.375™* 0.377** 0.461™* 0.543"* 0.559"* 0.561™* 1

*p < 0.05; *p < 0.01; **p < 0.001.

people. Latent variable growth model (LGCM) was a variation
of structural equation model, which could describe the variation
type between repeated measurements by the potential trajectory
of the hypothesis. Unlike traditional statistical methods (such
as ANOVA with repeated measurements) that focused only on
group mean, LGCM could estimate both group and individual
variation during development (McArdle, 2008). The LGCM first
defined two latent variable structures, i.e., the starting level
and the slope. These two latent variable structures were then
estimated in the model using the actual measurements of a
variable at different time points.

RESULTS

Common Method Bias

In this study, the single-factor Harman test was carried out
on the data of the four surveys. The results showed that the
variation explained by the first factor was less than 40% in the four
measurement periods, which were 24.617, 22.647, 26.776, and
34.778%, respectively. This indicated that there was no common
method bias in this study (Podsakoff et al., 2003).

Descriptive Statistical Results

Descriptive statistics and bivariate correlations among all
observed variables were shown in Tables 1, 2, respectively.
It can be concluded that the average scores for cognitive
ability and leisure activity were within 23-27 and 16-22,
respectively. Overall, they declined over time. The scores of
leisure activities and cognitive abilities of older adults during the
four measurement periods were intuitively shown in Figure 2.
Additionally, it was suggested that cognitive ability was positively
correlated with leisure activities from 2008 to 2018 (T1-T4).

Development Trajectory of Cognitive
Ability of Older Adults (Model 1/2)

In order to examine the trend of cognitive ability of older
people, a linear growth model and quadratic growth model were
constructed, which were shown in Figures 3, 4 and denoted as
Model 1 (M1) and Model 2 (M2), respectively.

For cognitive ability, both the linear growth model and the
quadratic growth model fit the data very well (for the linear
growth model 1, ¥2(df) = 20.7 (5), x?/df = 4.14, CFI = 0.864,
RMSEA = 0.131, and SRMR = 0.084, P = 0.000; for the quadratic
growth model 2, y2(df) = 3.381(1), x2/df = 3.381, CFI = 0.994,
RMSEA = 0.063, and SRMR = 0.013, P = 0.000). The linear
growth model was nested under the quadratic growth model
(Chan, 1998), so we compared leisure activities’ linear growth

22
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FIGURE 2 | Change trajectory of cognitive ability and leisure activities.
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FIGURE 3 | Linear unconditional latent variable growth model.

FIGURE 4 | Non-linear unconditional latent variable growth model.

model and quadratic growth model by using the chi-square
test. we compared cognitive ability’s linear growth model and
quadratic growth model by using the chi-square test. The result
was significant (AY? = 6.24, Adf = 2, P < 0.05). Furthermore,
the fitting effect of quadratic growth model was better than that
of linear growth model, which was shown in Figure 5, so we used
the quadratic growth model of cognitive ability. To be specific, the
initial level of cognitive ability status (the intercept) was 26.729
(P < 0.001). Cognitive ability decreased during the four tests
(slope = 0.819, P < 0.001), and the rate of decline increased
year by year (curve slope = —0.593, P < 0.01), suggesting a
non-linear downward trend in cognitive ability over the four
test periods. In addition, the variation of intercept (¢ = 10.108,
P < 0.001) and slope (62 = 0.626, P < 0.05) were both significantly
different among the older population, which indicated that there
was significant difference in the initial level and the rate of change
of cognitive ability among older adults. Therefore, Hypothesis 1
was supported. Table 3 summarizes the model fit indices of latent
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FIGURE 5 | Cognitive ability fitting.
TABLE 3 | Model comparisons for leisure activity and cognitive ability.
Variables Model x2(df) P CFI RMSEA SRMR
Cognitive ability ~ Model 1 20.7(6)  0.000 0.864 0.131 0.084
Model 2~ 3.381(1) 0.000 0.994 0.063 0.013,
Leisure activites  Model 3~ 66.3(5)  0.000  0.584 0.237 0.107
Model 4~ 5.69(1) 0.000 0.965 0.054 0.032

growth models for leisure activities and cognitive ability. Table 4
shows parameter estimates of latent growth models for leisure
activities and cognitive ability.

Development Trajectory of Leisure
Activities of Older Adults (Model 3/4)

Similarly, in order to examine the trend of leisure activities of the
older population, a linear growth model and quadratic growth
model were constructed, which were shown in Figures 3, 4 and
denoted as Model 3 (M3) and Model 4 (M4), respectively.

For leisure activities, both the linear growth model and the
quadratic growth model fit the data very well (for the linear
growth model 3, x? (df) = 66.3 (5), x2/df = 13.26, CFI = 0.584,
RMSEA = 0.237, and SRMR = 0.107, P = 0.000; for the quadratic
growth model 4, x2/(df) = 5.69(1), x2/df = 5.69, CFI = 0.965,
RMSEA = 0.054, and SRMR = 0.032, P = 0.000). we compared
leisure activities’ linear growth model and quadratic growth
model by using the chi-square test. The result was significant
(Ax?=8.23, Adf=3,P < 0.05).

In addition, the fitting effect of quadratic growth model was
better than that of linear growth model, which could be obviously
seen from Figure 6, so we used the quadratic growth model of
leisure activities. To be specific, the initial level of leisure activity
status (the intercept) was 20.773 (P < 0.001). Leisure activities
decreased during the four tests (slope = 1.936, P < 0.001), and
the rate of decline increased year by year (curve slope = —1.149,
P < 0.001), suggesting a non-linear downward trend in leisure
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TABLE 4 | Parameter Estimates of latent growth models for leisure activities and cognitive ability.

Variables Model Means of growth factors Variance of growth factors
Intercept Slope Quadratic Intercept Slope Quadratic
Cognitive ability Model 1 27.254* -0.786™* 3.799*** 0.816***
Model 2 26.729" 0.819*** -0.593* 10.108"* 8.496*** 0.626*
Leisure activities Model 3 21.976"* -1.687** 8.578"* 0.116
Model 4 20.773* 1.936"* -1.149* 6.126* 1.836 0.277

activity over the four test periods. In addition, the variation
of intercept was significant (0% = 6.126, P < 0.05) and the
variation of curve slope wasn’t significant (62 =0.277, P > 0.05),
which indicated that there were differences in the initial level of
leisure activity and no differences in the decline rate of leisure
activity level among the older population. Therefore, hypothesis
2 was supported.

Effects of Leisure Activities on Cognitive
Abilities (Model 5)

This study constructed a model with a time-invariant variable
(education) and time-variant variables (smoking, alcohol
drinking, leisure activities) and treated education, smoking
and alcohol drinking as control variables, which were shown
in Figure 7. Therefore, this paper mainly studied the effect of
leisure activities on cognitive ability.

For model 5, %x%(38) = 3.2, P = 0.000, CFI = 0.929,
RMSEA = 0.046, SRMR = 0.055. Education level has a significant
effect on initial cognitive ability (yo = 0.241, P < 0.001), which
indicated that older adults with high education level have higher
cognitive ability. In addition, the value of slope (y; = —0.071,
P > 0.05) and curve slope (y, = 0.027, P < 0.05) indicated
that the higher the level of education, the slower decline of
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FIGURE 6 | Leisure activity fitting.

cognitive ability of the older population. Therefore, Hypothesis
8 was supported.

Importantly, the results showed that at any time point, the
more the leisure activity, the higher the cognitive ability (2008:
B =0.218, P < 0.001; 2011: B = 0.125, P < 0.001; 2014: B = 0.195,
P < 0.001; 2018: p = 0.499, P < 0.001), which meant that leisure
activities did promote the cognitive ability of the older people at
every time point. Therefore, hypothesis 3 was supported.

In order to examine the effect of different types of leisure
activities on cognitive ability, leisure activities were categorized
into two types according to the predominant element of each
activity (Karp et al., 2006). Specifically, leisure activities were
categorized into cognitive activities and non-exercise physical
activities (Zhu et al, 2017). Cognitive activities required a
cognitive component participation, such as reading books,
listening to the radio, playing cards and participation in
organized activity.

Non-exercise physical activity was not intended to develop
and maintain fitness, which included doing housework, outdoor
activity, keeping domestic animals or pets and gardening.
Therefore, the total scores for both cognitive activities and
non- exercise physical activities ranged from 0 to 20. If the
cognitive activity score was greater than the leisure activity
score, the individual would be considered participating in a
cognitive activity; otherwise, non- exercise physical activity. T
test was performed to compare the score of cognitive ability
between different types of leisure activities. And the result was
P < 0.001, which indicated the significant difference between
cognitive activities and non- exercise physical activities.

And the effect of different types of activities on cognitive
ability was shown in Figure 8. It can be suggested from the
Figure 8 that the cognitive ability of individuals who participated
in cognitive activities was significantly higher than that of non-
exercise physical activities participants in the first three periods.
However, in the last period, it turned out the opposite.

Finally, it can be concluded that the impact of smoking on
the cognitive ability was not significant in 2008, 2011, and 2018.
In 2014, smoking had a significant impact on improving the
cognitive ability of the older population (f = 0.537, SE = 0.236,
P < 0.05). In addition, it was found that the effect of alcohol
drinking on cognitive ability was positive in this study but it was
not significant during the periods of four measurements.

Parallel Development Model (Model 6)
In order to avoid measurement errors to more accurately examine
the relationship between leisure activities and cognitive ability, a
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FIGURE 7 | Impact of leisure activities on the change track of cognitive ability.

parallel growth model was developed to examine the influence
process between leisure activities and cognitive ability by setting
up a regression equation between growth factors, which was
denoted as Model 6 (M6). The intercept and slope of leisure
activities were used to predict the increase of cognitive ability.
The conceptual model was shown in Figure 9.

The model fitting metrics were as follows: x?(df) = 5.6,
P = 0.000, CFI = 0.949, SRMR = 0.09; RMSEA = 0.042. In
the latent variable parallel growth model of leisure activities
and cognitive ability of older adults, the regression coefficient
of the intercept of leisure activities of older people on the
intercept of cognitive ability was significant ( = 0.43, P = 0.031),
indicating that the higher the initial level of leisure activities,
the higher the initial level of cognitive ability among the
older adults. Hypothesis 4 was supported. The intercept of
leisure activities of the older population influenced the slope
of their cognitive ability (3 = —0.40, P = 0.012), indicating
that the higher the initial level of leisure activities, the slower
the decline of cognitive ability. Hypothesis 5 was supported.
The slope of leisure activities had no significant effect on the
intercept of cognitive ability (B = 0.52, P = 0.09), suggesting
that the initial level of cognitive ability would not be influenced
by the change rate of leisure activities. The slope of leisure
activities had a significant impact on the slope of cognitive
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FIGURE 8 | Cognitive ability scores for different types of leisure activities.

ability (B = 0.82, P = 0.013), indicating that the faster the
level of leisure activities of the older population decreased, the
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faster the level of cognitive ability decreased. Hypothesis 6 was
supported. The specific fitting results of the model were shown in
Table 5.

Cross-Lagged Regression Analysis
(Model 7)

The latent variable growth model was used to study the dynamic
characteristics of the variable. To further examine the leading
lag relationship between leisure activities and cognitive abilities
of the older population over time and to strengthen the
demonstration for causal direction, the cross-lagged regression
analysis was carried out in four measurements. Cross-lagged
regression analysis can reveal complex relationships between
two variables. The autoregressive effect of each variable was
controlled by setting the stability coefficient, which was the best
way to test the “Pure’effect among variables (Preacher, 2015)
and used to understand how well one variable predicted another
variable in general. A growing number of researchers believed
that a combination of methods should be considered in order to
obtain more robust conclusions in causal inference, thus allowing
for sensitivity analysis in a broader sense (Curran and Bollen,
2001; De Stavola et al., 2006; Pakpahan et al., 2017). Therefore,
the following cross-lagged regression model was constructed in
this paper, as shown in Figure 10.

The results showed that the level of leisure activities of
older adults in 2008 significantly positively predicted their
cognitive ability in 2011 (8 = 0.112, SE = 0.017, P = 0.000).
The level of leisure activities of the older population in 2011
significantly positively predicted their cognitive ability in 2014
(B = 0.106, SE = 0.018, P = 0.000). The level of leisure activities
of older adults in 2014 significantly positively predicted their

cognitive ability in 2018 (B = 0.300, SE = 0.024,P = 0.000).
Therefore, Hypothesis 7 was supported. Conversely, the level
of cognitive ability of older adults in 2008 had no significant
impact on their leisure activities in 2011 (f = 0.171, SE = 0.027,
P = 0.061). The level of cognitive ability of older adults in
2011 had no significant impact on their leisure activities in
2014 (B = 0.188, SE = 0.026, P = 0.072). The level of cognitive
ability of older adults in 2014 had no significant impact on their
leisure activities in 2018 (B = 0.160, SE = 0.021, P = 0.085).
The results also provided further evidence that there was
no endogeneity problem in this study and the findings were
scientifically valid.

DISCUSSION

To our knowledge, the current study was the first longitudinal
study to investigate the change trajectory of leisure activity
and long-term effects of leisure activity on cognitive ability. In
addition, endogenous problems were considered in our study.
What's more, the study was based on a large, representative
Chinese sample, which ensured the generalizability of the
findings. Finally, both time-variant and time-invariant covariates
on older population’s cognitive ability was assessed.

Changing Trajectory of Cognitive Ability

According to the results of the unconditional linear model
of the cognitive ability of the older population, the cognitive
ability of older adults showed a significant downward trend from
2008 to 2018, which was consistent with the existing research
conclusions (Konttinen et al.,, 2016). With the increase of age,
the cognitive function of older people gradually weakened, and
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TABLE 5 | Model fitting metrics.

Model x2(df) CFI SRMR RMSEA P
Model 5 3.2 0.929 0.055 0.046 0.000
Model 6 5.6 0.949 0.09 0.042 0.000
XT1 »| XT2 »| XT3 »| XT4
YT1 » YT2 » YT3 »| VT4
FIGURE 10 | Cross-lagged regression model.

their general ability, reaction ability, attention and calculation
ability, memory, language understanding and self-coordination
ability also further declined, which were determined mainly by
the decline of biological changes in the brain (Bickman et al.,
2000). In addition, Unconditional non-linear model indicated
that the cognitive ability of the older people showed a trend
of slow decline at the beginning and then accelerated decline,
which was consistent with the theory of human cognitive aging
(Wingfield and Grossman, 2006). Over time, cognitive function
decline in the older population accelerated. Especially from
2014 to 2018, the cognitive ability of older adults showed a
precipitous decline, which may be because during the four
measurement periods, the older population gradually transferred
from the young middle-aged elderly in 2008 to the middle-
aged or older elderly in 2018. This was the period when
the cognitive and physical functions of the older population
degraded the most. Accordingly, the cognitive ability of older
adults deteriorated drastically over time, especially in the late-
life.

Changing Trajectory of Leisure Activities

It was indicated that the level of leisure activities of older
adults decreased significantly in the four measurement periods,
which was consistent with previous studies (Feng et al., 2020).
Since the subjects of this study were over 60 years old in the
base period, with the increase of age, the older adults began
to step into the recession period in the life cycle, and the
physical function of older adults also decreased. Consequently,
the elderly gradually suffered from diseases, such as arthritis,
which severely restricted physical and recreational activities
of the elderly (Zimmer et al., 1997). Even if leisure activities
such as watching TV may increase over the late-life to some
extent (Robinson et al., 2004), watching TV was a small part
of all leisure activities which could not adverse the trajectory of
leisure activities decline on the whole. In addition to changes in
physical function, the reason for the decline in leisure activities
among older adults may be due to changes in today’s social

interaction patterns. Nowadays, it was not uncommon for older
adults to be unfamiliar with their next-door neighbors and thus
social interactions-rated activities decreased (Feng et al., 2020).
Furthermore, unconditional non-linear model indicated that the
leisure activities of the older people showed a trend of slow
decline at the beginning and then accelerated decline, which was
line up with the development of physical function (Xu et al,
2018). After stepping into the oldest-old stage, it was uncommon
and hard for older adults to maintain regular leisure activities.
As a result, leisure activity levels in older adults declined at an
accelerated rate later in the life cycle. Accordingly, the overall
level of leisure activities of the older population gradually showed
a downward trend over time.

Effects of Time-Variant and

Time-Invariant Covariates on Cognitive
Ability

Through the study of model 5, it was found that the cognitive
ability was influenced by the level of education. Specifically, the
higher the level of education, the higher the cognitive ability
at the same period, which could be explained by that the older
people with high education level are more likely to engage in
work related to cognitive tasks, such as reasoning and memory
and their cognitive ability will be improved through processing
these tasks (Lindenberger et al., 1993). In addition, it was found
that the higher level of education, the slower decline of cognitive
ability, which was in line with the previous study and could
be explained by that the likelihood of cognitive ability decline
associated with lacunar infarcts was lower among individuals
with high education compared to those with low education
(Farfel et al., 2013). Education was a kind of solidified intelligence
obtained at a young age, which can maintain a better condition
for older adults and slower the degradation of cognitive ability
(Mazzonna and Peracchi, 2012).

In addition, Although most studies indicated that smoking can
significantly reduce cognitive ability (Ott et al., 2004; Nooyens
etal., 2008), the positive effects of smoking on the cognitive ability
of the older adults was found in 2014, which may be explained
by the neuroprotective effects of nicotine in cigarettes from a
biological point of view (Kihara et al., 1998; Mihailescu and
Drucker-Colin, 2000). Additionally, the frequency of smoking
was the key factor affecting cognitive ability. Due to the smoking
habits and social habits of the older population, the smoking
frequency of older adults was generally lower than that of the
young. Therefore, it was found that smoking can improve the
cognitive ability of the older population to a certain extent.

Similarly, it was revealed that alcohol drinking was a risk factor
for the cognitive ability of the older population (Katja et al,
2014), however, it was found that the effect of alcohol drinking
on cognitive ability was protective in this study even if it was
not significant, which may be due to differences in the amount
of alcohol drinking. A small amount of alcohol drinking was
beneficial to physical and mental health, while excessive drinking
will damage brain cells, thus damaging the cognitive function of
the older adults. In addition, it may be related to the frequency of
alcohol drinking. Regular and small consumption was beneficial
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to cognitive function, while occasional drinking will reduce the
cognitive ability of older people (Horvat et al., 2015; Reas et al.,
2016).

Last but not least, the positive impact of leisure activities
on the cognitive ability of the older population was suggested.
Specifically, it was indicated that the level of leisure activities
of older adults significantly positively predicted their cognitive
ability during the same period. In other words, the higher the
level of leisure activities in 2008, the higher the level of cognitive
ability in 2008. Similarly, the positive prediction relationship was
still significant in 2011, 2014 and 2018, which can be explained
by the cognitive reserve theory that the older population’s
participation in leisure activities may produce a more effective
cognitive network, so as to provide a cognitive reserve and delay
the decline of their physiological cognitive ability (Scarmeas and
Stern, 2003; Cristina et al., 2010).

In addition, from the perspective of different types of
activities, cognitive activities had a greater effect on cognitive
ability than non- exercise physical activities during the first
three measurement periods, Cognitive activities maintained the
cognitive ability of older adults by stimulating brain activity.
Therefore, during the first three measurement periods, the
cognitive ability of the older population who participated in
cognitive activities was significantly higher than the counterpart
who participated in non- exercise physical activities.

Influence Process of Leisure Activities
on the Change of Cognitive Ability

It was suggested that initial level of leisure activities in 2008 not
only predicted the initial level of cognitive ability in 2008 but
also the level of cognitive ability in 2011, 2014, and 2018. In
addition, through the parallel development model, it was revealed
that the higher the initial level of leisure activities, the slower
the decline of cognitive ability, which was consistent with the
previous analysis, that was, leisure activities were the protective
factor of the cognitive ability of older adults (Park et al., 2019).
The higher the level of leisure activities of the older population
can effectively inhibit the decline of their cognitive ability. Cause
it has been suggested that participation in leisure activities may
provide cognitive reserve as an attitude toward an active lifestyle
in older adults, which may delay the clinical manifestations of
cognitive decline (Cristina et al., 2010). Furthermore, it was
demonstrated that the rate of decline in leisure activities of
older adults can predict the rate of decline in their cognitive
ability, which meant that the faster the level of leisure activities
decreased, the faster the level of cognitive ability decreased.
On the contrary, the cognitive decline was also slower among
older adults whose leisure activity levels declined more slowly,
which indicated that the level of leisure activities and the level of
cognitive ability had the consistent change trend, so the slope of
leisure activities was significantly related to the slope of cognitive
ability, and the change direction was consistent.

Finally, a cross-lagged regression analysis was conducted on
the older population’s leisure activities and cognitive ability, in
order to explore the time sequence between leisure activities and
cognitive ability. As a result, it was examined that the level of

leisure activities of the older population could positively predict
the subsequent cognitive ability, which further verified the causal
inference between the current leisure activities and cognitive
ability among older adults.

STUDY LIMITATIONS AND
RECOMMENDATIONS FOR FUTURE
RESEARCH

The study was subject to a few limitations. First, this paper
only considered the influence of educational factors on cognitive
ability, and other time-invariant factors, such as gender, marriage,
and region, had not been considered. Therefore, future studies
should take more demographic variables into consideration. In
addition, Since CLHLS was a face-to-face questionnaire, the older
population’s answers to leisure activity-related questions were
only a subjective perception. Furthermore, the measurements
of leisure activities were based on frequency in this study, but
the quality and duration of leisure activity was more important.
Therefore, in the future, objective data and the quality of leisure
activities could be better to measure the leisure activities of the
older population.

CONCLUSION

Based on the above discussion and analysis, the following
research conclusions were drawn from this paper:

(1) On the whole, the level of cognitive ability of older adults
showed a non-linear decreasing trend, and the decreasing
trend gradually increased over time. In addition, there was
significant difference in the initial level and the rate of
change of cognitive ability among older adults.

(2) Opverall, the level of leisure activities of the older population
showed a non-linear decreasing trend, and the decreasing
trend gradually increased over time. What's more, there
were differences in the initial level of leisure activity and no
differences in the decline rate of leisure activity level among
the older population.

(3) At every time point, the level of leisure activities had a
significant positive impact on cognitive ability among older
people, that was, the higher the level of leisure activities, the
higher the level of cognitive ability. In addition, cognitive
activities had a greater effect on cognitive ability than non-
exercise physical activities.

(4) The older population with high level of initial leisure
activities had higher initial level of cognitive ability, and the
decline of cognitive ability was slow.

(5) The faster the level of leisure activities decreased, the faster
the level of cognitive ability decreased.

(6) The level of leisure activities in the previous period
can positively predict the cognitive ability of the older
population in the later period.

(7) Education can significantly promote the initial cognitive
ability of older adults, and the higher the level of education,
the slower the decline of cognitive ability.
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(8) For the older population, smoking shed a significant
positive effect on cognitive ability to some extent and no
significant effect was found between alcohol drinking and
cognitive ability.

Overall, the correlation between cognitive ability and leisure
activity suggested that more targeted interventions should be
undertaken to promote existing leisure activities among older
adults, especially cognitive activities.
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Previous studies have found that P1 and P2 components were more sensitive to
configural and featural face processing, respectively, when attentional resources were
sufficient, suggesting that face processing follows a coarse-to-fine sequence. However,
the role of working memory (WM) load in the time course of configural and featural
face processing is poorly understood, especially whether it differs during encoding and
retrieval stages. This study employed a delayed recognition task with varying WM load
and face spatial frequency (SF). Our behavioral and ERP results showed that WM load
modulated face SF processing. Specifically, for the encoding stage, P1 and P2 were more
sensitive to broadband SF (BSF) faces, while N170 was more sensitive to low SF (LSF)
and BSF faces. For the retrieval stage, P1 on the right hemisphere was more sensitive
to BSF faces relative to HSF faces, N170 was more sensitive to LSF faces than HSF
faces, especially under the load 1 condition, while P2 was more sensitive to high SF
(HSF) faces than HSF faces, especially under load 3 condition. These results indicate
that faces are perceived less finely during the encoding stage, whereas face perception
follows a coarse-to-fine sequence during the retrieval stage, which is influenced by WM
load. The coarse and fine information were processed especially under the low and high
load conditions, respectively.

Keywords: face, configural processing, spatial frequency, working memory, coarse-to-fine sequence

INTRODUCTION

Visual stimuli perception combines multiple hierarchical levels of information. According to
numerous studies, these different levels are processed at different times and follow a coarse-to-
fine sequence (Boeschoten et al., 2005; Hegde, 2008; Goffaux et al., 2011; Petras et al., 2019). The
global-local letter paradigm (Navon stimuli) has been widely used to investigate how these levels
are processed. Results from these investigations suggest that global processing precedes the analysis
of local information (Perfect et al., 2008; Gao et al., 2011).

As a complex visual stimulus, a face contains configural and featural information.
Configural face information included first-order relational (i.e., the arrangement of
face features with two eyes above a nose, which is above a mouth), second-order
relational (i.e., the distance between facial features, such as the distance between eyes
or the distance between the mouth and nose), and holistic processing (i.e., the gestalt
of face features), whereas featural face information referred to the differences in face
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internal features, such as the shape or size of eyes and
mouth (Maurer et al., 2002). Electrophysiological studies have
importantly contributed to our understanding of the time course
of configural and featural face processing in the human brain.
Event-related potential (ERP) studies showed that configural and
featural processing elicit separate responses as early as 100-
250 ms after the onset of face presentation. For example, Wang
et al. (2016) reported that second-order relational and featural
face information elicited a larger P1 (approximately 128 ms) and
P2 (approximately 248 ms), respectively, under the face-attended
condition. These results, which were later replicated by several
studies (Wang and Fu, 2018; Wang et al.,, 2020), suggest the
temporal precedence of second-order relational over featural face
processing and lend support to coarse-to-fine face processing.
However, in the featural face sets utilized in the above-mentioned
studies, the eyes or mouth in a given face were replaced by the
eyes or mouth from a separate face and the feature location did
not change. As Leder and Carbon (2006) pointed out, this kind
of featural face manipulation requires second-order relational
processing as the second-order relationships are also inherently
changed. This subtle but important difference between second-
order relational and featural manipulation might not have been
purely dissociated in previous studies.

Notably, any early visual input contains different spatial
frequencies based on the spatial frequency theory (Shulman and
Wilson, 1987; Morrison and Schyns, 2001; Jeantet et al., 2018).
Many previous studies have demonstrated an association
between spatial frequency and global/local processing.
Specifically, local details (i.e., fine information) of an image
are represented by high spatial frequency (HSF) information,
whereas large-scale visual details (i.e., coarse information) are
represented by low spatial frequency (LSF) information (Rolls
et al, 1985; Nagayama et al., 1995). Thus, previous studies
have proposed that local (fine) and global (coarse) information
are transmitted by relatively high and low spatial frequencies,
respectively (Evans et al., 2000; Malinowski et al., 2002; Flevaris
et al.,, 2009). Similarly, other studies investigating face-specific
SF processing found that LSF and HSF information played
a dominant role in face configural and featural processing,
respectively (Boeschoten et al, 2005; Goffaux et al., 2005;
Jeantet et al., 2019). For example, Goffaux et al. (2005) altered
face second-order relational and featural information for both
LSF and HSF conditions. They reported better performance
during the LSF condition after changing face second-order
relational information and better performance during the HSF
condition after altering face featural information, suggesting that
processing of second-order relational and featural information
of faces can be dissociated by face spatial frequency. Thus, it is
believed that configural face processing requires LSF information
and featural face processing requires HSF.

It has been shown that the processing of LSF faces precedes
that of HSF faces (Wang et al., 1998; Gao and Bentin, 2011;
Peters et al., 2018), which supports the coarse-to-fine theory of
facial processing. An fMRI study showed that most face-sensitive
brain regions robustly responded to LSF faces during the early
stage (75ms) but exhibited decreased activation from 75ms to
150ms and, conversely, showed heightened activation during

processing of HSF faces from 150 to 300 ms (Goffaux et al., 2011).
Moreover, Jeantet et al. (2019) asked participants to perform
a facial gender discrimination task on LSF and HSF faces and
observed that LSF and HSF faces elicited a larger P1 and N170
(about 160 ms) amplitude, respectively. These results were in
line with the coarse-to-fine theory of face perception, but not
all studies have yielded congruent results (Goffaux et al., 2003;
Mares et al., 2018). In the study by Goffaux et al. (2003), which
employed a training-test paradigm, LSF faces elicited a larger
N170 amplitude relative to HSF faces in the gender task but
not in the familiarity task, and no difference in P1 elicited by
LSF and HSF faces was observed. Taken together, these studies
suggest that the time course of face spatial frequency processing
is best examined with studies of ERP components. However,
there is less evidence supporting this claim for the late-stage
components, such as P2, which is linked to deeper processing and
increasing sensory demand (Mercure et al., 2008). And there was
a conflict about the P2 results. Some studies found that it was
more sensitive to featural face information (Wang et al., 2016;
Wang et al., 2018), while others found that it was more sensitive
to second-order relational information (Mercure et al., 2008).
Furthermore, the coarse-to-fine face processing occurred
when attentional resources were sufficient (Wang et al., 2016;
Jeantet et al., 2019) as only one face stimulus was presented.
It is unclear whether the time course of LSF and HSF face
processing was impacted by the resource limitations, which
can be characterized by working memory capacity. Previous
studies demonstrated that working memory (WM) capacity for
objects can vary based on qualitative differences in configural
and featural processing. WM capacity can be measured by
experimentally manipulating WM load, which is defined as the
number of items maintained simultaneously (Morgan et al., 2008;
Bauser et al., 2011). Generally, upright face stimuli are perceived
by configural processing to a greater degree than inverted faces
or other objects (Maurer et al., 2002). A behavioral study found
that participants had a larger WM capacity for upright faces
than for inverted faces and upright cars at a longer encoding
duration, suggesting that configural processing might contribute
to the increasing WM capacity when sufficient time is given
for encoding (Curby and Gauthier, 2007). However, another
behavioral study reported discrepant results that face configural
processing was impaired under a high WM load condition
relative to a WM load condition (Cheung and Gauthier, 2010).
Furthermore, within a delayed recognition task paradigm,
previous studies found that WM load effects on the processing
of upright faces and human body forms, which are perceived
in a configural-based manner, are dissociated during the WM
encoding and retrieval stages on early ERP components (Morgan
et al.,, 2008; Bauser et al., 2011). Specifically, P1 (from load 1
to 2) and N170, which were evoked by upright faces, increased
with increasing WM load during the encoding stage, whereas
both P1 and N170 elicited by human body forms were not
influenced by WM load at the encoding stage. But for the
retrieval stage, both studies found that N170 decreased with
increasing WM load and that P1 showed no differences across
WM load. In addition, P3b (~300-700 ms), which is strongly
associated with WM and an attentional updating process (Polich,
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2007), was suppressed by increasing WM load during the
encoding and retrieval stages. In addition, Morgan et al. (2008)
analyzed the N250r component, which is more negative for
familiar faces than unfamiliar faces, and it is assumed that it
reflects WM processes related to temporary activation of face
recognition units. They found that the amplitude of N250r
decreased as WM load increased at both encoding and retrieval
stages. Taken together, these studies demonstrated that the neural
mechanisms underlying the processing of these objects, which
occur configurally, differ during WM encoding and retrieval
periods, especially on P1 and N170 components. However, few
studies focused on featural processing mechanisms during WM
encoding and retrieval periods. Importantly, evidence supporting
coarse-to-fine sequential processing during WM encoding and
retrieval stages is currently lacking.

To this end, this study used a delayed recognition task to
explore whether and how the WM load influences the time
sequence of configural and featural face processing during
WM encoding and retrieval stages. We examined configural
and featural face processing by means of spatial frequency
filtering. Stimuli were either unfiltered and contained all
spatial frequencies (BSF), low-pass filtered (LSF), or high-pass
filtered (HSF). Based on the previous ERP studies investigating
configural and featural face processing (Mercure et al., 2008;
Lv et al,, 2015; Negrini et al, 2017; Wang et al., 2020), we
analyzed the P1, N170, and P2 components to investigate the

time course of LSF and HSF face processing during encoding and
retrieval stages, and we analyzed P3b and N250r components to
test the effect of WM load. We hypothesize that LSF processing
will precede HSF processing at both memory encoding and
retrieval stages if face processing occurs in a coarse-to-fine
manner during both the working memory processing stages.
If memory load impacts the time course of featural and
configural face processing, then the ERP components elicited
by faces with differing spatial frequencies would differ as a
function of WM load. According to Wang and Fu (2018),
coarse-to-fine processing occurs when attentional resources are
sufficient; thus, in this study, we speculate that coarse-to-fine
sequential processing will be found under low, but not high, WM
load conditions.

MATERIALS AND METHODS
Participants

A power analysis using G*Power software version 3.01 (Faul
et al., 2007) indicated that for an effect size of 0.2, at least
22 participants were required to achieve 80% power. In this
study, 29 students (23 female students, aged 19.34 £ 1.21
years) completed the experiment, but one was excluded from
the behavioral performance due to a data recording error. All
participants were right-handed based on Edinburgh Handedness
Test. All participants had normal or corrected-to-normal vision
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FIGURE 1 | llustration of face stimuli (A) and procedure (B). LSF = low spatial frequency; HSF = high spatial frequency; BSF = broadband spatial frequency.
Reproduced with permission from Singular Inversions Inc., available at https://facegen.com.
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without color blindness or mental illness based on self-report. All
study procedures were approved by the local Institutional Review
Board of the School of Psychology, Shandong Normal University.
Written informed consent was collected from all participants
prior to the study initiation.

Stimuli and Apparatus

Each face stimulus was presented without hair or glasses and
with a neutral expression, as generated by FaceGen Modeller
3.5 (Toronto, Canada, http://en.softonic.com/) and edited using
Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA). According
to previous studies (Holmes et al., 2005; Dale and Arnell, 2014),
HSF faces were processed in Photoshop using the high-pass filter
tool to select only spatial frequencies higher than 6 cycles/degree
or 30 cycles/image of visual angle (i.e., a radius of 1.5 pixels); LSF
faces were processed in Photoshop using the Gaussian blur tool
to select only spatial frequencies lower than 1.3 cycles/degree or
6.5 cycles/image of visual angle (i.e., a radius of 3 pixels); original
images with broadband and no spatial frequency filtering were
used for BSF faces (Figure 1A). A total of 24 faces were created
(8 for each spatial frequency category), with the same grayscale,
size, background, luminance, and other physical characteristics.
The distractors were the same as those used in previous studies
(Wang et al., 2015) and were the scrambled pictures, which were
constructed by sectioning each picture into 272 rectangles (in a
7 by 9 matrix) and randomly reassigning the locations of these
rectangles, without replacement.

All the stimuli were presented on a 17-in Lenovo monitor
(resolution: 1,024 x 768; refresh rate: 60 Hz) using E-Prime 2.0
(Pittsburgh, PA, USA). The viewing distance was 60 cm and the
stimulus size was 4° x 5.5° of the visual angle (113 x 156 pixels).

Procedure

A delayed recognition task was selected for the study, and it
allowed separate ERP investigations for encoding and retrieval
stages (Morgan et al, 2008). Each trial started with the
presentation of a central cross for 1,000-1,100 ms, followed by
the encoding display (a 2 x 2 image array) for 1,000 ms. In the
encoding display, one, two, or three different face stimuli were
presented, corresponding to working memory load 1, load 2, and
load 3, respectively, and the remaining stimuli were scrambled
distractor images. The four different stimuli were presented
randomly on the four corners of the fixation cross, and the
eccentricity of the stimuli on the encoding display (measured
as the distance between the center of each stimulus and the
horizontal or vertical line of the central fixation cross) was 3.8°
for stimuli in the four positions (Figure 1B). Participants were
instructed to remember the identity of the faces and ignore
the scrambled distractors. The stimuli presentation was followed
by a 1,000-1,200 ms delay. A test face was then presented on
the center of the screen for 1,000 ms (retrieval display), and
participants were required to judge whether the test face appeared
on the encoding display by pressing the keyboard (50% trials for
“yes,” 50% trials for “no”). The intertrial interval was at random
and ranged between 1 and 1.5 s.

A 3 (WM load: load 1, load 2, load 3) x 3 (face spatial
frequency: low, high, broadband) within-subject design was
adopted. Each condition had 120 trials, for a total of 1,080 trials.

Data Recording and Analysis

EEG data were collected from 64 channels with an EEG
recording system produced by the NeuroScan company. Vertical
electrooculography (VEOG) was recorded with two electrodes
in the upper and lower parts of the left orbital frontal region,
and horizontal electrooculography (HEOG) was recorded with
two electrodes placed 1.5 cm laterally in both eyes. The reference
electrode was located between Cz and CPz. The resistance
between all electrodes and the scalp was less than 5 k2. The
band-pass filter range was 0.01-100 Hz, and the sampling rate
was 500 Hz.

EEG data were analyzed using Letswave 7 software (https://
letswave.cn; Mouraux and Iannetti, 2008) operating in Matlab
R2013b (Mathworks, Natick, MA, USA). At both encoding and
retrieval stages, the EEG analysis window was between —200 to
700 ms, and a baseline was acquired 200 ms before the appearance
of stimuli. EEG data were band-pass filtered at 0.1-30 Hz, and the
average of all electrodes was used as a reference. Eye artifacts were
identified by independent components analysis and removed
from all EEG electrode traces, and the rejection standard was +
75mV. Only trials with correct responses were analyzed for the
retrieval stage.

According to previous studies (Wang et al., 2015, 2016,
2020), we analyzed P1 (75-145 ms), N170 (140-200 ms), and P2
components (200-270 ms) acquired from P3/P4, P5/P6, P7/P8,
PO3/P0O4, PO5/PO6, PO7/PO8, and O1/02 electrodes. Based on
previous studies (Morgan et al., 2008; Bauser et al., 2011), P3b
(300-600 ms) was analyzed from PZ, POZ, and OZ electrodes to
examine WM load manipulation. Besides, our stimulus number
is low, which might make the faces familiar. To test the familiarity
effect, the mean amplitude of N250r (230-320 ms) was analyzed
from P7/P8, PO7/P0OS8, and O1/02 electrodes (Neumann and
Schweinberger, 2008). The latency (time from start to peak) and
amplitude (baseline to peak) of each component were selected
as dependent variables. A 3 (face spatial frequency: BSE, LSE
HSF) x 3 (WM load: load 1, load 2, load 3) x 2 (hemisphere:
left, right) repeated-measures ANOVA was performed for P1,
N170, P2, and N250r components. A 3 (WM load: load 1,
load 2, load 3) x 3 (face spatial frequency: BSF, LSE, HSF)
repeated-measures ANOVA was performed on reaction time
and accuracy performance and the P3b component. When
necessary, p values were corrected using the Greenhouse-Geisser
method. The Bonferroni correction was applied to account for
multiple comparisons and post-hoc analyses were performed to
understand interaction effects.

RESULTS

Behavioral Performance

There was a significant main effect of face spatial frequency on
reaction time [F(y, 54y = 3.51, p = 0.042, n2 p = 0.115]; however,
post-hoc analyses did not detect any differences among the three
SFs (LSF: 652 ms, HSF: 661 ms, BSF: 642 ms). A significant main
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FIGURE 2 | Grand averaged ERP waveforms on the left and right hemispheres (A) and the topographic maps (B) during the encoding stage.
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FIGURE 3 | Grand averaged ERP waveforms on the left and right hemispheres (A) and the topographic maps (B) during the retrieval stage.
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effect of WM load was detected on reaction time [F(,, 54y = 25.44,
p < 0.001, n2 p = 0.485], and post-hoc analyses determined that
the reaction time for load 1 was shorter than for load 2 and load
3 (614 vs. 667 vs. 674ms, p < 0.001). The interaction between
face spatial frequency and WM load on reaction time was not
significant [F(4, 108) = 1.54, p = 0.209].

There was a significant main effect of face spatial frequency on
accuracy [F(y, 54y = 39.13, p < 0.001, 02 p = 0.592], and post-hoc
results revealed that accuracy was higher for BSF than for LSF and
HSEF conditions (79 vs. 74 vs. 71%, p < 0.05). The decomposition
of a significant main effect of WM load on accuracy [F(,, 54) =
321.86, p < 0.001, n2 p = 0.923] showed that accuracy decreased
with increasing WM load (load 1: 88%, load 2: 75%, load 3:
62%, p < 0.001). Importantly, the interaction effect of face spatial
frequency and WM load on accuracy was significant [F(4, 103) =
3.22,p =0.018, n2 p = 0.107]. The accuracy for detection of BSF
faces was higher than for LSF and HSF faces under load 1 [91 vs.
87 vs. 85%, F(3, 54y = 17.73, p < 0.001, 2 p = 0.396] and load 2
(80 vs. 73 vs. 70%, F(3, 54y = 26.25, p < 0.001, 12 p = 0.493), and
it was significantly different among BSF, LSE, and HSF conditions
under load 3 (67 vs. 62 vs. 58%, F, 54y = 34.27, p < 0.001, 12
p = 0.559). These results indicate that HSF appears to be less
important than LSF under increasing WM load.

ERP Results

Figures 2, 3 show grand-average ERPs elicited by BSE HSE and
LSF faces during encoding and retrieval stages, recorded from the
temporal-occipital cortex. All stimuli evoked the canonical P1,
N170, P2, P3b, and N250r components. Table 1 shows the results
on P1, N170, and P2 amplitude and latency during the encoding
and retrieval stages.

Encoding Stage

P1

There was a significant main effect of face spatial frequency on
P1 amplitude and latency [amplitude: F(,, 56) = 7.30, p < 0.01, 12
p = 0.207; latency: F, 56 = 8.30, p < 0.001, 12 p = 0.229]. BSF
faces evoked larger and earlier P1 responses than HSF faces (3.23
vs. 2.88 WV, p = 0.005; 97 vs. 101 ms, p = 0.001).

N170

There were significant main effects of face spatial frequency
[Fia, 56) = 26.30, p < 0.001, n2 p = 0.484] and WM load [F(,, 56
= 61.00, p < 0.001, n2 p = 0.685] on N170 amplitude. The
N170 amplitude elicited by LSF faces and BSF faces was larger
than for HSF faces (—5.16 vs. —5.23 vs. —4.00 wV, p < 0.001).
Besides, there was a significant interaction between WM load
and hemisphere on N170 amplitude [F(; 56 = 4.13, p < 0.05,
M2 p = 0.129]. Post-hoc analyses showed that the N170 amplitude
elicited by load 3 was larger than that for load 2 and load 1 on
both hemispheres [left: —5.07 vs. —4.47 vs. —4.03 WV, F, 56) =
34.83, p < 0.001, N2 p = 0.554; right: —5.85 vs. —4.96 vs. —4.41
WV, F, 56) = 52.06, p < 0.001, n2 p = 0.650]. These results
indicated that N170 amplitude was more sensitive to configural
face processing than featural face processing, which was not
modulated by WM load.

There were significant main effects of spatial frequency
[F(z, 56) = 4.19,p=0.033, 12 p = 0.130] and WM load [F(Z, 56)
= 16.20, p < 0.001, n2 p = 0.367] on N170 latency. More
importantly, the interaction between spatial frequency and WM
load was significant [F(4 112) = 6.78, p < 0.001, n2 p = 0.195].
The N170 latency for BSF faces (161 ms) was earlier than that
for LSF (166 ms) and HSF faces (168 ms) under the load 3
condition [F(,, 56) = 7.74, p < 0.001,m2 p = 0.217]. There were no
significant differences in N170 latency among spatial frequencies
for the load 1 and load 2 conditions.

P2
There were significant main effects of spatial frequency
[amplitude: F; 56y = 20.53, p < 0.001, n2 p = 0.423; latency: F
@, 56) = 7.87, p = 0.002, 12 p = 0.219] and WM load (amplitude:
F|2, 56] = 45.52, p < 0.001, 02 p = 0.619) on P2 amplitude and
latency. BSF faces (3.49 WV) elicited a larger P2 than LSF (2.33
V) and HSF faces (2.56 uV, p < 0.001). Load 1 (3.55 wV) elicited
alarger P2 than load 2 (2.76 nV) and load 3 (2.07 nV, p < 0.001).
There was also a significant interaction effect of spatial
frequency and WM load on P2 latency [F(4 112) = 3.93, p =
0.008, n2 p = 0.123]. Furthermore, the interaction of spatial
frequency and WM load and hemisphere was also significant
[Fi4, 112) = 3.09, p = 0.023, 12 p = 0.099]. Post-hoc analysis
showed that the P2 latency evoked by HSF faces was later than
that for LSF and BSF faces [239 vs. 229 vs. 231ms, F56) =
14.61, p < 0.001, n2 p = 0.343] on the right hemisphere for the
load 3 condition. On the left hemisphere, the interaction between
spatial frequency and WM load was not significant. These results
indicated that configural face information was processed earlier
than featural face information in the right hemisphere under a
higher WM load.

P3b

There was a significant main effect of WM load on P3b amplitude
[F2, 56) = 31.54, p < 0.001, 12 p = 0.530], and post-hoc analyses
showed that the amplitude elicited by load 1 was larger than that
for load 2 and load 3 (load 1: 4.51 WV; load 2: 3.79 wV; load 3:
3.79 uV, p < 0.001).

N250r

Results revealed the significant main effects of WM load [F,, 56)
= 50.87, p < 0.001, n2 p = 0.645] and face spatial frequency
[Fo, 56) = 18.85, p < 0.001, n2 p = 0.402] on the N250r
amplitude. The N250r amplitude decreased with the increase in
WM load (3.25 vs. 2.15 vs. 1.17 WV, p < 0.01). LSF faces elicited a
lower N250r than HSF faces and BSF faces (1.41 vs. 2.65 vs. 2.50
WV, p < 0.01).

Retrieval Stage

P1

There were significant main effects of face spatial frequency
[F2,56) = 4.83, p < 0.05, n2 p = 0.147] and WM load
[F(, 56) = 3.65, p < 0.05, n2 p = 0.115] on P1 amplitude. The
interaction of spatial frequency and hemisphere on P1 amplitude
was significant [F(y, 56y = 5.89, p < 0.01, 12 p = 0.174], which
upon decomposition indicated that BSF faces evoked larger P1
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Time Sequence of Face Spatial Frequency

TABLE 1 | The amplitude (11V) and latency (ms) values of the P1, N1, and P2 components for low-spatial frequency (LSF) and high-spatial frequency (HSF) face during the

encoding and retrieval stages.

P1 N170 P2
LSF HSF P LSF HSF p LSF HSF P

Amplitude

Encoding 3.10 £0.29 2.88 £ 0.26 0.161 —5.16 £ 0.66 —4.00 £ 0.64 0.001 2.33+0.77 2.56 £0.75 0.678
Retrieval 6.21 £0.34 5.80 £ 0.35 0.099 —2.26 +£ 0.52 —1.08 £ 0.56 0.001 3.02 £ 0.51 4.34 £ 0.50 0.001
Latency

Encoding 100 + 2 101 +£2 0.459 163 + 2 164 + 2 0.614 231 +£2 235+ 2 0.029
Retrieval 122+ 2 125+ 2 0.061 179+ 2 183+ 2 0.120 232 +2 240 £ 2 0.001

amplitudes than HSF faces on the right hemisphere [6.56 vs. 5.80
WV, F(1, 2