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Abstract
It is known that eye movements during object imagery reflect areas visited during encoding. But will eye movements also 
reflect pictorial low-level features of imagined stimuli? In this paper, three experiments are reported in which we investigate 
whether low-level properties of mental images elicit specific eye movements. Based on the conceptualization of mental 
images as depictive representations, we expected low-level visual features to influence eye fixations during mental imagery, 
in the absence of a visual input. In a first experiment, twenty-five participants performed a visual imagery task with high 
vs. low spatial frequency and high vs. low contrast gratings. We found that both during visual perception and during mental 
imagery, first fixations were more often allocated to the low spatial frequency–high contrast grating, thus showing that eye 
fixations were influenced not only by physical properties of visual stimuli but also by its imagined counterpart. In a second 
experiment, twenty-two participants imagined high contrast and low contrast stimuli that they had not encoded before. Again, 
participants allocated more fixations to the high contrast mental images than to the low contrast mental images. In a third 
experiment, we ruled out task difficulty as confounding variable. Our results reveal that low-level visual features are repre-
sented in the mind’s eye and thus, they contribute to the characterization of mental images in terms of how much perceptual 
information is re-instantiated during mental imagery.

Introduction

Visual perception is influenced by the sensory input and cog-
nitive top-down processes (Albright, 2012); whereas, mental 
imagery does not require a sensory input but still draws on 
some of the same mechanisms that are also involved in the 
process of visual perception. A case in point are eye move-
ments. Early research in vision science (Yarbus, 1967) has 
shown that during visual perception, eye movements are 
influenced by stimulus properties and by the task at hand. 
Subsequent studies emphasizing bottom-up attention guid-
ance showed that eye fixations are partly triggered by pic-
torial low-level features, such as local contrast, edges, or 
a sudden movement (Borji et al., 2013; Henderson et al., 
1999; Itti, 2005; Kienzle et al., 2009; Le Meur et al., 2007). 
Various suggestions have been made on the type of low-level 

features that mostly attract fixations. For example, a saliency 
map predicts fixated locations based on low-level features 
(Itti & Koch, 2000, 2001; Koch & Ullman, 1985; Parkhurst 
et al., 2002). These computational models ascribed a pre-
dominant role to contrast and edges (e.g., Itti & Koch, 2000). 
It has to be noted, however, that Mannan et al. (1996) raised 
doubt that the pattern of fixations during image viewing can 
be associated with locations of low-level features such as 
contrast, luminance, spatial frequency or edge density [see 
also Einhäuser and König (2003) for a similar finding]. More 
recent work using a Bayesian approach that accounts for 
correlations between features has shown that high frequency 
edges attract fixations (Baddeley & Tatler, 2006). Since the 
early work by Koch and Ullman (1985), many computational 
models of bottom-up attention have emerged. These mod-
els put forward low-level features as fundamental building 
blocks of visual perception. For a systematic review, see for 
example Itti and Borji (2014).

Interestingly, the impact of pictorial low-level features on 
eye fixations during mental imagery is not known, despite 
the fact that mental images have picture-like qualities pre-
sumably containing low-level features (e.g., Kosslyn et al., 
2006; Rouw et al., 1997; see also more recent studies using 
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multivariate pattern analysis, e.g., Albers et al., 2013; John-
son & Johnson, 2014; Lee et al., 2012; Naselaris et al., 
2015). Evidently, there is no low-level bottom-up input that 
can trigger eye movements during mental imagery. Never-
theless, certain features in mental images attract more fixa-
tions than others. It is known that eye movements are not 
only involved in the processing of visual information but 
also during mental imagery without obvious reason to move 
one’s eyes. Several studies demonstrate that empty areas 
visited during imagery and memory tasks reflect locations 
that were inspected during prior encoding of the stimuli 
(Altmann, 2004; Bone et al., 2019; Brandt & Stark, 1997; 
Chiquet et al., 2020; Fourtassi et al., 2013; Johansson et al., 
2006; Johansson et al., 2012; Johansson & Johansson, 2014; 
Laeng & Teodorescu, 2002; Laeng et al., 2014; Martarelli 
& Mast, 2011, 2013; Martarelli et al., 2017; Richardson 
& Spivey, 2000; Scholz et al., 2016; Scholz et al., 2018; 
Spivey & Geng, 2001; Umar et al., 2021). However, most of 
these studies asked participants to visualize previously seen 
objects presented on a blank screen, without considering 
the low-level feature content of mental objects. An issue is 
that different low-level features tend to be correlated where 
the objects are presented; for example, low-level features 
often change at the border of objects (Einhäuser et al., 2008; 
Schütz et al., 2011). Here, we sought to distinguish between 
eye fixations to mental images of objects and eye fixations 
to imagined low-level features. We aimed to characterize 
mental images in terms of how much low-level information 
is re-instantiated during mental imagery.

In Experiment 1, participants were asked to imagine an 
array of gratings which differed in spatial frequency and 
contrast (high vs. low, similar to the study by Kosslyn et al., 
1999). We used eye movements as an indicator of saliency 
both during perception and during mental imagery. We use 
the original meaning of the term saliency by referring to 
locations that stick out from the display and attract attention 
(Koch & Ullman, 1985). We expected eye movements to 
be influenced not only by physical properties of the stimuli 
but also by their imagined counterpart. Eye fixations during 
picture viewing are partly triggered by low-level features, 
and the aim of this study is to investigate whether eye move-
ments accompany low-level properties when the same infor-
mation is not seen but imagined.

Experiment 1

Method

Participants

An a priori G × Power analysis revealed that we needed 
a sample of 24 participants to detect a medium to large 

effect (2 × 2 analysis of variance, within-subjects factors; 
parameters: partial �2 = 0.13, α = 0.05, 1 − β = 0.95; Faul 
et al., 2007). Twenty-five adults (17 female, aged between 
20 and 31 years) participated in the experiment. All par-
ticipants were naïve about the purpose of the experiment 
and had normal or corrected-to-normal visual acuity. The 
study (including Experiments 1–3) was approved by the 
university’s local ethics committee and was carried out in 
accordance with the Declaration of Helsinki of 1975. The 
datasets (Experiments 1–3) are available from Figshare 
(https://​figsh​are.​com/s/​e64c3​69ef8​a5dbb​2ed27).

Apparatus

Eye movements were recorded using an SMI RED track-
ing system (SensoMotoric Instruments, Teltow, Germany). 
Data were registered with a sampling rate of 50 Hz, a spa-
tial resolution of 0.1° and a gaze position accuracy of 0.5°. 
The eye-tracking device is contact free and determines the 
gaze on the image by combining the cornea reflex with the 
pupil location, via an infrared light sensitive video cam-
era. The stimuli were presented on a 17-in. screen using 
Experiment Center Software and eye data were recorded 
with I-View X Software, both developed by SensoMotoric 
Instruments. Participants went through a five-point cali-
bration procedure, followed by a four-point validation. The 
average horizontal and vertical error was smaller than 0.8° 
angular accuracy.

Materials

Participants were seated at approximately 50 cm from the 
screen. The screen was divided by the vertical and horizontal 
midlines into four equally sized areas of interest (AOIs). 
Numbers could appear in each area (number 1: upper left 
area; number 2: upper right area; number 3: lower left area; 
number 4: lower right area). Grayscale sinusoidal gratings 
were generated using the Online-Software Gabor Patch Gen-
erator (www.​cogsci.​nl/​softw​are/​online-​gabor-​patch-​gener​
ator). The gratings were presented in a circular aperture 
(visual angle 10°) with high (RGB = 255/255/255) vs. low 
contrast (RGB = 128/128/128), and high (0.33 cycles/°) vs. 
low spatial frequency (0.20 cycles/°). Each array contained 
the four gratings (two contrast levels and two spatial fre-
quencies) in all possible position-combinations (24 arrays). 
We also varied the orientation of the gratings (45° vs. 135°). 
Each array contained only one orientation. In total, there 
were forty-eight arrays of the four gratings (24 possible 
position-combinations of the four gratings in two different 
orientations, 45° and 135°). See Fig. 1a (original image) for 
an example of the stimuli.

https://figshare.com/s/e64c369ef8a5dbb2ed27
http://www.cogsci.nl/software/online-gabor-patch-generator
http://www.cogsci.nl/software/online-gabor-patch-generator
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Procedure

The procedure was adapted from Kosslyn et al. (1999). 
Participants were given instructions on the computer prior 
to the task. They learned the configuration to remember 
which number labeled each quadrant. The perceptual 
encoding phase was composed of forty-eight different 
arrays of gratings, each of which was presented for 6 s. 
After each presentation of an array, participants had to 
imagine the gratings they just saw (image generation) and 
then answer to a specific question (image inspection). In 
the image generation phase, only the cross was present on 
a gray background and participants heard a sound “Imag-
ine” (all sound files were created by means of Audacity, 
http://​audac​ity.​sourc​eforge.​net), which cued them to cre-
ate a vivid image of the previously seen array of gratings. 
As soon as they generated the mental image of the entire 
array of stimuli, they pressed the space bar to begin with 
the image inspection phase. Participants listened to prere-
corded voices indicating a sequence of two numbers fol-
lowed by the name of one of two properties, such as “1, 2, 
contrast” or “1, 2, space”. The numbers indicated the two 
areas that were to be compared, and the property indicated 
the comparison the participant had to make. We used two 
times the 24 sound files (all the possible combinations), 
and randomly associated them to the arrays of gratings 
within the two orientations (45° and 135°). Participants 
had to answer by operating one of two buttons (“c” and 
“m”) on the keyboard.

The image generation phase lasted 5.3  s on average 
(SD = 1794 ms; mean number of fixations = 13.4, SD = 5.3). 
We focused on the comparison of fixations during the image 
generation phase and during visual perception. The image 
inspection phase was primarily carried out to assure that 
participants were on task. It also reduced the possibility that 
participants figured out the purpose of the experiment and 
behaved accordingly. At the end of the testing session, par-
ticipants were asked to guess the hypothesis of the study.

Results

Fixations were detected when the sum of the dispersion of 
the gaze stream on the x and y axes was below 100 pixels 
and when the duration exceeded 80 ms. Fixation times below 
100 ms were removed from the analyses. The four quadrants 
were defined as AOIs and we compared the first fixation, 
number of fixations, and time spent in the four quadrants 
(i.e., high spatial frequency–high contrast grating, low 
spatial frequency–high contrast grating, high spatial fre-
quency–low contrast grating, and low spatial frequency–low 
contrast grating). Note that since the gratings were presented 
in each area 12 times, any absolute looking bias is distrib-
uted equally across the four gratings.

Based on computational models of bottom-up attention 
(e.g., Parkhurst et al., 2002), we were mainly interested in 
the position of the first fixations (see Fig. 1). However, a 
visual exploration of all fixations (see Appendix A) illus-
trated that eye behavior was very similar independent of the 
order of fixations. Thus, we decided to carry out analyses not 
only on first fixations but also overall on number of fixations 
and time spent during perception and during imagery.

Participants were able to solve the task (image inspec-
tion phase) and they were correct in 70% (SD = 21%) of the 
trials. The level of accuracy was comparable to the findings 
of Thompson et al. (2001) who used a similar task (in their 
study mean error rates were 29.1% for the high-resolution 
arrays and 24.9% for the low-resolution arrays). We included 
all data of the image generation phase in the analyses 
reported below. Excluding participants performing at chance 
level (5 out of 25) or excluding trials of the image genera-
tion phase that were solved incorrectly in the image inspec-
tion phase did not yield substantial differences in the analy-
sis of eye movements. Moreover, no participant correctly 
guessed the hypothesis of the study. Participants principally 
referred to the image inspection phase and thought that the 
hypothesis was about performance in this task. The values 
of asymmetry and of kurtosis for the different variables were 

Fig. 1   a Original image; b Heat map of the first three fixations during perception across all trials and all participants; c Heat map of the first 
three fixations during imagery across all trials and all participants

http://audacity.sourceforge.net
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between -1.30 and 3.18, thus considered acceptable to prove 
normal univariate distribution. The analyses were computed 
with IBM SPSS version 25. We computed analyses of vari-
ance and report partial eta squared as measures of effect size.

First fixations during perception and imagery

A 2 × 2 analysis of variance with the within-subject factors 
spatial frequency (low/high) and contrast (low/high), and the 
percentage of the first fixations in the four AOIs as depend-
ent variable revealed that participants allocated more first 
fixations to the low spatial frequency–high contrast grat-
ing (28.03% during perception and 31.59% during imagery; 
chance level = 25%) compared to the other three gratings 
(means of percentages are reported in Table 1). Indeed, the 
interactions turned out to be significant (during perception: 
F(1, 24) = 4.48, p = 0.045, partial �2 =0.16; during imagery: 
F(1, 24) = 6.58, p = 0.017, partial �2 = 0.21). During percep-
tion, the main effect contrast also turned out to be significant 
(F(1, 24) = 8.38, p = 0.008, partial �2 = 0.26), whereas the 
main effect spatial frequency was not significant (F < 1). 
During imagery, both main effects were not significant 
(ps > 0.075).

We evaluated the distribution of the first three fixations. 
The middle panel of Fig. 1 shows the cumulative spatial 
distribution of the first three fixations during visual percep-
tion across all trials and all participants and the right panel 
of Fig. 1 illustrates the cumulative spatial distribution of the 
first three fixations during mental imagery (blank screen) 
across all trials and all participants. Red regions were fixated 
more frequently. Visual inspection of the heat maps suggests 

that participants allocated more first fixations to the low spa-
tial frequency–high contrast grating both during perception 
and during imagery.

Further, we considered the last fixation during the 
preceding perception phase. Numerically, the same pat-
tern of results was revealed (high spatial frequency–high 
contrast grating = 24.1%, SD = 9.3%, high spatial fre-
quency–low contrast grating = 23.5%, SD = 9.8%, low spa-
tial frequency–high contrast grating = 27.7%, SD = 9.1%, low 
spatial frequency–high contrast grating = 24.8%, SD = 7.6%); 
however, the results turned out to be non-significant, when 
analyzed with a 2 × 2 analysis of variance with the within-
subject factors spatial frequency (low/high) and contrast 
(low/high), and the percentage of the last fixations in the 
four AOIs in the end of the perception phase as dependent 
variable (ps > 0.153).

Number of fixations and time spent in the four AOIs 
during perception and imagery

We conducted analyses of variance with spatial frequency 
(low/high) and contrast (low/high) as within-subject factors 
and percentages of number of fixations and percentage of 
time spent in the four AOIs as dependent variables (in sepa-
rate models, one dependent variable for each model), both 
during perception and during imagery. Means and stand-
ard error of the mean (percentages) are reported in Table 1. 
Computing the same analyses with absolute values (number 
of fixations and time spent) did not change the findings in 
terms of accepting the null hypothesis. Absolute values are 
reported in Appendix B.

Table 1   Percentages of first fixations, fixation time, and number of fixations for high/low spatial frequency and high/low contrast gratings sepa-
rated by task (perception and imagery)

highSF highCON spatial frequency high–contrast high, highSF lowCON spatial frequency high–contrast low, lowSF highCON spatial frequency 
high–contrast high, lowSF lowCON spatial frequency low–contrast low, M = mean, SEM = standard error of the mean
Percentages that differ from chance level (25%) are marked with ** when p < 0.01, and *** when p < 0.001 (uncorrected one-sample t-tests).

Dependent variable Grating

highSF
highCON

highSF
lowCON

lowSF
highCON

lowSF
lowCON

Percentage of first fixations 
(perception)

M = 25.54 (SEM = 0.98) M = 24.68 (SEM = 0.96) M = 28.03** (SEM = 1.02) M = 21.75** (SEM = 0.95)

Percentage of number of 
fixations (perception)

M = 25.68 (SEM = 1.06) M = 21.29** (SEM = 1.04) M = 29.75*** (SEM = 0.95) M = 23.27 (SEM = 0.93)

Percentage of time spent 
(perception)

M = 25.47 (SEM = 0.97) M = 21.44** (SEM = 0.96) M = 29.69*** (SEM = 0.96) M = 23.39 (SEM = 0.87)

Percentage of first fixations 
(imagery)

M = 22.24 (SEM = 2.29) M = 23.32 (SEM = 2.22) M = 31.59** (SEM = 1.78) M = 22.84 (SEM = 1.76)

Percentage of number of 
fixations (imagery)

M = 25.44 (SEM = 1.35) M = 22.37 (SEM = 1.47) M = 28.99** (SEM = 1.40) M = 23.19 (SEM = 1.15)

Percentage of time spent 
(imagery)

M = 23.95 (SEM = 1.36) M = 23.47 (SEM = 1.56) M = 29.72** (SEM = 1.61) M = 22.86 (SEM = 1.16)
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During perception, participants allocated more fixations 
to the low spatial frequency–high contrast grating compared 
to the other three gratings (means are reported in Table 1) 
as revealed by a significant interaction (F(1, 24) = 4.42, 
p = 0.046, partial �2 = 0.16). The main effect of contrast (F(1, 
24) = 16.89, p < 0.001, partial �2 = 0.41) turned out to be sig-
nificant as well as the main effect of spatial frequency (F(1, 
24) = 6.18, p = 0.020, partial �2 = = 0.20). The main effects 
showed that participants allocated significantly more fixa-
tions to the high contrast gratings (M = 27.58, SEM = 0.63) 
than to the low contrast gratings (M = 22.42, SEM = 0.63), 
and significantly more fixations to the low spatial frequency 
gratings (M = 26.54, SEM = 0.62) than to the high spatial 
frequency gratings (M = 23.46, SEM = 0.62). The analysis 
of time spent during perception revealed a main effect of 
contrast (F(1, 24) = 15.66, p = 0.001, partial �2 = 0.39) and a 
main effect of spatial frequency (F(1, 24) = 5.24, p = 0.031, 
partial �2 = 0.19), whereas the interaction turned out to be 
non-significant (F(1, 24) = 3.20, p = 0.086, partial �2 = 0.12). 
The main effects showed a similar pattern as the analysis 
of number of fixations. Participants spent more time in the 
high contrast grating (M = 27.72, SEM = 0.69) than in the 
low contrast grating (M = 22.28, SEM = 0.62) and they spent 
significantly more time in the low spatial frequency grating 
(M = 26.51, SEM = 0.66) than in the high spatial frequency 
grating (M = 23.49, SEM = 0.66).

During mental imagery, the analysis of number of fixa-
tions revealed a significant effect of contrast (F(1, 24) = 6.21, 
p = 0.020, partial �2 = 0.21), whereas the other effects turned 
out to be non-significant (main effect of spatial frequency: 
F(1, 24) = 1.56, p = 0.223, partial �2 = 0.06; interaction: F(1, 
24) = 1.75, p = 0.199, partial �2 = 0.07). Participants allo-
cated more fixations to the high contrast grating (M = 27.22, 
SEM = 0.89) than to the low contrast grating (M = 22.78, 
SEM = 0.89).

Participants spent more time in the imagined low spatial 
frequency – high contrast gratings compared to the other 
three gratings as revealed by a significant interaction (F(1, 
24) = 8.50, p = 0.008, partial �2 = 0.26), means are reported 
in Table 1. The main effects turned out to be non-significant 
(contrast: F(1, 24) = 4.17, p = 0.052, partial �2 = 0.15; spatial 
frequency: F(1, 24) = 1.76 p = 0.196, partial �2 = 0.07).

Discussion

The results from Experiment 1 show that low-level features 
elicited specific eye movements not only during the process 
of perception but also during mental imagery. Participants 
allocated the first fixations more often to the low spatial 
frequency–high contrast grating both during visual percep-
tion and during mental imagery. Analyses of time spent, 
and number of fixations show a similar result. The findings 
support the account of imagery as perception-like; pictorial 

low-level features are preserved in mental imagery (Broggin 
et al., 2012; Laeng & Sulutvedt, 2014; Rouw et al., 1997). 
As participants did not guess the hypothesis, it seemed 
unlikely that they more frequently looked at the low spatial 
frequency–high contrast grating to comply with the experi-
ment’s purpose or to behave as if they were in the corre-
sponding perceptual situation.

Previous studies revealed that eye movements during 
mental imagery (number of fixations and time spent) revisit 
the locations where the stimuli were encoded (Altmann, 
2004; Brandt & Stark, 1997; Fourtassi et al., 2013; Johans-
son & Johansson, 2014; Johansson et al., 2006, 2012; Laeng 
& Teodorescu, 2002; Laeng et al., 2014; Martarelli & Mast, 
2011, 2013; Martarelli et al., 2017; Richardson & Spivey, 
2000; Scholz et al., 2016, 2018; Spivey & Geng, 2001). It 
has been concluded that the spatial location is integrated in 
the memory trace along visual and semantic information. 
This research is important because it provides a possible 
interpretation of the eye pattern that we found in Experiment 
1. During mental image generation, participants could look 
back to the areas visited during perceptual encoding. In other 
words, it is conceivable that participants allocated more fixa-
tions to the low spatial frequency–high contrast grating area 
during visual mental imagery, because they allocated more 
fixations to this grating during visual perception and not 
necessarily because low-level information is preserved in 
mental images.

It is interesting that the percentages of last fixations dur-
ing the preceding perception phase were distributed equally 
among the four AOIs (in terms of significance), thus sug-
gesting that the allocation of first fixations during the subse-
quent image generation phase was not caused by a residual 
afterimage. Nevertheless, the occurrence of afterimages dur-
ing the image generation phase cannot be excluded. Hence, 
we conducted a second experiment avoiding these potential 
confounds.

Experiment 2

A possible interpretation of the systematic eye pattern found 
during mental image generation (Exp. 1) is that during 
imagery, participants could look back to the areas visited 
during perceptual encoding. In Experiment 2, we aimed to 
rule out the potential influence of eye position during encod-
ing. We assessed whether low-level features influence men-
tal imagery by avoiding the influence of short-term memory 
processes. In Experiment 2, participants were asked to imag-
ine high contrast vs. low contrast images that they had not 
seen before. Instead of using gratings as we did in the first 
experiment, we decided to use objects as stimulus material. 
We needed a larger number of stimuli, and also stimuli that 
can easily be imagined when not previously seen. Moreover, 
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using objects might also be more ecological valid, given 
that in everyday life we rather do not imagine gratings but 
objects. Given that our participants had to imagine high con-
trast and low contrast versions of the same objects, we do 
not lose experimental control, which is a typical inherent 
advantage of using gratings in experimental research.

Method

Participants

Based on the effect sizes of the previous experiment (mean 
difference between low spatial frequency–high contrast 
grating and low spatial frequency–low contrast grating) 
we computed an a priori G × Power analysis. The analysis 
revealed that we needed a sample of at least 18 participants 
(paired-samples t-test, two-tailed; parameters: dz = 0.91, 
α = 0.05, 1 − β = 0.95; Faul et al., 2007). Twenty-two adults 
(19 females, aged between 19 and 40 years) participated 
in the experiment. All participants were naïve about the 

purpose of the experiment and had normal or corrected-to-
normal visual acuity.

Apparatus

Eye movements were recorded using the same SMI RED 
tracking system as in Experiment 1.

Materials

The stimuli consisted of 68 images representing animals like 
an elephant or a buffalo (34 images) or objects like a car 
or an umbrella (34 images). Low-level stimulus attributes 
were controlled via the SHINE (spectrum, histogram, and 
intensity normalization and equalization) toolbox for Matlab 
developed by Willenbockel et al. (2010). We matched lumi-
nance and, thus, minimized potential low-level confounds. 
An example of images used in the study can be found in 
Fig. 2. The items were presented in the center of the com-
puter screen against a gray background.

Fig. 2   Illustration of events 
within one trial in the learning 
phase (upper part of the figure) 
and of events within one trial in 
the study phase (lower part of 
the figure) in Experiment 2
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During the visualization task, participants were shown 
two triangles, one pointing upward and the other pointing 
downward. The position of the triangles was counterbal-
anced, and we had four possible combinations of triangles 
pointing upward and downward (i.e., (1) triangle pointing 
upward in the upper-central part of the screen and triangle 
pointing downward in the lower-central part of the screen; 
(2) triangle pointing upward in the lower-central part of the 
screen and triangle pointing downward in the upper-central 
part of the screen; (3) triangle pointing upward in the left-
central part of the screen and triangle pointing downward 
in the right-central part of the screen; (4) triangle pointing 
upward in the right-central part of the screen and triangle 
pointing downward in the left-central part of the screen; see 
Fig. 2 for two examples). There was no perception condition 
since we wanted to avoid a memory-based strategy.

Procedure

Participants were seated in front of the computer screen. The 
distance between participants and the screen was approxi-
mately 50 cm. After a 5-point calibration and validation pro-
cedure (only error values below 0.8° were accepted), the fol-
lowing task instructions appeared on the screen: “You will 
be presented with different images (animals or objects). Your 
task is to visualize the images with high and low contrast. 
First, you will always see an image with medium contrast. 
Next, you will see an image with two empty triangles, in 
which you are going to visualize the image two times simul-
taneously, a low-contrast version and a high-contrast version 
of the previously seen image. The triangles indicate where 
you have to visualize the image with low and high contrast. 
If the triangle points upward, this means low contrast (or 
high contrast). If the triangle points downward, this means 
high contrast (or low contrast)”.

Learning phase  Participants had to learn the association 
between the triangles (upward vs. downward pointing) and 
contrast (high vs. low contrast). Half of the participants 
were told that the upward pointing triangle would indicate 
high contrast, and a downward pointing triangle low con-
trast, and vice versa for the other half of participants. In the 
learning phase, participants were presented with 4 stimuli. 
They were instructed to visualize the presented objects in 
high and low contrast and that they would receive feed-
back after in order to understand what is meant by high 
and low contrast. They were also instructed that a fixa-
tion cross will appear between trials and that they should 
always fixate the fixation cross. During imagery, they 
were presented with the four possible displays. After the 
image generation phase (high contrast and low contrast 
version of the stimuli), they received feedback and a high 
contrast (standard deviation of gray levels distribution of 

approximately 75) and low contrast (standard deviation of 
gray levels distribution of approximately 17) image of the 
original image (standard deviation of gray levels distribu-
tion of approximately 48) was presented in the triangles. 
See an illustration of the learning phase in Fig. 2.

Test phase  In the test phase, 68 new images were pre-
sented in random order (see Fig. 2). After a fixation cross 
(200 ms), the image was presented for 3 s; next, one out 
of four imagery displays appeared (6 s). The four imagery 
displays (see the Materials section above for a descrip-
tion of the four imagery displays) were presented 17 times 
each.

Results

As in Experiment 1, analyses were based on time spent, 
number of fixations, and first fixations.

Time spent and number of fixations during imagery

We computed the mean percentage of time spent on the 
high contrast triangle and on the low contrast triangle 
during imagery. The paired-samples t-test revealed that 
participants spent statistically significantly more time in 
the high contrast triangle (M = 45.16%, SD = 9.59%) than 
in the low contrast triangle (M = 38.25%, SD = 9.81%), 
t(21) = 4.69, p < 0.001, d = 1.00.

The same analysis with the percentage of number of 
fixations allocated to the two triangles showed a similar 
result. The paired-samples t-test revealed that participants 
allocated statistically significantly more fixations on the 
high contrast triangle (M = 40.90%, SD = 8.08%) compared 
to the low contrast triangle (M = 37.18%, SD = 9.39%), 
t(21) = 2.50, p = 0.021, d = 0.53.

First fixations during imagery

Participants allocated a mean of 9.99 (SD = 1.98) fixations 
per trial (6 s imagery). Figure 3 shows the time spent on 
the high contrast triangle and on the low contrast triangle 
for the first 12 fixations (x-axis). It is interesting to see 
that the probability of going to one or the other triangle 
during the first two fixations was at chance. Starting from 
the third fixation (until the seventh fixation), participants 
spent more time in the high contrast triangle than in the 
low contrast triangle. This pattern seemed to reverse dur-
ing the last fixations but there were no significant dif-
ferences. We computed paired-t tests (uncorrected) and 
report them in Table 2. Note that the significant differences 
reported in Table 2 do not survive a Bonferroni correction 
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(0.05/12 = 0.004). The significant results cluster around 
the third and six fixations, such that a Bonferroni correc-
tion can be considered overly conservative. 

Further, Fig. 3 disregards the exact latencies of the fixa-
tions. In Appendix C, a plot showing the mean proportion 
of fixations on imagined high vs. low contrast images per 
successive 100-ms time bins is reported. This approach sug-
gests an overall predominance of the high contrast images.

Discussion

The results of Experiment 2 confirm the results from Experi-
ment 1; low-level visual features elicit specific eye move-
ments during mental imagery. In Experiment 2, eye posi-
tion during encoding and afterimages could not influence 

eye position during imagery because participants never saw 
the low and high contrast versions of the stimuli. Therefore, 
we had no perception condition in Experiment 2. Moreover, 
the content of the stimuli could not influence eye behavior, 
because participants had to imagine low and high contrast 
versions of exactly the same stimuli. Still, participants allo-
cated more fixations to the high contrast mental images than 
to the low contrast mental images. What is more, fixations 
in the first part of the trial were allocated more often to high 
contrast mental images than to low contrast mental images. 
It has to be noted, however, that the advantage of high con-
trast was observed only from the third fixation (see Fig. 3), 
whereas in Experiment 1 the first fixation was on the high 
contrast image already. This difference could be explained 
by the process of mental image generation, which differed 
between the two experiments. Indeed, in Experiment 1, 
participants imagined the gratings immediately after hav-
ing seen the visual stimuli (short-term memory), whereas 
in Experiment 2, they had to create the mental images by 
retrieving the relevant low-level information from long-term 
memory. Generating the mental image required more effort 
and time, and only at the third fixation the high contrast 
information started to trigger specific eye movements. It 
might take about one second to deliberately generate a men-
tal image (see Dijkstra et al. 2019 for distinctive temporal 
dynamics of perception vs. imagery).

Experiment 3

Task difficulty could be yet another conceivable explanation 
for the differences found in the first two experiments. Imag-
ining low contrast stimuli compared to high contrast stimuli 

Fig. 3   Mean percentage of time 
spent for high contrast and low 
contrast visual mental images. 
Order of fixation is represented 
in the x-axis (1 = first fixation 
until 12 = 12th fixation). Errors 
bars indicate SEM
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Table 2   Significant pairwise differences are shown in cursive font 
(uncorrected p-values)

Paired samples T-test T df p Cohen’s d

First fixation 0.37 21 0.718 0.08
Second fixation 0.85 21 0.406 0.18
Third fixation 2.36 21 0.028 0.50
Fourth fixation 2.85 21 0.010 0.61
Fifth fixation 3.63 21 0.002 0.77
Sixth fixation 2.43 21 0.024 0.52
Seventh fixation 1.83 21 0.081 0.39
Eighth fixation 0.33 21 0.746 0.07
Ninth fixation 0.52 21 0.607 0.11
Tenth fixation 0.62 21 0.540 0.13
Eleventh fixation 0.95 21 0.351 0.20
Twelfth fixation 1.56 21 0.133 0.33



358	 Psychological Research (2022) 86:350–363

1 3

could be more difficult, thus, participants allocated more 
fixations to the high contrast mental image (or vice versa). 
We conducted Experiment 3 to address this potential con-
found. We asked participants to imagine high or low contrast 
stimuli and to evaluate vividness of the mental image, and 
task difficulty. Moreover, we included a behavioral task to 
assure that participants did in fact create the mental images.

Method

Participants

An a priori G × Power analysis revealed that we needed a 
sample of 32 participants to detect a medium to large effect 
(paired-samples t-test, two-tailed; parameters: dz = 0.6, 
α = 0.05, 1 − β = 0.95; Faul et  al., 2007). 32 adults (24 
females, aged between 19 and 35 years) participated in the 
experiment. All participants were naïve about the purpose 
of the experiment and had normal or corrected-to-normal 
visual acuity.

Materials and design

The task consisted of stimuli that participants had to visual-
ize in a high contrast or a low contrast version. The stimuli 
were the same images used in Experiment 2 and thus con-
sisted of 68 images representing animals like an elephant or 
a buffalo (34 images) or objects like a car or an umbrella (34 
images). Low-level stimulus attributes were controlled via 
the SHINE toolbox for Matlab developed by Willenbockel 
et al. (2010). We matched luminance and thus minimized 
potential low-level confounds. The stimuli were presented 
in the center of the computer screen against a gray back-
ground. After each stimulus presentation, the participant 
visualized the image. During the visualization task, partici-
pants were shown a triangle positioned in the middle of the 
screen and they were instructed to create the mental image 
on the screen within the triangle at the exact same location 
as the image that was presented before. Half of the stimuli 
had to be visualized in a high contrast version and the other 
half in a low contrast version. To associate the stimuli with 
high and low contrast, we used upward and downward tri-
angles. Half of the triangles during the visualization task 
were, thus, pointing upward and the other half downward. 
Participants learned the triangle-contrast association prior to 
the actual task. Importantly, the triangle-contrast association 
was counterbalanced across participants. Vividness of the 
mental image (1 = not vivid at all; 7 = highly vivid image) 
and task difficulty (1 = not difficult at all; 7 = very difficult) 
were assessed by means of 7-point Likert-scales. For 10 tri-
als (out of 68), a dot appeared within the triangle before the 
vividness and difficulty questions and participants had to 
evaluate whether the dot was on their mental image or not. 

The dot position was selected in a range of 30–70 pixels 
from the center of the screen and differed for each trial. For 
five trials, the dot appeared inside the prior location of the 
image and for five trials it was outside the prior location of 
the image. The dot appeared close to the border of the previ-
ously encoded image (inside or outside).

Procedure

Participants were seated in front of the computer screen. The 
following task instructions appeared on the screen: “You 
will be presented with different images (animals or objects). 
Your task is to visualize the images with high and low con-
trast. First, you will always see an image with medium con-
trast. Next, you will see an image with one empty triangle, 
in which you are going to visualize a low-contrast version 
or a high-contrast version of the previously seen image. If 
the triangle points upward, this means low contrast (or high 
contrast). If the triangle points downward, this means high 
contrast (or low contrast). When you have created the mental 
image, please press the space bar and answer the two subse-
quent questions on 7-point Likert-scales. Note that in some 
trials, after the mental image generation, a dot will appear 
before the two questions and you have to judge whether this 
dot is on your mental image or not. To answer this question 
press "f" for NO and "j" for YES”.

Learning phase  Participants had to learn the association 
between the triangles (upward vs. downward pointing) and 
contrast (high vs. low contrast). Half of the participants 
were told that the upward pointing triangle would indicate 
high contrast, and a downward pointing triangle low con-
trast, and vice versa for the other half of participants. In the 
learning phase participants were presented with two stimuli 
and feedback was given.

Test phase  In the test phase, 68 new images were presented 
in random order. After a fixation cross (200 ms), the image 
was presented for 3 s; next, a triangle pointing upward or 
a triangle pointing downward appeared. Half of the stimuli 
were followed by a triangle pointing upward and the other 
half by a triangle pointing downward. The order was rand-
omized.

After each stimulus presentation, participants had to cre-
ate the mental image in a high or low contrast version. As 
soon as they generated the mental image, they pressed the 
space bar (self-paced) and they had to evaluate the vividness 
of the image followed by task difficulty on 7-point Likert 
scales. Participants responded by pressing the number keys 
1–7. The difficulty question always followed the vividness 
question (fixed order). For 10 images (5 high contrast and 5 
low contrast), a dot appeared in the triangle before the vivid-
ness and difficulty questions and participants had to evaluate 
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whether the dot was on their mental image or not. For half 
of these trials the dot appeared on the prior location of the 
image and for the other half not.

Results

All comparisons turned out to be non-significant, thus 
suggesting that vividness and task difficulty were similar 
when it comes to imagining high vs. low contrast images. 
See Table 3 for means, standard deviations, and statistical 
analyses.

The number of correct answers in the dot task did not dif-
fer between low and high contrast conditions (see Table 3). 
Importantly, in both conditions, participants were above 
chance level. In the high contrast condition, participants 
correctly identified the position of 3.63 dots (mean) out of 
5, which differed significantly from chance level (2.5 cor-
rect answers), t(31) = 5.64, p < 0.001, d = 1.00 and in the low 
contrast condition, participants correctly identified the posi-
tion of 3.44 dots (mean) out of 5, which also differed signifi-
cantly from chance level (2.5 correct answers), t(31) = 4.80, 
p < 0.001, d = 0.85. We, thus, conclude that participants 
complied with task instructions and reconstructed the men-
tal image of the pictures previously seen.

Discussion

The results from Experiment 3 showed no differences in viv-
idness and difficulty when imagining low vs. high contrast 
images. Note that null results are difficult to interpret and 
Likert scales might not be sensitive enough to reveal such 
differences. Participants complied with task instructions and 
imagined the previously seen pictures.

General discussion

Despite compelling empirical evidence, the role of eye 
movements during mental imagery is still controversially 
discussed. The experiments reported here were designed 
to investigate the influence of imagined low-level features 
on eye movements. Perception partly relies on low-level 

features that trigger eye movements. If mental imagery 
shares processes with visual perception and uses depic-
tive representations, we expect that eye movements dur-
ing imagery also partly reflect properties of the imagined 
stimulus. In the first experiment, participants allocated more 
fixations to low spatial frequency–high contrast gratings not 
only when they saw the stimuli but also when they imagined 
the stimuli. This finding suggests that low-level informa-
tion in mental images attract eye fixations. However, it is 
also possible that eye position during visual encoding led 
to high correspondence in eye fixations between mental 
imagery and visual perception. Therefore, we used images 
of objects (instead of gratings) that participants never saw 
in the low and high contrast versions (second experiment). 
Participants still allocated more fixations to the high contrast 
mental images than to the low contrast mental images. This 
result cannot be explained by eye position during encod-
ing. In the third experiment, we were able to rule out task 
difficulty as an explanation for eye fixations toward low-
level features in mental images. Taken together, we provide 
evidence that low-level features of mental images have a 
specific impact on eye movements; high contrast informa-
tion in mental images triggers fixations, and this is in line 
with findings from visual perception. Our findings suggest 
that mental images embody at least partly the same pictorial 
features that are distinctive for the process of perception.

It has been proposed that eye movements assist the pro-
cess of mental imagery (e.g., Laeng & Teodorescu, 2002). 
Laeng et al. (2014) offered two alternative (non-exclusive) 
explanations for the occurrence of eye fixations during 
mental imagery: (1) fixations occur because the oculomotor 
system does not distinguish between bottom-up driven acti-
vation of the visual cortex and top-down generated similar 
neuronal states, and/or (2) fixations occur as a reactivation 
of oculomotor memory traces. While there is partial sup-
port for the latter, the findings from our experiments offer 
additional support for the first explanation, suggesting that 
fixations occur “as a reflection of the formation of a quasi-
perceptual state in the visual cortex” (Laeng et al., 2014, p. 
278). There is a large amount of research investigating the 
neural underpinnings and this research has provided a sub-
stantial amount of evidence showing that visual perception 

Table 3   Means, standard 
deviations (SD), paired-samples 
t-tests (t-values and p-values) 
and Cohen’s d for the vividness 
rating, the difficulty rating, and 
the number of correct answers 
in the dot task separated by 
contrast (high vs. low)

N = 32

Dependent variable Mean (SD) t(31) p Cohen’s d

Vividness high contrast 4.99 (0.76)  1.34  0.189  0.24
Vividness low contrast 4.86 (0.96)
Difficulty high contrast 3.16 (0.92)  0.21  0.837  0.04
Difficulty low contrast 3.17 (0.96)
Number correct (dot task) high contrast 3.63 (1.13)  0.64  0.526  0.11
Number correct (dot task) low contrast 3.44 (1.10)
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and mental imagery share a common neural substrate in the 
brain including areas that are associated with early process-
ing of visual information (see Kosslyn & Thomson, 2003, 
for a meta-analysis of neuroimaging studies on mental 
imagery, see Pearson et al., 2015, for a review paper, see 
also Albers et al., 2013; Ganis et al., 2004; Lee, et al.; 2012; 
Slotnick et al., 2005; Stokes et al., 2009). Recent work (Bone 
et al., 2019), which investigated eye movements during men-
tal imagery in relation with neural reactivation, also lends 
support to the pictorial account. The authors found that the 
specificity of neural reactivation correlated positively with 
fixation reinstatement, with subjective vividness of mental 
images (ratings) and with memory for the images (accuracy). 
These findings support the conceptualization of imagery 
processes as quasi-perceptual states. Further, it has been 
suggested that bottom-up processing might be involved in 
mental imagery (Dijkstra et al., 2019). This view proposes 
that during imagery early visual processing areas might be 
activated in a top-down manner, followed by bottom-up 
propagation activity (Dijkstra et al., 2019).

Earlier studies show that during mental imagery of pre-
viously seen images, participants allocate more fixations 
to the areas where the stimuli were encoded (Altmann, 
2004; Brandt & Stark, 1997; Johansson & Johansson, 2014; 
Johansson et al., 2006, 2012; Laeng & Teodorescu, 2002; 
Laeng et al., 2014; Martarelli & Mast, 2011, 2013; Marta-
relli, et al., 2017; Richardson & Spivey, 2000; Scholz et al., 
2016, 2018; Spivey & Geng, 2001; Wantz et al., 2016). 
Interestingly, these studies cannot distinguish whether the 
eyes return to areas where the objects were encoded, or 
whether low-level features in mental images are the driving 
force behind these eye movements. The findings from our 
experiments suggest that low-level features are an integral 
part of mental images.

Contrary to our expectations, the impact of low-level 
features on eye behavior during mental imagery appears to 
be stable over time. Effects related to the time course in 
both experiments were small. Considering the time course 
of low-level features at fixation points in Experiment 1 (see 
Appendix A) suggests an overall effect of the low spatial 
frequency–high contrast grating both in perception and 
imagery. Considering the time course of contrast at fixa-
tion points in Experiment 2 suggests an effect of contrast 
between the third and sixth fixations. However, investigat-
ing the effect further at a finer temporal resolution suggests 
that the effect of high contrast is not related to the temporal 
dynamics, but an overall effect. This is in agreement with 
studies in visual perception where eye fixations triggered 
by low-level information did not appear to change over time 
(Tatler et al., 2005).

There are limitations that have to be addressed. Despite 
the fact that participants’ eyes were attracted by pictorial 
low-level information in mental images, there might be other 

factors explaining the pattern of eye fixations. The findings 
are of correlational nature. On their own, they cannot con-
firm that low-level features are causing eye fixations dur-
ing mental imagery. An interesting opportunity for future 
research is to include free-viewing tasks to rule out that the 
effects we found were influenced by the specific instructions 
we gave.

In conclusion, the present research provides an important 
contribution by showing that eye movements reflect low-
level visual features of imagined stimuli. Eye movements 
play a central role in visual selection and construction of the 
perceptual world (Lauwereyns, 2012), and eye movements 
support the reconstruction of a perceptual world in mental 
imagery (Laeng & Teodorescu, 2002; Laeng et al., 2014). 
We propose that low-level features have a function to guide, 
organize, and structure mental images; this in turn might 
help the process of mental imagery to unfold, which is crea-
tive and flexible in kind.

Appendix A

See Fig. 4.
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Fig. 4   Mean percentage of time spent for high contrast and low 
contrast visual mental images. Order of fixation is represented in 
the x-axis (1 = first fixation until 12 = 12th fixation). highSF high-
CON spatial frequency high–contrast high, highSF lowCON spatial 
frequency high–contrast low, lowSF highCON spatial frequency high–
contrast high, lowSF lowCON spatial frequency low–contrast low. 
Visual inspection of the graphs suggests an overall predominance of 
the low spatial frequency–high contrast grating, both during percep-
tion and during imagery
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Appendix B

See Table 4.

Appendix C

See Fig. 5.

Table 4   Fixation time and number of fixations for high/low spatial frequency and high/low contrast gratings separated by task (perception and 
imagery)

highSF highCON spatial frequency high–contrast high, highSF lowCON spatial frequency high–contrast low, lowSF highCON spatial frequency 
high–contrast high, lowSF lowCON spatial frequency low–contrast low, M mean, SEM standard error of the mean
The bold areas highlight the highest value in each raw. Note that all the interactions turned out to be highly significant (p < 0.001) with the 
exception of number of fixations during imagery (p = 0.154).

Dependent variable Grating

highSF
highCON

highSF
lowCON

lowSF
highCON

lowSF
lowCON

Fixation time in ms (perception) M = 2251 (SEM = 136) M = 2144 (SEM = 139) M = 2682 (SEM = 143) M = 2183 (SEM = 153)
Number of fixations (perception) M = 8.22 (SEM = 0.48) M = 7.95 (SEM = 0.50) M = 9.92 (SEM = 0.56) M = 8.07 (SEM = 0.56)
Fixation time in ms (imagery) M = 1911 (SEM = 157) M = 2059 (SEM = 200) M = 2178 (SEM = 183) M = 1806 (SEM = 154)
Number of fixations (imagery) M = 4.93 (SEM = 0.41) M = 4.62 (SEM = 0.33) M = 5.12 (SEM = 0.37) M = 4.45 (SEM = 0.33)

Fig. 5   Mean percentage of fixa-
tions for high contrast and low 
contrast visual mental images. 
Time (100-ms time bins) is 
represented in the x-axis (6 s 
stimulus presentation). Visual 
inspection of the graph suggests 
an overall predominance of the 
high contrast images
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