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Motor imagery in individuals with
congenital aphantasia

Robert Kwasniak'™, Dariusz Zapata?, Pawet Augustynowicz? & Magdalena Szubielska?

Individuals who experience aphantasia have an inability to create sensory mental images, what lead to
arange of cognitive and behavioral differences compared to the general population. However, little is
known about how this phenomenon affects the creation of motor imagery. Our study aims to check the
differences in changes of hemoglobine concentration between individuals with congenital aphantasia
(AG) and control group (CG) during creating a kinesthetic (KMI) or visual-motor (VMI) representation
of movement. Twenty participants (10 AG) who participated in the experiment were matched by

age, gender, education level, and handedness. During data collection, a hemodynamic signal was
recorded using functional near-infrared spectroscope (fNIRS). The participants performed a procedure
that enabled the control of perspective and cognitive strategies during motor imagery using a haptic
interface. The results indicate that AG demonstrate reduced oxygenated hemoglobin concentration in
the right middle frontal gyrus and right motor cortex regions. The findings suggest that AG primarily
rely on semantic or kinesthetic strategies, while CG tend to use visual cognitive strategies during both
the KMI and VMI tasks. Furthermore, we propose that AG may exhibit difficulty with the process of
reorienting attention from exogenous to endogenous control.
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Aphantasia is a phenomenon that refers to the inability to create sensory mental images. While most of
the individuals experience aphantasia from birth!, there is a group of people who acquired it as a result of
neurological injury or psychiatric disorders®. Previous research suggests distinguishing between aphantasia
involving a single sensory modality (e.g., visual) or multiple sensory modalities (e.g., visual and auditory).
Accordingly, aphantasia is treated as a heterogeneous phenomenon characterized by distinct subgroups with
different patterns of difficulties in creation of sensory imagery*.

The most commonly used method to identify individuals with aphantasia is the Vividness of Visual Imagery
Questionnaire (VVIQ)°. However, despite its prevalence as a self-reporting method, this technique has certain
inherent limitations, including a potential susceptibility to the respondent’s level of metacognition and a low
resistance to response bias®. Furthermore, researchers do not use the questionnaire consistently, which presents
anadditional challenge in the reliable and accurate identification of individuals with aphantasia’. Another method
for identifying individuals with aphantasia is the “binocular paradigm”. In a study conducted by Pearson and
Keogh?®, the researchers presented the participants with a cue in the form of the letter “R” or “G” to signify Gabor
patches of different colors. Subsequently, the participants were requested to visualize the presented stimulus.
In the next step, the participants were presented with the two stimuli, each to a distinct eye. The participants
exhibited a tendency to perceive one of the two stimuli, rather than alternately switching between them in
consciousness. Participants rated the image’s vividness on a scale of 1 to 4. Then they selected which Gabor patch
had been seen more often. The researchers demonstrated that the priming effect in the binocular paradigm was
reduced in individuals with aphantasia compared to the control group. This indicates that attempting to imagine
a previously observed Gabor patch did not result in its perception during binocular rivalry in individuals with
aphantasia. This effect was subsequently evidenced in studies”°.

The latest method is based on the pupilographic index, which was investigated by Kay et al.!l. Pupil
diameter occurs in response to psychophysiological regulation of light access to the retina'?. In response to
darkness, the pupil dilates, whereas in response to brightness, it constricts. This mechanism, known as the pupil
response index (PRI), is characterized by distinct neural pathways responsible for regulating the dilation and
constriction of the pupil in response to different stimuli'>. However, the pupil not only responds involuntarily
to the perception of visual stimuli'* or affective emotional states'®, but also to higher-order cognitive activity'®,
such as mental imagery. The researchers demonstrated that individuals with aphantasia exhibited no pupillary
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response compared to baseline to luminance during imaginary task. However, they did demonstrate perceptual
responsiveness and dilation to luminance and cognitive load!!.

Identifying individuals with aphantasia allows for further investigation into the differences in mental processes
such as memory, planning and their neuronal basis resulting from the absence of sensory, mental images. Keogh
etal.! indicated that individuals with aphantasia did not exhibit differences in visual working memory capacity or
spatial working memory capacity compared to a control group. However, significant differences were observed
in the strategies adopted by those with aphantasia in all the memory tasks conducted. Other studies also showed
no significant differences in visual working memory performance between individuals with aphantasia and
controls'”!8, A further study examined the neural underpinnings of visual imagery vividness through the use
of resting-state functional magnetic resonance imaging (fMRI)'. The study included both aphantasia and
hyperphantasics (individuals who report their visual imagery as vivid as the images they perceive). The findings
revealed that individuals with hyperphantasia exhibited stronger functional connections between frontal areas
and the visual cortex than those with aphantasia.

One type of imagery is motor imagery (MI), which can be defined as the mental simulation of a movement,
without actually performing it?°. It can be divided into visual-motor imagery (VMI) and kinesthetic motor
imagery (KMI). Visual-motor imagery, in turn, is divided into internal (IVMI) and external imagery (EVMI).
Internal visual-motor imagery involves imagining a representation of movement from a first-person perspective.
In contrast, external visual-motor imagery involves creating a representation of one’s own or another’s
movement from a third-person perspective. Kinesthetic motor imagery (KMI), on the other hand, consists of
bodily sensations®!. To date, only one study has examined the process of motor imagery and motor system
activation during action observation between aphantasia individuals and controls*. The researchers used TMS
to measure corticospinal excitability, as well as to obtain a subjective report on the vividness of the imagery and
the extent to which it is used in everyday life. All of the participants were instructed to imagine a maximal pinch
movement in both the visual and kinaesthetic modalities and to observe a video showing a pinch movement.
The results demonstrated that the amplitude of motor-evoked potentials (MEPs) increased for the control group
during kinesthetic motor imagery and action observation relative to rest, but not during visual motor imagery.
Conversely, no such increase in MEP was observed in any of the conditions for the group of aphantasia.

In conclusion, previous research has applied a range of techniques to identify individuals with aphantasia (AG)
and subsequently examine their cognitive processes through the use of behavioral experiments or techniques
such as fMRI and TMS. It appears that AG exhibits reduced connectivity between the frontal and visual cortex'.
Additionally, they may adopt alternative strategies such as kinesthetic or semantic when performing tasks as
a compensatory mechanism for the inability to create sensory mental images. To date, it is still uncertain how
AG declaratively reports reduced vividness of visual imagery creates MI., which is inherently multisensory.
Nevertheless, the studies on AG lack several crucial elements that this study aims to address.

The first problem arises from the fact that previous research has not separated MI. The act of imagining
movement can be performed from a variety of perspectives, including first-person (1PP) and third-person
(3PP). The failure to take these strategies into account may result in a blurring of the observed effects, due
to the different neural underpinnings of these two perspectives’***. In addition, the participant may employ
various strategies, including visual-motor or kinesthetic. Given that AG utilizes different cognitive strategies, it is
essential to construct the experimental procedure in a way that allows for the control of the imagined movement.
The role of higher cognitive functions, such as working memory and attention, in the creation of motor imagery
for AG in comparison to a CG also remains unknown.

The methodology employed was adapted from the procedure described by Zapala et al.?, in which the
impact of brief visual deprivation on cerebral oscillations was investigated using electroencephalography (EEG)
and haptic interface. In this experiment, we used functional near-infrared spectroscopy (fNIRS) due to its
greater spatial resolution and higher resistance to motion artifacts compared to EEG**?”. Only relative changes
in oxygenated hemoglobin (HbO) were analyzed, as it is more sensitive to changes in blood flow (CBF) and it
has higher signal-to-noise ratio (SNR) than HbR?. Additionally, muscle tension effects on motor performance
were controlled through the use of electromyography (EMG). This was done to prevent the introduction of
false results due to uncontrolled hand movements during the imaging of movement. Finally, we adapted the
pupil measurement experiment of Kay et al.!! to allow for control of this variable between AG and CG under
perceptual and imaginary conditions.

Furthermore, we hypothesize that the increase in oxygenated hemoglobin (HbO) in the left motor cortex area
will be higher in the KMI condition for AG compared to the CG. Kinesthetic imagery consists of representations
that evoke motor simulations of one’s own body?. These simulations can take an abstract form. The findings of
the study conducted by®. indicate that early visual representations are vulnerable to perceptual interference,
whereas areas of the parietal cortex demonstrate resilience to this phenomenon. This increases the likelihood
that the minds of individuals, who are unable to generate sensory mental images, store these images in the
parietal cortex in an abstract form [after 26]. Because of that a more embodied effect in AG could be observed,
supposing that the mechanism of mental imagery and unconscious sensory simulations happening offline is
separable.

We postulated that a greater increase of HbO in the right middle frontal gyrus would be in CG in the KMI
condition compared to AG. Activation of the right middle frontal gyrus is associated with reorienting attention
from exogenous to endogenous attentional control®!. The presented task, which uses kinesthetic imagery,
requires the participant to adopt an egocentric perspective. Adopting this approach for AG in relation to
greater embodiment, is a more accessible strategy that does not necessitate as much cognitive effort as the CG.
Additionally, we hypothesized that AG, in comparison to CG, will demonstrate increased activation of HbO in
the left middle frontal gyrus region during VMI task. Activation of the left middle frontal gyrus has been linked
to semantic processing®>3. It appears that AG, who are unable to engage in sensory mental imagery, may be able
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to compensate for this deficit through the use of semantic strategies, whereby auditory and linguistic cues are
integrated.

Furthermore, additional exploratory analyses were conducted on L-MFG/R-MFG lateralization and LMC/
RMC lateralization in the KMI and VMI conditions. This was done to further test the hypothesis that the groups
could differ in the asymmetry of the activation of observed effects>*3°.

The last hypothesis concerns the stronger activation of HbO in visual areas in the VMI condition in CG
compared to AG. Given that AG are incapable of creating sensory mental images in their minds, it can be
postulated that the activity of these areas will be weaker in this group. One study measured the activity of the
primary visual cortex in AG, demonstrating that the neuronal response in these individuals during a perceptual
task was ipsilateral. Furthermore, it was found that neural activation evoked by perception was weaker in AG
compared to CG*.

Results

Pupil size analysis

To test whether the pupil measure would distinguish between the AG and CG groups, the following analyses
were conducted.

To control pupil size we performed repeated measures ANOVA with a between-subject factor GROUP
(Aphantasia/Control) and within-subject SIZE (One/Four), LUMINANCE (Light/Dark), covariate as an age.
Dependent value was a mean difference score between imagery and baseline (mm). To test the assumption of
equality of variances, a Levene’s test was performed and the conditions were met. There was a main effect of the
GROUP F(1,17)=14.632; p=0.001; n* = 0.463 (Fig. 1). AG have a more strongly negative difference score (M
=-0.367 mm; SE=0.055 mm) than CG (M = —0.072 mm; SE=0.055 mm). Interaction between SIZE*GROUP
were also found F(1,17) =4.929; p=0.040; * = 0.225. The Bonferroni post-hoc test (p < 0.05) showed a difference
for the AG, between size-one (M = —0.467 mm; SE=0.078 mm) and size-four (M = —0.267 mm; SE=0.052 mm).

Next we assessed, if there is any significant difference in mean pupil size to perception stimuli. Again we
performed repeated measures ANOVA with a between-subject factor GROUP (Aphantasia/Control) and
within-subject SIZE (One/Four), LUMINANCE (Light/Dark) with covariate as an age. There was no main
effect of a GROUP F(1,17) =0.225; p=0.641 and no significant interactions between groups (Fig. 2). We have
observed a significant main effect of LUMINANCE (F(1,17) =4.965; p=0.040; n*> = 0.226. The Bonferroni post-
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Fig. 1. Comparison of changes in pupil size from baseline (mm) during imagining between the CG and AG in
the light/dark and one/four conditions.
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Fig. 2. Comparison of changes in pupil size from baseline (mm) during perception between the CG and AG in
the light/dark luminance and one/four size conditions.
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Fig. 3. Behavioral response. (A) Comparison of reaction time (ms) between aphantasia group and control
group for KMI and VMI. (B) Comparison of response correctness (%) between the aphantasia group and the
control group for KMI and VMI.

hoc test (p<0.001) showed stronger negative mean value of pupil-size during perception for dark stimuli (M =
-0.733 mm; SE =0.66 mm), than for light stimuli (M = —0.311 mm; SE=0.062 mm).

Behavioral performance

First, it was tested whether there were differences between the control and experimental groups in the accuracy
(coefficient from 0 to 1) on both the KMI and VMI tasks. An independent samples t-test showed no significant
differences between the groups in the correctness of the results for both KMI, t(18) =0.596; p=0.558 and VMI
(Fig. 3B), t(18) = —1.299; p=0.210.
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It was also tested whether there were differences between the control and experimental groups in reaction
times (seconds) in the KMI and VMI task. A t-test showed no significant differences between groups in reaction
time for KMI, t(18) = —0.070; p = 0.945 and for VMI (Fig. 3A), t(18) = -0.677; p=0.507.

EMG activity

An analysis of variance with repeated measures was performed to test whether the groups differed in terms
of muscle tone in the KMI and VMI tasks during imagery or grip squeeze with the right hand. No main
effect of GROUP was observed, F(1,18) =0.043; p=0.839. However, we have noted significant main effect of
CONDITION F(1,18)=170.651; p<0.001; n*> = 0.253; TASK F(1,18)=69.085; p<0.001; n*> = 0.159 and the
interaction between CONDITION*TASK F(1,18) =54.169; p<0.001; n> = 0.117. The post-hoc comparisons with
Bonferroni correction show significant difference between KMI (M =10.314; SE=1.583) (Fig. 4A) and VMI
conditions (Fig. 4B) (M =7.803; SE=1.324) during imagery t(1,18) =3.133; p=0.034.

fNIRS

Left middle frontal gyrus

A repeated ANOVA was conducted with a between-subject factor GROUP (Aphantasia/Control) and within-
subject factors IMAGERY (KMI/VMI) and CHANNEL (S9D7, S10D7, S10D9). There were no significant
main effects of the GROUP F(1,15)=0.214; p=0.650, IMAGERY F(1,15)=0.144; p=0.709 and CHANNEL
F(2,32)=0.767; p=0.473.

Right middle frontal gyrus

A repeated ANOVA was conducted with a between-subject factor GROUP (Aphantasia/Control) and within-
subject factors IMAGERY (KMI/VMI) and CHANNEL (S11D9, S11D8, S9D8). The main effect of the GROUP
was significant F(1,12)=5.537; p=0.037, n*> = 0.316 (Fig. 5). The post-hoc tests with Bonferroni correction
showed that the control group presented stronger activation of HbO in R-MFG (M =0.047 uM; SE=0.012
uM), than the aphantasia (M =0.009 pM; SE=0.010 uM) group. There were no significant main effects of the
IMAGERY F(1, 12)=1.260; p=0.284 and CHANNEL F(2, 24) =2.081; p=0.147.

Left motor cortex

A repeated ANOVA was conducted with a between-subject factor GROUP (Aphantasia/Control) and within-
subject factors IMAGERY (KMI/VMI) and CHANNEL (S1D1, S3D1, S5D1, S5D3, S7D1, S7D3). There were no
significant main effects of the GROUP F(1,8) =1.155; p=0.314, IMAGERY F(1, 8)=0.297; p=0.601; CHANNEL
F(5, 40) = 1.378; p=0.253.

Right motor cortex
A repeated ANOVA was conducted with a between-subject factor GROUP (Aphantasia/Control) and within-
subject factors IMAGERY (KMI/VMI) and CHANNEL (S2D2, $4D2, S6D2, S6D4, S8D2, S8D4). The main
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Fig. 4. EMG activity. (A) Comparison of the squeeze of the haptic interface handle and imaginary for the KMI
condition. (B) Comparison of perception visual motor imagery task and imagery for the VMI condition.
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Fig. 5. Comparison of relative changes in oxygenated hemoglobin concentration (uM) for R-MFG area
(S11D9, S11D8, S9D8) between aphantasia and control group.

APHANTASIA RMC HbO CONTROL RMC HbO

0.0902 0.0902
0.0644 £1 £ 2 0.0644
0.0367 el NS 0.0387
0.0129 b sl 18975 0.0129
00129 Y 00129

-0.0387 it & " : -0.0387

-0.0644 N B -0.0644

) : -0.0902

Fig. 6. Comparison of relative changes in oxygenated hemoglobin concentration for RMC area (S2D2, S4D2,
S6D2, S6D4, S8D2, S8D4) between aphantasia group and control group.

effect of the GROUP was significant F(1, 9)=7.834; p=0.021; n*> = 0.465 (Fig. 6). The control group showed
higher activation of HbO in RMC (M =0.061 uM; SE=0.009 uM) than Aphantasia (M =0.022 uM; SE=0.010
uM). Mauchlye’s sphericity test was violated for the CHANNEL within-subject factor W(1,14)=0.017; p=0.014;
e=0.763. Using the Huyn-Fieldt correction for sphericity, a statistically significant result was obtained F(5,
34.357) =3.134; p=0.028. The post-hoc test with Bonferroni correction showed higher activation of HbO in
$8D4 (M =0.050 uM; SE=0.010 pM) channel than S8D2 channel (M=0.016 uM; SE=0.007 pM).

Brain activity lateralization
Paired t-test was performed between HbO averages for averaged channels separately for two ROIs (middle frontal
gyrus and motor cortex) including L-MFG (S9D7, S10D7, S10D9) and R-MFG (S11D9, S11D8, S9D8) and
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LMC (S1D1, S3D1, S5D1, S5D3, S7D1, S7D3) and RMC (S2D2, S$4D2, S6D2, S6D4, S8D2, S8D4) to determine
lateralized responses per condition (KMI/VMI) separately for each group of individuals with aphantasia and
controls.

The paired t-test revealed a statistically significant effect (t(9) =2.370; p=0.042; d=0.22) between L-MFG
(M=0.016; SD=0.040) and R-MFG (M = -0.000; SD=0.036) in the aphantasia group when considering the
KMI condition. Activation of L-MFG was stronger than R-MFG. No significant effects were observed for the
VMI condition in the aphantasia group or for the control groups in the KMI and VMI conditions.

The results of the paired t-tests did not yield any statistically significant effects between the LMC and RMC
in either the individuals with aphantasia or in the control group, regardless of the experimental condition (KMI
or VMI).

Discussion

The primary purpose of this study was to determine differences in changes of HbO concentration between AG
and CG during the creation of kinesthetic (KMI) and visuo-motor (VMI) representations of movement. In the
motor imagery task, the HbO changes in four regions of the left and right middle frontal gyrus, as well as the left
and right motor cortex, were compared between two groups that consisted of 10 AG and the 10 CG. The present
study did not confirm all hypotheses but firstly it revealed significant differences between the groups in the
activation of the right middle frontal gyrus (R-MFG). AG demonstrated a smaller increase in HbO in R-MFG in
comparison to the CG. The R-MFG would be expected to control the reorientation from exogenous to endogenous
attention’!. Endogenous attentional control is associated with top-down processes, whereas exogenous control is
linked to bottom-up processes. The dorsal attention network (DAN) underlies endogenous attentional control®”
and the ventral attention network (VAN) (Chica et al., 2013) underlies exogenous control. The DAN is thought
to control stimulus-response selection, while the VAN is responsible for sending reorientation signals to the
dorsal network to interrupt ongoing processing and direct attention to the exogenous stimulus®®3°.

The Pearson et al.*’ perspective is based on the assumption that there is both ventral and dorsal visual imagery,
which are separate from each other. In AG, it is the dorsal pathway that is impaired and the ventral pathway that
is working. This explains why AG retains spatial imagery but cannot create sensory mental images. According
to our results we therefore suggest that AG do not so much have a damaged dorsal network resulting in a lack of
volitional visual imagery, but that AG may have a problem with switching between endogenous and exogenous
attentional control. Difficulties in attentional switching would include the task of KMI and VMI, which, despite
their distinct nature, evoke the same first-person perspective. However, research to date has mainly focused on
the endogenous component of attention and has not touched on the mechanism of reorientation in AG®.

We also showed that AG exhibit weaker HbO activation in the right motor cortex (RMC) area than CG.
Kinesthetic imagery elicits greater activation in sensorimotor regions contralateral to the movement performed?*!.
In contrast, visual-motor imagery evokes a less lateralized response due to its visual component in sensorimotor
regions, which in turn induces stronger activation in areas of visual cortex*>**. Given the observed effect in
our study, there is evidence to suggest that CG may have employed a cognitive strategy priming effect for the
both tasks. In the case of kinesthetic imagery, it can be postulated that the participants in this group may have
employed a visual strategy, which is attributable to a number of factors. Previous research has demonstrated
that closing and opening the eyes can modify activation patterns in both the KMI and VMI tasks within this
paradigm?. Additionally, access to visual stimuli may result in the use of a visual strategy due to its greater
accessibility. Secondly, the participants were not divided into groups based on whether they would perform the
KMI or VMI procedure. Such a procedure would assist in determining the potential impact of integrating the
strategies employed during these tasks. Therefore, the observed difference on the ipsilateral side between AG
and the CG for the movement performed may be indicative of either a more pronounced difference in activation
relative to the left motor cortex for AG, or the use of semantic or kinesthetic perspective in both a KMI and VMI
by AG. Accordingly, we conducted an additional examination of the lateralization of the four selected areas of
interest (LMC, RMC, L-MFG, R-MFG) in each of the two groups. The observed significant left lateralization of
the middle frontal gyrus (MFG) in the KMI task in AG lends support to the second interpretation of the result.
This stronger activation of the L-MFG may be related to semantic and linguistic processing44°.

The absence of observed behavioral differences between the groups further explains the utilization of
kinesthetic perspective in visual tasks by AG. It is intriguing to note that AG, who lack the capacity for sensory
mental imagery, demonstrated comparable performance on the VMI task to those with visual imagery. This
raises the question of the extent to which the tasks performed by the participants engage their imaginative
processes, as opposed to, for instance, memory processes, whereby the participant recalls an earlier imagination
rather than actively creating it anew. Furthermore, it is important to consider that AG reported deficits in both
internal and external visual motor imagery at the declarative level, as indicated by their responses on the MIQ-
3 questionnaire. Furthermore, AG did not indicate a reduction in self-report kinesthetic imagery with MIQ-3
questionnaire compared to the control group. This raises the question of how AG in our sample were able to
perform equally on the task as the CG, despite the fact that it forced the use of visual component imagery. Such a
possibility of using non-visual and sensorimotor strategies by AG was observed in visual working memory tasks,
where the participants similarly used their strategies as effectively as in our study*®.

In order to explain the relationship between the declarative difference in the MIQ-3 questionnaire and
VMI/KMI scores at the behavioral level, it is necessary to consider the following elements. The participants are
required to indicate on the MIQ-3 questionnaire the ease or difficulty with which they perceive or feel a given
stimulus. Despite having the scale as a reference point for their feelings or perceptions, adequately locating
them requires not only insight into one’s own bodily or imaginary experience, but also an adequate focus of
consciousness at the phenomenal level. It is essential that the participant be adequately trained to ensure the
accuracy and reliability of the results. In addition, the participant point of reference is his internal feelings, taken
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as an internal criterion. In contrast, the motor imagery task required participants to align their responses with
an external criterion, namely the comparison of imagined resistance or visual-motor stimuli. The distinction in
the evaluation criteria indicates that the two methods quantify motor imagery in disparate ways. Consequently,
individuals may exhibit variability in their level of evaluation or insight into their own motor imagery, which
may not be evident when comparing their motor imagery with an external criterion.

The analysis of changes in pupil dilation indicated that both AG and CG demonstrated pupil contraction in
response to perceptual brightness and dilation with effort. Moreover, AG exhibited a more pronounced pupil
contraction in response to imagery than CG. However, when comparing the results for the imagery condition, a
statistically significant interaction between size and group was observed only for AG. Additionally, no main effect
of luminance was observed for the CG in imagery condition. The results partially confirm that the paradigm can
help to identify AG even in smaller samples of participants (n=10).

Some of the limitations of these results should be presented. It should be noted that the Questionnaire on
Mental Imagery (QMI)?, which could have been used to identify potential subtypes of aphantasia® was not
included in the participant recruitment process. Furthermore, the participants were not asked to describe verbally
the cognitive strategies they employed in motor tasks. Including a qualitative component in future studies,
such as an in-depth or microphenomenological interview, would be beneficial to gain a more comprehensive
understanding of the cognitive processes involved. In addition, we were forced to not include the visual cortex
area in the analyses due to too many rejected channels. A further challenge is that the analyses were conducted
using a relatively small number of channels in the fNIRS, which may restrict the ability to interpret the observed
results.

Conclusion

The findings of our study provide insight into the KMI and VMI of AG and CG. In accordance with our hypothesis,
AG may exhibit a preference for the use of semantic or kinesthetic strategies in a KMI task. Furthermore, these
individuals also demonstrate the usage of these strategies in a VMI task, whereas CG in both the VMI and
KMI tasks seem to rely on visual strategies. We propose an interpretation of this result based on behavioral and
hemodynamic data. Moreover, we find the pupil measure from the Kay et al. experiment!! could be a valuable
objective tool for identifying group of AG. Our results also raise questions about the mechanism of endogenous
and exogenous attentional control AG as a potential source of the inability to create sensory mental images.
However, due to the limitations of the current research, further investigation is required to address these issues
in future.

Methods

Participants

Participants were recruited through online advertisement on social media. In addition, we used the “snowball
method”, asking the recruited AG to ask if anyone close to them also voluntarily does not experience mental
images. To test the hypotheses of IMAGERY * GROUP a priori interaction, we conducted power analyses using
Glimmpse 3.1.3 software?®. A statistical test with Greenhouse-Geisser correction was used due to the correction
for non-sphericity. We assumed equality of groups (1:1) and SD=0.048 for our dependent variable of relative
changes in oxygenated hemoglobin concentration based on other studies using fNIRS in the motor imagery
area®. The results indicate a minimum sample size of N=18 to observe the IMAGERY * GROUP interaction
(test power =0.825, alpha=0.05 two-tailed, LEAR correlation matrix). Out of a group of 26 qualified individuals
(13 AG; 13 CG matched), 20 individuals (10 AG; 10 CG matched) decided to participate in the study.

20 right-handed participants aged 18-46 years (M =26.1; SD=9.85) participated in the study. There were
10 participants in AG (age 19-46 years; M =26.2; SD =9.86) and the CG (age 19-46 years; M =26; SD=10.37).
The AG group was matched with CG participants in terms of gender, age, education and handedness. All of
the individuals performed the Edinburgh Handedness Inventory (EHI), which assesses hand dominance®,
the polish version of the Movement Imagery Questionnaire (MIQ-3)°! which allows to determine the level of
imagery ability and second polish version of Vividness of Visual Imagery Questionnaire (VVIQ-2PL) which
assesses the vividness of visual imagery®. Two people were rejected from the MIQ-3 questionnaire due to
incomplete responses. Furthermore, the fact that individuals with a history of neurological injury or medication
were excluded at the recruitment level suggests that the recruited individuals were characterized by congenital,
not acquired, aphantasia. These assumptions were validated through the process of asking participants during
the recruitment phase.

Written informed consent to participate was obtained from all participants who participated in the
experiment. AG were matched to the CG for age, education and handedness. All of the participants declared
beforehand that they were not taking any psychiatric medication and had no history of neurological injury. At
the end of the whole experiment, all of the participants were paid 100 PLN (around 23 euro). The study was
conducted in compliance with the Declaration of Helsinki approved by the Ethics Committee of the Institute
of Psychology at the John Paul II Catholic University of Lublin (NR: KEBN 28/2024 IP KUL, date 03.06.2024).

Questionnaire assesment
First, it was tested whether the groups differed in terms of lateralisation as measured by LQ score in the EHI. The
Mann-Whitney U-test showed no significant differences, U=42; p=0.533 for the CG (Me=100; SD=9.478) and
the AG (Me=95; SD=17.029).

To test whether the groups differed in the vividness of visual imagery, as measured by the VVIQ-2PL
questionnaire, an independent samples t-test was performed. Significant differences between the groups were
observed, t(18)=16.364; p<0.001; d=7.318 (Fig. 7B). Participants in the CG had a higher score (M =122.60;
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SD=13.459) than AG (M =40.90; SD=8.252). The maximum score that can be obtained in the VVIQ-2PL
is 160 points, while the minimum score is 32 points. In this study, a threshold of up to 64 points was used
for AG. This is because in the literature to date, researchers have used the first version of the Visual Imagery
Vividness Questionnaire VVIQ®, which has half as many statements, making the maximum possible score 80.
We decided to double the minimum value of 16 from the VVIQ questionnaire and adapt this value to the VVIQ-
2PL questionnaire as the qualifying threshold for the experimental group, in line with the findings of other
researchers®>>%,

It was also tested whether the two groups differed in kinesthetic imagery, external visual motor imagery
and internal motor imagery, as measured by the MIQ-3 questionnaire. A t-test for independent samples was
performed and significant differences were noted for internal motor imagery (IVI) (Fig. 7A), t(16) =4.368;
p<0.001; d=2.072. Those in the CG scored higher (M=5.850; SD=0.973) than AG (M =3.313; SD=1.487).
For external visual-motor imagery (EVI) (Fig. 7A), Levene’s test showed significant differences, F(16)=6.054;
p=0.026, indicating a violation of the assumption of equality of variance. Therefore, a t-test for heterogeneous
variances was performed, which showed significant differences between the groups, t(16)=3.561; p=0.003;
d=1.689. Individuals in the CG scored higher (M =5.800; SD =0.715) than AG (M =3.375; SD=2.013). Finally,
it was tested whether there were significant differences between the groups in KI (Fig. 7A). An independent
sample t-test showed no significant differences between the groups, t(16) =0.762; p=0.457.

Stimulus for pupillary response task

Allstimuli were designed according to the article!!. Thirty-two unique achromatic shape stimuli were constructed,
representing 32 trials for each participant. They were equally divided based on a 2 x2 factorial model, under
two luminance conditions (‘light’ or ‘dark’) and two set-size conditions (‘set-size-one’ or ‘set-size-four’). The
set-size-one consisted of an equilateral triangle whose diameter on the monitor was 131 mm at 12.5 degrees of
angle. These were used to construct set-size-four stimuli, which consisted of four smaller equilateral triangles.
The set-size-four stimuli had a visual angle of 10.8 degrees or 18.9 degrees, depending on the orientation. Each
stimulus was oriented at one of the angles 0, 90, 180, 270 to ensure that none of the stimuli were repeated for the
participant. The background on which the stimuli were presented was gray at 26 cd/m2.

Aparature

fNIRS

Relative changes in oxygenated (HbO) and deoxygenated (HbR) hemoglobin concentrations were measured
using a functional near-infrared spectroscope (Photon Cap, Cortivision sp. z.0.0, Poland) with continuous-
wave method. The sampling frequency was 5 Hz. The 26 channels were located within the International EEG
10 -5 system in the following areas: primary left motor cortex (LMC), primary right motor cortex (RMC), left
middle frontal gyrus (L-MFG), right middle frontal gyrus (R-MFG) and primary visual cortex (VC) (Fig. 8). The
primary visual cortex (VC) area was discarded due to the difficulty in obtaining a good signal quality. As a result,
the signal was analyzed from 22 channels.

Eye-tracking

The SMI RED500 sub-monitor eye-tracker (SensoMotoric Instruments GmbH) was used to measure pupil
response. The sampling frequency was set at 500 Hz. The experimental procedure was presented on a 22°
monitor with a screen resolution of 1680 x 1050 pixels. It was designed using E-Prime 3.0 software, and the
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Fig. 7. Questionnaire results. A. MIQ-3 scores for three subscales (KI, EVI, IVI) between the AG and the CG.
B. VVIQ scores between the AG and the CG.
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Fig. 8. Montage of emitters and detectors in the international EEG system 10— 5 was visualized using
Cortiview2 (Cortivision sp. z 0.0.). The colors correspond to the different areas: red - left middle frontal gyrus,
purple - right middle frontal gyrus, green - primary left motor cortex, blue - primary right motor cortex,
yellow - primary visual cortex. Note. Figure created in Canva Visual Suite 2.0 (https://www.canva.com/) by the
Robert Kwaséniak, July 2025.

participant sat 60 cm from the screen while giving responses on a keyboard. The Lights in the room were turned
off before the experiment began. The participant was then brought into the room and waited 5 min for pupil
adaptation to the light environment.

Haptic interface

A one-degree-of-freedom haptic interface was used to simulate kinesthetic stimuli and control motor imagery
perspective?®. The maximum torque was 55 N with two independent grips and a frequency of 1 kHz. The interface
had a built-in controller that allowed the rotation to be varied to simulate the force required to compress the
virtual spring. As a result, the more the participant squeezed the handle, the more torque was generated by the
motor. The stiffness of the spring was controlled throughout the experiment.
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Fig. 9. Experimental procedure. (A) Kinesthetic motor imagery task. (B) Visual-motor imagery task.

Electromyography

During the experimental procedure, electromyographic (EMG) measurements were taken to control for
unintentional hand movements. The signal was recorded using a Flex Comp Infinity device with two T3402
electrodes attached to the finger flexors.

Experimental procedure

Motor imagery task

The experimental procedure was designed in PsychoPy2 (version 1.82). Visual stimulus was presented at the
22” LCD monitor (Dell, Inc., Round Rock, TX, USA) with a screen resolution 1680 x 1050 pixels and refresh
rate 60 Hz. Monitor was settled up in a 80 cm distance from a participant. Experimental procedure was adapted
from Zapata et al.?%,. All participants performed both the kinesthetic motor imagery (KMI) and visual motor
imagery (VMI) task (Fig. 9). The KMI condition consisted of squeezing the haptic interface handles, while the
VMI consisted of observing a video in which the haptic interface handle was squeezed (detailed explanation
below). Each participant completed 32 trials (16 for the KMI/VMI conditions). These trials were presented in
random order. At the beginning of the study, the participant underwent a training procedure under the guidance
of an experimenter who explained the whole experiment. Before the start of the recording, the participant was
informed about the restriction of hand and body movements while imagining the seventh part of the experiment.
It was also reported that the electrodes attached to the forearms were designed to measure muscle tension to
ensure the participants followed the prescribed instructions.

The KMI task was divided into nine stages (see Fig. 9). In the first part, a hand symbol (500 ms) was
displayed, informing the participant that they should prepare to tighten the grip of the device. In the second
stage, the participant heard one of the sounds and then tightened the grip five times with their right hand. The
grip offered different levels of resistance. By this, the participant learned the feeling of resistance corresponding
to the sound. The command in the third stage corresponded to the first stage. In the fourth stage, the participant
heard another sound and squeezed the handle five times, learning the feeling of resistance corresponding to
the second sound. At the fifth stage, a white noise appeared, labelled in the procedure as a baseline. At this
point, the participant had to be in a state of relaxation. In stage six, one of the previously presented sounds was
emitted. This sound corresponds to the assigned resistance. In the seventh stage, the participant imagined the
resistance that accompanied the sound they had just heard. In the eighth step, the participant tightened the
control resistance five times. The sensation of movement could be the same as the one the participant had just
imagined or different. In the ninth stage, a question (‘Was the feeling during stage eight the same or different
from what you imagined during stage seven?’) and two answers (‘same’ or different’) appeared on the screen. The
participant was asked to select the correct answer by pressing the left or right button under the handles.

The VMI task was divided into nine parts. In the first part, an eye symbol was displayed (500 ms). This
informed the participant that the viewing task was about to begin. In the second stage, the participant listened to
one of the presented sounds and then watched a short video showing the movement of tightening the grip of the
haptic interface. The participant was asked to associate the presented sound with the resistance associated with
the observed grip. This activity was performed at different speeds, which the participant was asked to recognise.
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The third phase was the same as the first. In the fourth phase, the participant heard another sound and then
watched a short video, again showing the movement of squeezing the haptic interface. The participant did the
same, attributing the presented sound to the resistance associated with the observed clenching. In the fifth stage,
a white noise was presented, signaling the participant to relax. In the sixth step, one of the previously presented
sounds corresponding to the assigned resistance was emitted. In the seventh step, the participant imagined the
resistance associated with the sound just heard. In the eighth step, the participant watched the video again. The
observed movement could have been the same as or different from the previous movement. The ninth stage was
the same as the KMI task, except that this time the question was about the observed speed of the movement
rather than the kinesthetic sensation. The participant responded by pressing the left or right button under the
handles of the haptic interface.

Pupillary response task

Procedure was adapted from Kay et al.!’. Every trial has began with the presentation of a white fixation cross at
the center of a gray screen for 1 s. Next, either one or four triangles of varying brightness was presented at the
center of grey screen for 5 s. Participants were instructed to focus on the stimuli during this time and remember
it’s size, orientation and level of brightness. Consequently, a black screen with a cross of fixation was presented
for 8 s. It allows, after-image to be faded and pupils to dilate back to equivalent resting levels. Then the gray
screen was presented again for 6 s. Participant were instructed by single beep to start imaging the previously
observed image during that trial. At the end, participants report the vividness of their imagery, by using 1-4 scale
(1 being ‘not vivid at all - no shape appeared in imagery’; 4 being ‘very vivid - almost like seeing it") via keyboard.

FNIRS signal processing

Data pre-processing was carried out using CortiPrism v1.3 software (Cortivision sp. z o. 0., Poland, Lublin).
Signal was analysed from 22 channels from 3 regions of interest: middle frontal gyrus (MFG), left motor cortex
(LMC) and right motor cortex (RMC). First, the.snirf files were loaded with the raw data to the software. Then,
changes in the intensity of light for two wavelengths (760 nm and 850 nm) for each channel were converted for
optical density. Consequently, based on Scalp Coupling Index (SCI)> channels were rejected using threshold
0.7. After using SCI the number of channels allocated to each area is as follows: MFG (15 channels), LMC (12
channels), RMC (15 channels). In the next step, movement artifacts were corrected using temporal derivative
distribution repair (TDDR) function®®. Then, lowpass with a value of 0.2, was applied to remove the physiological
signal from respiration and the heartbeat. Then short channel correction based on changing the influence of
superficial layers of brain tissue was applied®’. Data were converted for relative changes of oxygenated and
deoxygenated hemoglobin using modified Beer-Lambert law (MBLL) taking into account a partial pathway
factor with a constant value of 6 for each participant™. At the end correlation based signal improvement (CBSI)
was used considering negative correlation between oxygenated and deoxygenated hemoglobin®®.

Subsequently, the data was exported for analysis using a simple averaging method with a window of 0 to 10 s
for imagery conditions. Next, statistical analysis was conducted using software such as JASP 0.19.0.0 and IBM
SPSS version 29 (IBM Corp. Released 2022). Visualizations were generated using scripts written in Python 3,
with the pandas®, matplotlib®!, seaborn®?, statannotations®, and os libraries.

Eye-tracking preprocessing

The data was exported using SMI eye-tracking software. Trials that contained less than 50% of the observations
were removed. Data were averaged for the experimental condition (Imagery or Perception). The pupil averages
during imaging were then corrected for baseline (pupil averages during imagery or perception were subtracted
from baseline®.

EMG preprocessing

The data were processed using a script written in MATLAB 2021b. The raw data were imported into EEGLAB
2022.0 software, after which conversion to root mean square was conducted. Thereafter, the signal was segmented
from 0 to 10 s. Subsequently, the average for each window of the experimental condition from 0 to 10 s was
counted. The signal was then analyzed in JASP 0.19.0.0 statistical software.

Data availability
The datasets generated during the current study are available in the OSF repository. https://osf.io/dk3mé/.
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