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Abstract
This study investigates the interrelationship between auditory pitch perception, spatial mapping, and affective evaluation 
in human cognition. We conducted three experiments to investigate the complex relationships between pitch height, spatial 
localization, and emotional valence. Experiment 1 (n = 63) revealed a non-linear relationship between pitch height and 
affective evaluation, with extremely high and low pitches receiving significantly less positive ratings than moderately high 
and low pitches. Experiment 2 (n = 70) demonstrated a strong and consistent spatial mapping of sounds along a vertical 
axis. As pitch height increased, sounds were systematically mapped from lower to higher spatial positions, supporting 
the idea of metaphorical mapping of pitch on the vertical dimension. Experiment 3 (n = 90) yielded inconclusive results 
regarding the separation of spatial associations in an implicit context. Collecting data from four countries enabled cross-
national comparisons of these phenomena. Our findings enhance understanding of both universal and country-specific 
aspects of cross-modal associations between sound and space. These insights have implications for uncovering the cogni-
tive mechanisms behind metaphorical mapping of sensory perceptions.
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was confirmed in a follow-up study by Trimble (1934; see 
also Roffler and Butler 1968; Bregman and Steiger 1980), 
who showed that participants tend to localize higher pitched 
sounds higher in space compared to lower pitched sounds.

Congruency effects have also been observed with more 
automatic tasks. In Bernstein and Edelstein’s (1971; see 
also Evans and Treisman 2010) study, participants were 
asked to respond to visual stimuli that could appear in the 
upper or lower part of the screen while hearing high- or low-
pitched sounds. Participants were faster when the position 
of the visual stimulus matched pitch height (high position—
high pitch/low position—low pitch) compared to when it 
mismatched (high position—low pitch/low position—high 

Mapping pitch on space

Vertical space

Pratt (1930) was the first to study how the perception of 
pitches differing in height could modulate spatial percep-
tion. In his pioneering study, he asked participants to locate 
on a vertical scale, going from the floor to the ceiling, the 
point of origin of various sounds. The sounds had different 
pitch heights and could originate randomly from five dif-
ferent locations on the vertical axis. The higher the pitch, 
the higher its point of origin was located on the scale. This 
cross-modal association between pitch and vertical space 
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pitch). Moreover, Melara and Marks (1990) have observed a 
similar congruency effect when the participants were asked 
to judge the meaning or the pitch’s height of the words 
“high” or “low” pronounced with a high- or low-pitched 
voice.

It has even been demonstrated that the spatial biases 
associated with pitch height can affect some aspects of 
everyday life activities (Parrott et al. 2015; but see Geron-
azzo et al. 2015). In their study, Parrott et al. (2015) dem-
onstrated that participants were faster at identifying graphs 
that represented positive or negative slopes while listening 
to ascending or descending tones, respectively, compared to 
the opposite. On a related note, Lemaitre et al. (2017; see 
also Küssner et al. 2014) observed that participants tended 
to make upward or downward movements when imitating 
sounds with a high or a low pitch, respectively.

Beyond spatial mapping, auditory pitch is a fundamental 
carrier of affective information (Juslin and Laukka 2003; 
Juslin and Sloboda 2010). Research in psychoacoustics and 
music cognition has consistently shown that pitch height 
correlates with emotional responses, though the relationship 
is complex (Gabrielsson and Lindström 2010). Generally, 
higher pitches are associated with emotions of high arousal 
and positive valence, such as happiness, excitement, or joy 
(Hevner 1937; Juslin and Laukka 2003). Conversely, lower 
pitches are often linked to emotions of low arousal and 
negative valence, such as sadness, seriousness, or solemnity 
(Gundlach 1935; Scherer and Oshinsky 1977). These asso-
ciations are prevalent in music, where composers often use 
pitch height to evoke specific emotional landscapes.1

However, this linear relationship is not absolute, as 
the affective response to pitch can be modulated by the 
interplay of other musical features like tempo and loud-
ness (Gabrielsson and Lindström 2010; Ilie and Thomp-
son 2006). More importantly, extreme pitches may break 
the simple “high = positive, low = negative” pattern. For 
instance, extremely high-pitched sounds can be perceived 
as piercing, alarming, or unpleasant (e.g., a shriek), while 
extremely low-pitched sounds can be experienced as omi-
nous or threatening (e.g., a growl) (Scherer and Oshinsky 

1   It is worth noting that the relationship between pitch and affect is 
also modulated by musical mode, which concerns pitch relationships 
within scales and keys. A substantial body of research has demon-
strated that the major mode is generally associated with happiness and 
positive affect, whereas the minor mode tends to evoke sadness and 
negative affect (Hevner 1935; Crowder 1984; Kastner and Crowder 
1990; Dalla Bella et al. 2001). These mode–emotion associations 
appear early in development and have been observed cross-culturally 
(Fritz et al. 2009). Since the present study employed isolated com-
plex tones rather than melodic or harmonic sequences, mode-related 
affective influences were not directly relevant to our stimuli. Never-
theless, the broader interplay between pitch height and mode in shap-
ing emotional responses underscores the multidimensional nature of 
pitch–affect correspondences.

1977). This suggests a potential non-linear or curvilinear 
relationship between pitch height and emotional valence, 
where sounds in the moderate ranges are perceived as more 
pleasant than those at the perceptual extremes. Our study 
aims to explore this nuanced relationship directly. By sys-
tematically evaluating the emotional valence across a wide 
spectrum of frequencies, Experiment 1 investigates whether 
affective ratings indeed follow this non-linear pattern, pro-
viding a crucial affective dimension to the primary investi-
gation of pitch-space mapping.

Horizontal space

In addition to the vertical mapping of pitch, Mudd (1963) 
discovered that the pitch height was also mapped horizon-
tally. In each trial, participants listened to two sounds that 
varied in pitch. They were asked to place a peg on a peg 
panel that would represent the position of the first sound 
(referent) and another peg that would represent the position 
of the second sound (target). When the pitch of the second 
sound was higher than the pitch of the first sound, the sec-
ond peg was placed higher and more to the right compared 
to the first peg. It was the opposite when the second sound 
was of a lower pitch compared to the first sound. Mudd 
(1963) concluded that the pitch height must be represented 
multidimensionally, over the vertical (low vs. high) and the 
lateral (left vs. right) axes.

Investigating this lateral representation of pitch, 
Nishimura and Yokosawa (2009) used a task similar to a 
Simon task. In their study, participants were asked to judge, 
with their left or right hand, the color of a stimulus while they 
were listening to a high- or low-pitched sound presented to 
the left or the right ear. Responses with the right hand were 
faster and more accurate when they heard a high-pitched 
sound compared to a low pitched-sound. It was the opposite 
when the response was with the left hand. In their experi-
ment, participants also responded to the color of a visual 
stimulus by pressing a left or right button while simultane-
ously hearing a high or low tone played to the left or right 
ear. The results showed two interesting phenomena: First, 
responses were faster when the tone came from the same 
side as the response (e.g., the tone in the right ear and the 
right button press). Second, regardless of which ear the tone 
was played into, high tones facilitated right-hand responses, 
whereas low tones facilitated left-hand responses. These 
findings show that even when participants were focused on 
the visual task, the auditory stimuli automatically activated 
the corresponding spatial associations, with high tones 
being mentally associated with the right hand and low tones 
with the left hand.
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Vertical vs. horizontal spaces for pitch height 
representation

Although evidence supports the representation of pitches 
along both the vertical and lateral axes, the strength of these 
representations appears to be unequal. Mudd (1963) was the 
first to notice that participants seem to prefer the vertical 
axis to represent pitch height. In his experiment described 
above, the second peg was placed farther from the refer-
ence peg on the vertical axis compared to the lateral axis. 
He concluded that the representation of pitch height on the 
vertical axis must be stronger than the representation on the 
lateral axis.

Rusconi et al. (2006) and Lidji et al. (2007) aimed to 
address this issue directly. They investigated the perfor-
mance of musician and non-musician participants com-
pleting a judgment task on auditory features of sounds that 
differed in pitch height. Participants made judgments by 
pressing one of two keys arranged either vertically or hori-
zontally. When the judgment task focused on pitch height 
(i.e., when pitch was task relevant), non-musician partici-
pants showed both horizontal (though only as a trend in 
Rusconi et al. 2006) and vertical congruency effects (i.e., 
faster and more accurate responses when high pitches cor-
responded to upper/right keys and low pitches to lower/
left keys). However, when the judgment task focused on 
the type of musical instrument that played the sound (i.e., 
when pitch was task irrelevant), non-musician participants 
showed a vertical congruency effect only (see also Evans 
and Treisman 2010; for similar results on the vertical axis 
only). Musicians, on the other hand, exhibited congruency 
effects on both axes, even when pitch was task irrelevant.

Lega et al. (2014) observed a similar pattern in a line 
bisection task. Musicians and non-musicians were asked 
to indicate the middle of rods that varied in length while 
simultaneously listening to low- or high-pitched sounds. 
During this task, participants had to make judgments about 
the sounds they heard, with pitch being either task-relevant 
(judging if the tone was high or low) or task-irrelevant 
(judging the timbre of the tone). A first finding was that only 
musicians showed a bias according to the lateral representa-
tion of pitch. Second, this bias was greater when the pitch 
was task relevant compared to when it was not.

Repp and Knoblich (2007) also demonstrated that only 
musicians could modulate pitch perception through manual 
actions on the lateral axis. Participants had to press keys 
arranged from left to right or right to left, mirroring the 
movements on a piano keyboard. While they were carry-
ing this action, an ascending or descending pitch was heard. 
Musicians tended to report a rising pitch more often when 
performing left-to-right actions than right-to-left actions, 
and conversely, reported a descending pitch more often when 

performing right-to-left actions than left-to-right actions. 
Repp and Knoblich (2007) concluded that the extensive 
training with a piano keyboard resulted in a mental mapping 
of the spatial coordinates of the notes corresponding to the 
different keys of the piano keyboard.

Therefore, it appears that the activation of the horizontal 
representation of pitch is less automatic than that of the verti-
cal representation. Even further, musical training appears to 
play a role in this activation process. Musical training might 
enhance the ability to perceive pitch in a more automatic 
way. In this case, a higher consciousness of pitch height in 
musicians would allow the activation of its horizontal map-
ping, as it is the case when pitch height is explicitly pro-
cessed by non-musicians. The habit of playing instruments 
where pitch rises from left to right, like for piano, might 
also contribute to the automatic activation of the horizontal 
representation of pitch (Repp and Knoblich 2007).

However, Nishimura and Yokosawa (2009) observed a 
congruency effect between pitch height and the horizontal 
space with non-musician participants, even though the pitch 
was irrelevant for the task. The authors hypothesized that it 
might be due to the fact that the school curriculum in Japan 
includes much more hours of musical training than in the 
other countries of the previous studies. However, to the best 
of our knowledge, there is no other study that replicated 
Nishimura and Yokosawa’s (2009) results and there is no 
study that directly addressed the difference between Japa-
nese participants with participants from another culture, 
where the musical training at school is not as intensive.

Recent research by Dolscheid et al. (2023) sheds light 
on the cross-cultural variability in the representation of 
pitch, particularly regarding the association between spa-
tial dimensions and auditory pitch. Dolscheid et al. (2023) 
investigated the developmental trajectory of linguistic and 
non-linguistic space-pitch associations in children who 
acquire languages with different pitch representations, such 
as Dutch (a height-pitch language) or Turkish (a thickness-
pitch language). Their findings revealed that thickness-pitch 
associations were stronger across tasks than height-pitch 
associations, even among Dutch-speaking children not 
exposed to thickness-pitch vocabulary. Moreover, Turkish-
speaking children exhibited reversed height-pitch asso-
ciations. These results suggest that while thickness-pitch 
associations are acquired similarly across cultures, height-
pitch associations are more susceptible to linguistic input. 
The study underscores the dynamic nature of space-pitch 
mappings and highlights the role of cross-cultural experi-
ences in shaping music cognition.

The origin of pitch-space cross-modal mapping has long 
been debated, with early theories proposing either struc-
tural factors within the cochlea or the influence of auditory 
habits (Pratt 1930; Trimble 1934). Presently, Spence (2011) 



1 3

Cognitive Processing

delineates three potential sources: structural, statistical, and 
semantic. Structural mechanisms posit innate cross-modal 
correspondences, while statistical and semantic mechanisms 
suggest learned associations influenced by multisensory 
experiences and language. Di Stefano (2022), on the other 
hand, proposes that the framework of the spatiality of sounds 
can be categorized into literal and metaphorical meanings. 
While literal spatiality refers to the external localization of 
a sound source in the physical environment, the metaphori-
cal use of space describes a perceptual, non-material “sound 
space” or “musical space” where auditory objects are placed 
and perceived to move (Di Stefano 2022). This metaphori-
cal mapping is rooted in a (pseudo)spatial phenomenology, 
where listeners consistently interpret the dynamic changes 
of acoustic features—such as pitch and loudness—as move-
ments (e.g., “ascending” or “descending” melodies) through 
a spatial continuum. Such crossmodal associations between 
auditory and spatial features—linking sound to dimensions 
like elevation, size, and distance—suggest that the spatial 
dimension is fundamental to auditory perception, even 
though sounds are traditionally defined primarily as tempo-
ral entities (Di Stefano 2022). Recent research on infants 
and individuals from diverse cultures supports the existence 
of a vertical pitch representation irrespective of linguistic 
terms (Dolscheid et al. 2014; Parkinson et al. 2012).

However, studies on native speakers of Catalan, Span-
ish, and Farsi suggest that language influences the strength 
of cross-modal congruency effects (Fernandez-Prieto et 
al. 2017; Dolscheid et al. 2013). Training with linguistic 
expressions akin to those used by other cultures can modify 
these effects (Dolscheid et al. 2013). This implies that while 
innate representations of pitch may exist, they are likely 
modulated by language habits or statistical correspondences.

Regarding the “left position—low pitch/right position—
high pitch” correspondence, the “octave illusion” effect sug-
gests a connection with participants’ handedness (Deutsch 
1974; Oehler and Reuter 2013). Structural and learned cor-
respondences, as well as musical training, may influence 
this association (Rusconi et al. 2006; Lidji et al. 2007; Casa-
santo 2009). Nonetheless, the exact mechanism remains 
elusive, and further research, particularly with left-handed 
participants, is warranted (Beecham et al. 2009).

Cognitive mechanisms of the pitch-space 
cross-modal mapping

It is interesting that some aspects of the pitch-space cross-
modal correspondence appear to depend on a learning pro-
cess, as various mechanisms have been proposed to explain 
how this works. Essentially, two contrasting views have 
been hypothesized, one based on the Mental metaphors 

theory (e.g., Beecham et al. 2009; Dolscheid and Casas-
anto 2015) and the other based the Polarity correspondence 
hypothesis (e.g., Cho et al. 2012). According to the Mental 
metaphors theory (Casasanto 2013; see also Santiago et al. 
2011), when a concept is correlating with another, a mental 
representation corresponding to this correlation would be 
created. The correlation between these concepts could be 
linguistic (e.g., using polysemous words or using language 
patterns such as speaking of a high pitch in terms of some-
thing that flies: “She sang perfectly all the high-flying notes 
of the Mozart’s Magic flute.”) or based on sensory-motor 
experiences (e.g., seeing or feeling the Adam’s apple going 
up and down when producing high and low pitch sounds, 
respectively). Each mental representation corresponding to 
a specific correlation would be independent from the other 
mental representations.

On a different note, the Polarity Correspondence Hypoth-
esis (Proctor and Cho 2006) suggests that each bipolar con-
cept (such as height: low and high) would have an unmarked 
(or positive) pole and a marked (or negative) pole. The 
unmarked pole would be the by default pole and could be 
used to refer to the entire dimension of the concept whereas 
the marked pole could be used to refer to its polarity only. 
As an example, if we compare someone who asks: “How 
high was that note?” or “How low was that note?” In the 
first example, there are no expectation on the response (the 
response could be from very low to very high), but in the 
second example there is a clear expectation towards a low 
note response because the low pole is the marked pole and 
it refers only to the lower dimension of height. The congru-
ency effects would arise between the pole values of each 
bipolar concept. The high pitch, high height and right lat-
erality would be the unmarked poles whereas the marked 
poles would be the low pitch, low height and left lateral-
ity. The congruency effects between different conceptual 
dimensions would be interdependent because they would 
rely on a unique mechanism that do not take into account 
the semantic referent of each concept, only their polarities.

In order to disentangle which of these two mechanisms 
can explain better the spatial representations of pitch, each 
participant was asked to carry out two tasks, one on the ver-
tical axis and another on the lateral axis. A cluster analysis 
allowed to test whether or not the participants who presented 
a greater crossmodal mapping on one axis also presented a 
greater congruency effect on the other axis. Such an effect 
would have favored the Polarity Correspondence Hypoth-
esis (Proctor and Cho 2006). On the opposite, the Mental 
metaphors theory (Casasanto 2013) was predicting that the 
congruency effects observed on the vertical and the lateral 
axes should be independent one from each other.

Recent neuroscientific investigations provide insights 
into the underlying neural mechanisms of these cross-modal 
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correspondences. McCormick et al. (2018) used functional 
magnetic resonance imaging to explore the neural basis of 
the pitch-elevation correspondence, finding involvement 
of multisensory attention mechanisms rather than semantic 
mediation or magnitude estimation. Complementing these 
neural findings, Parise et al. (2014) provided evidence for 
a statistical basis of the pitch–elevation correspondence, 
demonstrating that high-frequency sounds in natural audi-
tory environments tend to originate from elevated positions, 
and that this ecological regularity is reflected in the filtering 
properties of the human outer ear, thereby shaping spatial 
hearing. Furthermore, Chiou and Rich (2012) demonstrated 
how auditory pitch could induce shifts in spatial attention, 
suggesting that these mappings may occur at a late stage 
of voluntary attention orienting. Additionally, Küssner et al. 
(2014) highlighted the role of musical training in enhancing 
the consistency of these cross-modal mappings, suggest-
ing that experience and training of reading and writing in 
musical notation (the higher the pitch of notes, the higher 
they are positioned on the staff) could further refine these 
associations .

Beecham et al. (2009) and Dolscheid and Casasanto 
(2015) already showed some hints regarding the nature of 
this mechanism. Concretely, Beecham et al. (2009) used a 
within-participant design in order to compare the size of 
two different congruency effects: the “high position—high 
pitch/low position—low pitch” congruency effect and the 
“left position—low number/right position—high number” 
effect, also known as the SNARC effect (Dehaene et al. 
1993). Beecham et al. (2009) observed that the congruency 
effects were independent from each other. The congruency 
effects between the pitch and another concept were observed 
only with the height, not the other marked concepts. Despite 
these intriguing results, the relationship between horizontal 
and vertical representations of pitch has not yet been stud-
ied. Consequently, the Polarity Correspondence Hypothesis 
(Proctor and Cho 2006) cannot be ruled out for these two 

congruency effects, which is why we decided to address this 
issue directly in this paper.

Methods

Participants

A total of 225 participants were recruited via convenience 
sampling and took part in the three experiments (see 
Table 1). All of them reported normal or corrected-to-nor-
mal vision, and normal audition. Studies were conducted 
according to the Declaration of Helsinki principles (WMA 
2013) and received ethics approval from each participating 
country.

Experimental design and implementation

The three experiments employ distinct methodological 
approaches. Experiments 1 and 2 are direct crossmodal 
matching tasks: participants explicitly map auditory stimuli 
onto an affective dimension (Experiment 1) or a two-dimen-
sional spatial layout (Experiment 2), establishing whether 
and how consistent mappings emerge between pitch and 
another dimension. By design, these tasks do not measure 
crossmodal congruency effects in the interference-based 
sense used by Evans and Treisman (2010). Experiment 3, 
in contrast, employs a crossmodal congruency paradigm in 
which pitch is task-irrelevant and its concurrent influence 
on the speed of visual letter identification is assessed. We 
refer to Experiments 2 and 3 as the ‘explicit’ and ‘implicit’ 
tasks for convenience, reflecting the role of pitch in the par-
ticipant’s response; these labels are not intended as equiva-
lents of the ‘direct’ and ‘indirect’ test distinction used in the 
crossmodal congruency literature.

All experiments were conducted in psychological experi-
mental laboratories using Psychtoolbox via MATLAB v8.6. 
Instructions were presented in the native language of the 

Table 1  Distribution of the number of participants by country, age, gender and handedness
Experiment Country/Lab n Age Gender Handedness

Mean SD Female Male Left Right
1 Japan 20 20.35 1.18 9 11 1 19

Poland 23 22.65 5.94 13 10 1 22
Spain 20 25.60 7.14 9 11 1 19

2 Japan 20 23.35 3.34 12 8 4 16
Spain 30 21.13 2.43 18 12 3 27
Sweden 20 26.75 5.27 14 6 1 19

3 Japan 30 20.57 2.19 13 17 3 27
Spain 30 21.87 4.22 19 11 4 26
Sweden 32 26.84 5.49 23 9 1 31

For the first experiment, one-third of the data was collected in Poland. For the subsequent two experiments, we used Swedish data instead due 
to the unavailability of our Polish partner and the prohibitive cost of alternative local recruitment, whereas Sweden offered a more viable and 
cost-effective sample
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participants. The following are the specific procedures for 
each task.

Experiment 1—Sounds and mapping emotional space

Participants listened via headphones to six auditory stimuli 
in a randomized order that ranged from very low to very 
high frequency and rated the perceived emotional valence 
(degree of positivity or negativity) of each sound by moving 
a slider on a computer screen. Auditory stimuli consisted of 
complex tones with base frequencies of 40, 90, 202, 456, 
1026, and 2308 Hz. Each tone included two higher har-
monics: the first harmonic was one octave above the base 
frequency, and the second harmonic was a pure fifth above 
the first (−3 dB per harmonic). The base frequencies were 
approximately two pure fifths apart. This spacing was cho-
sen to create perceptually distinct pitch levels spanning a 
wide range of audible frequencies, thereby maximizing 

sensitivity to potential cross-modal mapping effects across 
the pitch continuum.2

The control sound was a 1-second pink noise with a 5 ms 
fade in/out, chosen for its equal energy distribution across 
octave bands. All sounds were created in Audacity and cali-
brated using ArtemiS software to ensure uniform dBA lev-
els. Each trial commenced with a visual prompt instructing 
participants to press the spacebar. Subsequently, the sound 
was presented, and then participants used a slider to indicate 
their valence rating (Fig. 1). At the end, the ratings for each 
sound were recorded.

Experiment 2—Explicit task

Participants also listened to the same six auditory stimuli, 
one at a time, from Experiment 1 via headphones while sit-
ting in front of a computer and positioning a triangle shape 
that represents the sound they heard within a two-dimen-
sional square box. The experiment began with six colored 

2   It should be noted that the term “pitch height” as used through-
out this manuscript refers to the continuous, monotonically increas-
ing dimension of pitch perception that corresponds to fundamental 
frequency, as distinguished from “pitch chroma”—the cyclical qual-
ity of pitch that repeats at octave intervals (Bachem 1950). While 
our stimulus spacing resulted in variations of both pitch height and 
pitch chroma, the cross-modal correspondences under investigation 
here (pitch–elevation, pitch–laterality) are theoretically grounded in 
the pitch height dimension rather than chroma. A spacing in octave 
intervals would have equalized chroma across stimuli but would have 
severely constrained the number of perceptually distinguishable pitch 
levels within the audible range. Finally, it is important to acknowledge 
that the stimuli were ‘flat’ relative to standard Western tuning.

Fig. 1  Sequence of events in 
Experiment 1
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boxes displayed at the top of the screen (Fig.  2). Partici-
pants were instructed to click on any box to hear a corre-
sponding sound, allowing them to listen to the sounds in any 
order they liked. Subsequently, they were required to drag 
a geometric figure of the same color as the clicked colour 
box into a designated square box located beneath the colour 
boxes. Participants had the option to re-listen to the sound 
and adjust the figure’s position. Finally, the Cartesian coor-
dinates of each geometric figure were recorded.

Experiment 3—Implicit task

This experiment required participants to quickly identify 
and respond to the letters ‘M’ or ‘W’ presented within a grid 
of horizontal and vertical lines (Fig. 3) on a computer screen. 
The target letters exhibited low contrast, closely resembling 
the screen gray background. Concurrently, one of six audi-
tory stimuli from Experiment 1 was presented. Each trial 
began with a fixation point, followed by the simultaneous 
presentation of the sound and letter, and concluded with a 
speeded key press indicating the letter identified (Fig.  3). 
The responses recorded were reaction time and frequency 
of correct responses.

Hypotheses

First, consistent with prior research (Rusconi et al. 2006; 
Lidji et al. 2007; Evans and Treisman 2010), a vertical 
crossmodal mapping of pitch (‘high pitch – high position / 
low pitch – low position’) should emerge both in the explicit 

spatial matching task (Experiment 2) and as a vertical con-
gruency effect on reaction times in the implicit task (Experi-
ment 3).

Second, a lateral crossmodal mapping of pitch (‘low 
pitch – left position / high pitch – right position’) should 
emerge in the explicit spatial matching task (Experiment 
2), whereas the corresponding lateral congruency effect on 
reaction times in the implicit task (Experiment 3) should be 
weaker or absent, consistent with Rusconi et al. (2006) and 
Lidji et al. (2007).

Third, the lateral pitch-space mapping should be modu-
lated by cross-national factors. Following Nishimura and 
Yokosawa (2009), the difference between the explicit task 
(Experiment 2) and the implicit task (Experiment 3) should 
be smaller in samples where metaphors describing pitch 
variation other than ‘high-low’ are more prevalent in the 
local language (Majid et al. 2018).

Fourth, based on Beecham et al. (2009) and Dolscheid 
and Casasanto (2015), we hypothesize that the crossmodal 
mappings between pitch and the vertical and horizontal 
spaces arise from a learning process involving the creation 
of independent mental representations. Consequently, the 
strength of the lateral pitch-space mapping at the individual 
participant level should be independent of the strength of 
the vertical pitch-space mapping.

Finally, Experiment 1 was exploratory in nature and 
tested whether pitch height maps onto emotional valence, 
and if so, whether this mapping is linear or departs from 
linearity at perceptual extremes (Gabrielsson and Lindström 
2010; Scherer and Oshinsky 1977).

Fig. 2  Sequence of events in 
Experiment 2. The illustration 
shows a mock trial in which the 
red box was clicked, the respective 
sound was produced, and then the 
red triangle was positioned within 
the square to be dragged onto it
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Data analysis

Multilevel linear models were employed for data analy-
sis using the lmerTest, lme4 and rstanarm packages in R. 
Although each experiment was analyzed with a distinct 
model, all models included the following fixed factors: (a) 
laboratory location (categorical variable with three levels), 
(b) handedness (categorical variable with two levels), (c) 
gender (categorical variable with two levels), and (d) age 
(discrete numeric variable). Participant ID was included as 
a random factor. The Wilkinson-Rogers notation (Wilkinson 
and Rogers 1973) describing the model in each experiment 
are presented below.

Experiment 1 (Model 1): Rating was modeled as a 
function of presented sounds, laboratory location, gender, 
age, and participant ID (random effect). Here, ‘rating’ rep-
resents the valence scale value selected by the participant 
(continuous variable ranging from − 200 to 200; here called 
‘v.rating’), ‘sounds’ represents the presented sounds (cate-
gorical variable with six levels), ‘lab’ represents the labora-
tory location, ‘gender’ and ‘age’ represent the participant’s 
gender and age, respectively, and ‘participant’ represents the 
participant ID.

v.rating ∼ sounds + lab + handedness
+ gender + age + (1|participant)� (1)

Experiment 2 (Models 2 and 3): The Cartesian coordinates 
of the shape representing the sound in ‘x’ (horizontal) and 

‘y’ (vertical) locations were modeled as a function of the 
same fixed factors as in Experiment 1, and with participant 
ID as a random effect.

x ∼ sounds + lab + handedness
+ gender + age + (1|participant)� (2)

y ∼ sounds + lab + handedness
+ gender + age + (1|participant)� (3)

Experiment 3 (Models 4 and 5): Reaction times for cor-
rect letter identification in vertical (‘RTv’) and horizontal 
(‘RTh’) positions were modeled as a function of letter posi-
tion (categorical variable with six levels), laboratory loca-
tion, gender, age, and participant ID. Here, ‘letter position’ 
represents the position of the letter on the screen. For this 
model, the main effects and the nteraction between letter 
position and sounds were evaluated.

RTv ∼ letter position ∗ sounds + lab + handedness
+ gender + age + (1|participant) � (4)

RTh ∼ letter position ∗ sounds + lab + handedness
+ gender + age + (1|participant) � (5)

We employed both frequentist and Bayesian modeling to 
provide a complementary assessment of our predictors, 
using p-values for long-term error control and Bayes Fac-
tors to quantify the relative evidence for our hypotheses 

Fig. 3  Sequence of events in 
Experiment 3. The illustration 
represents a mock trial wherein 
the letter W appears on the top 
uppermost location on the vertical 
axis of the screen for 800 ms. The 
trial terminates immediately if the 
participant responds before the 
stimulus offset; otherwise, a blank 
screen remains until a response is 
registered. The six vertical and six 
horizontal lines indicate where the 
letters could appear. These lines 
were not present during the task 
and are shown here for illustration 
purpose
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(Schubert et al. 2025). For this comparison, we used the 
lmer function (from the lme4 package) and the stan_lmer 
function (from the rstanarm package), respectively. In cases 
of congruent results, we chose the frequentist model for 
presentation (the Bayesian modelling is available in the R 
Supplementary Files). Furthermore, due to the unbalanced 
distribution of the handedness variable, we conducted a 
power analysis to determine whether it should be retained 
in the final model.

After identifying the best model according to these com-
parisons and power analysis, marginal and conditional R2 
values were computed using the r2_nakagawa command 
from the performance R package. The variance components 

of the random factors were then estimated using the gstudy 
command from the gtheory R package.

Prior to our analysis, tests for normality and homosce-
dasticity were conducted using the gvlma R package to 
verify that the data distributions satisfied the assumptions of 
the linear models. A significance level of p < 0.05 was used 
for all statistical tests. Appropriate pairwise comparisons 
followed by a Holm–Bonferroni correction were performed 
when needed.

Results

Experiment 1

The final model does not include the handedness variable, 
due to its low explainability power. Furthermore, as the 
data did not exhibit normal or homoscedastic distributions, 
a robust linear mixed model was employed (Koller 2016). 
After comparison with Bayesian models, the frequentist 
robust linear mixed models were selected to be presented 
as results. Table  2 presents the summary of this model 
for Experiment 1. Based on an intercept defined by the 
responses of participants from the Japanese lab who identi-
fied as left-handed women and were presented with a very 
low sound, it can be concluded that sounds in the middle 
of the spectrum were rated significantly more positive than 
the other sounds (Fig. 4). No other predictor demonstrated a 
significant difference compared to the intercept.

Table 2  Summary of the robust mixed linear model for valence ratings 
in Experiment 1

Estimate Std. error t value Significance level
(Intercept) −40.605 29.199 −1.391
Pitch low 40.076 16.998 2.359
Pitch slightly low 92.812 16.998 5.43 **
Pitch slightly high 103.935 16.998 6.118 **
Pitch high 10.540 16.998 0.620
Pitch very high −37.237 16.998 −2.191
Poland lab 19.730 15.909 1.240
Spain lab −1.445 17.313 −0.083
Gender male 4.323 13.235 0.326
Age −1.536 1.240 −1.238
Significant values based on the degree of freedom from the non-
robust version of the same linear mixed model, were used as refer-
ences to index statistical significance. Signif. codes: 0.001 ‘**’ 0.01 
‘*’

Fig. 4  Results from Experiment 1 in which the median rating assigned 
to each of the six sounds is shown (notches represent ~ 95% confidence 
intervals around the median). Out of the 15 pairwise comparisons, five 
were non-significant (adjusted p-value; see Supplementary Materi-
als for details). The more negative the median rating, the more nega-
tively the sound was perceived. A curvilinearity analysis confirmed 

the inverted U pattern in this analysis (see Supplementary Materials). 
A model incorporating an interaction between ‘sound’ and ‘lab,’ while 
controlling for additional factors, revealed that specific sounds were 
rated differently across countries. Nevertheless, the overall average 
rating for each sound remained consistent across countries, as depicted 
in the figure (see Supplementary Materials)
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Experiment 2

Similar to Experiment 1, the handedness variable was 
excluded from the model due to its limited explanatory 
power. Furthermore, due to the horizontal coordinate data 
(x-coordinate) not exhibiting normal or homoscedastic dis-
tributions, a robust linear mixed model was employed. In 
contrast, a linear mixed model adequately fits the vertical 
coordinate data (y-coordinate). After comparisons between 
the robust and frequentist linear mixed models for the hori-
zontal and vertical coordinates with their respective Bayes-
ian version models, the linear models were selected to be 
presented as results. The robust model for the horizontal 
data revealed no significant differences between any fac-
tors (see Supplementary Materials). Conversely, the vertical 
model demonstrated significant differences for both sound 
and laboratory variables (Table  3). Specifically, based on 
an intercept defined by the responses of participants from 
the Japanese lab who identified as left-handed women and 
were presented with a very low sound, all other sounds were 

positioned at a significantly higher y-coordinate (Figs. 5, 6). 
Furthermore, participants from the Sweden lab positioned 
all sounds at a significantly lower y-coordinate compared to 
the intercept (Fig. 6).

Experiment 3

For experiment 3, as in the previous experiments, the hand-
edness variable was not included in the model due to its 
low explainability power. Regarding the tests for normality 
and homoscedasticity, when participants correctly identified 
the letter presented in either the horizontal or vertical posi-
tion, none of the RTs showed a normal or homoscedastic 
distribution. Thus, robust linear mixed models were again 
employed to analyze the Experiment 3 data. Nevertheless, 
none of the robust linear mixed models identified differ-
ences between the RTs, the position of the letter and the 
height of the presented pitch (see Supplementary Materi-
als). Figures 7 and 8 show that the RTs increased with the 
distance from the center of the screen, the further away from 
the center, regardless of whether it appears in the vertical or 
horizontal position, the longer the RT. The type of sound did 
not have any relationship with the speed of identification of 
the target stimulus and their spatial location.

Table 3  Analysis of deviance table (type III Wald χ2 tests) for the fixed 
effects of the model of vertical data of Experiment 2

Chisq Df Df Pr(> Chisq)
(Intercept) 1.5121 1 0.2188
Sounds 149.8868 5 < 2e−16 ***
Laboratory 7.1656 2 0.0278*
Gender 0.3195 1 0.5719
Age 0.5481 1 0.4591

Fig. 5  Plot displays the median 
localization (± 95% Bootstrap 
Confidence Interval for each 
sound) of the sounds within the 
square box in Experiment 2. The 
x and y coordinates represent the 
location in which each sound was 
located, within a range of values 
from − 5 to 5. A model incorporat-
ing an interaction between ‘sound’ 
and ‘lab,’ while controlling for 
additional factors, revealed that 
specific sounds were positioned 
differently along the Y-axis across 
countries (this did not occur on the 
X-axis). Nevertheless, the overall 
average rating for each sound 
remained consistent across coun-
tries, as depicted in the figure (see 
Supplementary Materials)

 



1 3

Cognitive Processing

Fig. 7  Dot plots representing the 
reaction times (x-axis) for the ver-
tical task of Experiment 3 when the 
participants correctly identified the 
letter M or W presented at various 
vertical screen positions (y-axis). 
Error bars represent 95% CI

 

Fig. 6  Forest plot for estimated 
values from the linear mixed 
model for the vertical data of 
the Experiment 2. The vertical 
red line represents the intercept 
(the responses participants from 
the Japanese lab who identified 
as left-handed women and were 
presented with a very low sound = 
−1.48), and the dots and horizontal 
lines represent the estimation of the 
difference between the predictor 
levels and the intercept (blue dot 
whiskers represent estimates above 
the intercept, while red dot whis-
kers represent estimates below the 
intercept). The average localization 
of a very low sound was associ-
ated with a negative y-coordinate. 
Specifically, a low sound (0.48) 
was localized slightly higher on 
the y-axis compared to a very low 
sound, resulting in a coordinate of 
−1.004 (−1.48 + 0.48). Conversely, 
a very high sound (5.28) was 
localized at a positive coordinate 
of 3.80 (−1.48 + 5.28). Error bars 
consistently depict 95% CIs across 
these localizations
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Discussion

The primary aim of this study was to investigate the rela-
tionship between pitch height, spatial mapping, and affec-
tive evaluation across several countries. The results from 
Experiment 2 support established findings while also sug-
gesting new insights, particularly regarding cross-national 
differences and the independence of vertical and horizon-
tal mappings. By contrast, Experiment 1 revealed a new 
metaphor for describing pitch variation when an emotional 
dimension is included, displaying an inverted U pattern.

Across experiments, the vertical dimension emerged 
as the dominant axis for spatial representation of pitch 
height. In particular, the results of Experiment 2 clearly 
demonstrated that participants consistently localized 
higher-pitched sounds at higher spatial positions. The only 
exception is Swedish, where sounds are positioned slightly 
lower, confirming our third hypothesis, at least with regard 
to Experiment 2. This can be related to a specific charac-
teristic of Swedish speakers, who sometimes use different 
metaphors for pitch to those used in other languages (Dols-
cheid et al. 2020; Majid et al. 2018). For example, Swed-
ish describes high pitch as ‘ljus’ (light/bright) and low pitch 
as ‘mörk’ (dark). Furthermore, these results may have been 
influenced by the presence of participants with absolute 

pitch, who might not exhibit the behavioral patterns typi-
cally associated with pitch-variation metaphors (Spence and 
Di Stefano 2024).

The emergence of the vertical dimension confirms ear-
lier research (Pratt 1930; Trimble 1934; Rusconi et al. 2006) 
showing a robust tendency to perceive higher pitches as 
“higher” in space—at least for Experiment 2. In this sense, 
the consistency of this effect observed across laboratories 
supports the hypothesis that this type of mapping may have 
a structural or statistical basis (Spence 2011; Dolscheid et 
al. 2014; Parkinson et al. 2012), as it has also been observed 
in infants and in speakers of linguistically diverse back-
grounds. This notion also aligns with broader frameworks 
like A Theory of Magnitude (ATOM), which posits that a 
common neural metric underlies the perception of space 
and other quantities (Walsh 2003; Fabbri et al. 2012). This 
result partially confirms our first hypothesis. The vertical 
crossmodal mapping of pitch clearly emerged in the explicit 
spatial matching task (Experiment 2). However, no corre-
sponding vertical congruency effect on reaction times was 
observed in the implicit task (Experiment 3); we return to 
this discrepancy below.

An additional noteworthy finding comes from Experi-
ment 1, which revealed a non-linear relationship between 
pitch height and emotional valence: extremely high and 
extremely low tones were rated as significantly less positive 

Fig. 8  Dot plots representing the 
reaction (y-axis) times for the hori-
zontal task of Experiment 3 when 
the participants correctly identi-
fied the letter M or W presented at 
various horizontal screen positions 
(x-axis). Error bars represent 95% 
CI
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compared to moderately high or low tones. Specifically, the 
extremely low tones (40–90 Hz) may elicit a sensation of 
‘roughness’ or ‘beating.’ This occurs when the harmonics 
of simultaneous tones are insufficiently spaced, leading to 
waveform interference that the auditory system perceives 
as rough (Di Stefano and Spence 2022). Conversely, tones 
exceeding 2000 Hz are often characterized by ‘sharpness’ 
or a ‘hissing’ quality (Di Stefano and Spence 2022). Given 
that both roughness and sharpness are consistently corre-
lated with increased annoyance and perceived harshness, 
this suggests that perceptual extremes may be emotionally 
less pleasant, reinforcing the idea that pitch height is a cog-
nitively and affectively salient dimension.

In contrast to the clear confirmation of our first hypothe-
sis regarding the vertical dimension, the horizontal mapping 
of pitch proved inconsistent and weak, thereby contradict-
ing our second hypothesis. Experiment 2 revealed no sys-
tematic differences in the horizontal placement of tones, 
and Experiment 3 likewise showed no effect of pitch height 
on reaction times with respect to the horizontal position of 
the visual stimuli. These findings are consistent with previ-
ous studies (Rusconi et al. 2006; Lidji et al. 2007; Jaap and 
Rose 2024), which suggest that horizontal mapping is less 
automatic and likely more dependent on musical training or 
explicit attentional focus on pitch.

The null results from Experiment 3, however, war-
rant a deeper methodological consideration. This task was 
designed to capture implicit, automatic cross-modal map-
pings. While some studies (e.g., Evans and Treisman 2010; 
Parise and Spence 2012) suggest that these mappings are 
automatic and take place at the perceptual level, others 
indicate that they may be modulated by top-down factors, 
such as attention and cognitive load (Jaap and Rose 2024). 
The task required participants to identify low-contrast let-
ters (‘M’ or ‘W’), which places a higher demand on focal 
attention than the process described by Evans and Treisman 
(2010), who worked with geometric shapes rather than let-
ters, since the symbolic nature of letter identification may 
simply be too distant from the perceptual mapping of pitch 
to trigger an interference effect under stress.

The high cognitive load of this task could have overshad-
owed or suppressed the processing of the auditory stimuli, 
which were entirely irrelevant to the task’s objective. Sec-
ond, the complete lack of predictive value of the sounds for 
the letter’s position or identity might have led participants to 
actively filter them out as noise. For an implicit association 
to manifest, the irrelevant dimension (pitch) may need to be 
perceived as at least peripherally related to the task at hand, 
which was not the case here. Consequently, the absence of 
an effect in this specific paradigm does not definitively rule 
out the existence of an automatic horizontal mapping, but 

rather highlights the conditions under which it may not be 
observable.

A partial exception to this pattern can be found in the 
study by Nishimura and Yokosawa (2009), who observed 
a congruency effect between pitch height and horizontal 
space even among Japanese participants with no formal 
musical training. The authors attributed this finding to 
the comparatively intensive musical education provided 
in Japanese schools. This cultural difference was directly 
tested in our study through cross-national data collection. 
Although horizontal pitch-space mapping did not emerge in 
either Experiment 2 or the more automatic task of Experi-
ment 3, it should be noted that capturing subtle, country-
contingent effects may depend strongly on task type and 
methodological design. Further research is therefore war-
ranted to explore these cultural modulations in more depth. 
Understanding such group differences has become an area 
of growing interest within the study of cross-modal corre-
spondences (Spence 2022).

One of the central theoretical aims of this study was to 
compare two competing accounts of spatial-pitch map-
ping: the Mental Metaphor Theory (Casasanto 2013) and 
the Polarity Correspondence Hypothesis (Proctor and Cho 
2006). Our findings favor the Mental Metaphor Theory, 
which posits that different conceptual metaphors are rep-
resented independently. Specifically, no relationship was 
found between the magnitude of the crossmodal mappings 
on the vertical and horizontal axes, which did not confirm our 
fourth hypothesis. Experiment 2 offers evidence consistent 
with prior research by Beecham et al. (2009) and Dolscheid 
and Casasanto (2015). These studies similarly demonstrated 
the independent operation of various spatial-pitch corre-
spondences, such as pitch-height versus pitch-thickness or 
number-space mappings. Such independence lends support 
to recent views suggesting that different correspondences 
can have distinct origins—be they statistical, semantic, or 
affective—and thus do not necessarily rely on a single, uni-
fied mechanism (Motoki et al. 2023). These results do not 
support the integrative mechanism proposed by the Polarity 
Correspondence Hypothesis, which would predict a shared 
source of congruency effects across dimensions.

Constraints on generality

As Simons et al. (2017) suggest, no study is free from limi-
tations, and this study is no exception. First, although our 
sample included a relatively high number of left-handed 
participants, the role of handedness and lateralization in 
spatial-pitch associations remains unclear. This is espe-
cially relevant in light of the “octave illusion” (Deutsch 
1974; Oehler and Reuter 2013), which may interact with 
individual lateralization patterns. Although handedness 
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was included as a factor in all statistical models, it did not 
emerge as a significant predictor. Future studies with bal-
anced samples of left- and right-handed individuals could 
help clarify whether manual dominance systematically 
modulates crossmodal mappings.

A second and significant limitation is the absence of data 
on participants’ musical background and training. The intro-
duction repeatedly cites musical expertise as a key poten-
tial modulator of horizontal pitch-space mappings, a factor 
that could explain discrepancies in previous literature (e.g., 
Nishimura and Yokosawa 2009). By not assessing this vari-
able, we are unable to disentangle the potential effects of 
formal musical training from broader cultural influences. 
This omission weakens the interpretation of our cross-
national comparisons, as any observed differences (or lack 
thereof) could be confounded by varying levels of musi-
cal expertise within and between the sampled populations. 
Future research aiming to investigate cultural modulations 
of pitch mapping must incorporate a standardized measure 
of musical experience to control for this crucial variable.

A third limitation concerns the selection of auditory stim-
uli, which were ‘flat’ relative to standard Western tuning. 
This characteristic may also influence the generalizability of 
the findings, particularly regarding musically trained indi-
viduals who are accustomed to standard pitch categories.

Finally, for future research, it would be worthwhile to 
explore advanced regression techniques, such as those uti-
lizing copulas to model the dependence between the out-
comes. This could reveal interesting insights on how the 
association varies according to specific covariates. A pre-
liminary analysis with data from Experiment 1 employed 
distributional copula regression (Klein and Kneib 2016), a 
method we plan to investigate further in our future studies 
with regard to interpretation and model building.
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