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Many ancient cultures usedmusical tools for social and ritual procedures, with the Aztec skull whistle
being a unique exemplar from postclassic Mesoamerica. Skull whistles can produce softer hiss-like
but also aversive and scream-like sounds that were potentially meaningful either for sacrificial
practices, mythological symbolism, or intimidating warfare of the Aztecs. However, solid
psychoacoustic evidence for any theory is missing, especially how human listeners cognitively and
affectively respond to skull whistle sounds. Using psychoacoustic listening and classification
experiments, we show that skull whistle sounds are predominantly perceived as aversive and scary
and as having a hybrid natural-artificial origin. Skull whistle sounds attract mental attention
by affectivelymimickingother aversive and startling soundsproducedby nature and technology. They
were psychoacoustically classified as a hybridmix of being voice- and scream-like but also originating
from technical mechanisms. Using human neuroimaging, we furthermore found that skull whistle
sounds received a specific decoding of the affective significance in the neural auditory system of
human listeners, accompanied by higher-order auditory cognition and symbolic evaluations in fronto-
insular-parietal brain systems. Skull whistles thus seem unique sound tools with specific psycho-
affective effects on listeners, and Aztec communitiesmight have capitalized on the scary and scream-
like nature of skull whistles.

Various ancient sound tools andmusical instruments have been discovered
in archeological excavation sites throughout the world. Since Paleolithic
times, humans created sophisticated musical instruments to produce
sounds for various purposes ranging from imitating environmental and
animal sounds up to aesthetic and symbolic manifestations1. These ancient
musical instruments and tools often have specific natural and/or mytho-
logical associations in their cultural context, given their sound quality
(sound iconography) as well as their construction and visual appearance
(visual iconography).

We here experimentally investigated the archeological case of Aztec
skull whistles, which can be dated back to 1250–1521CE2,3. Skull whistles
are uniquely crafted and made from clay with an approximate size of
3–5 cm. They have a particular sound production mechanism, which
makes the Aztec skull whistles rather unique and unusual sound tools
compared to historical and contemporary music instruments (Fig. 1),
and they have not yet been classified according to the (revised)
Hornbostel-Sachs classification of musical instruments4,5. Their con-
figuration allows for the collision of various airstreams, which were
exclusively developed in prehispanic Mesoamerica6. Skull whistles
produce a specific non-linear and noisy sound (wind- or hiss-like sound)

that can have a shrill, piercing, and scream-like sound quality when
played with intensive air pressure2,7.

Skullwhistles havenot receivedmuchscientific attention so far2 despite
a very early reference to these instruments in the late 19th century8. How-
ever, such Aztec skull whistles are now frequently mentioned in popular
contexts and have received a lot of media attention lately, given their
potential spine-chilling sound similar to scary sound effects in horror
movies and human screams9. In such popular contexts, they are often
labeled as “death whistles”10, given a presumed but so far unsubstantiated
association with collective warfare by Aztec communities to scare enemies
(which we refer to as “warfare hypothesis”). We here use the more neutral
label of “skull whistles” for these Aztec instruments given their general
appearance as portraying ahumanormystical skull thatfigures as the sound
body of the whistle.

Only theories concerning the visual, acoustic, and contextual icono-
graphy of skull whistles exist so far, but there seems to be a multi-layered
symbolism according to the cultural andmythological codex of the Aztecs7.
This skull-like visual iconography might portray Mictlantecuhtli, the Aztec
Lord of the Underworld, and might provide a link to Aztec sacrificial cults.
The sound iconography reveals a possible association with Ehecatl, the

1Cognitive and Affective Neuroscience Unit, University of Zurich, Zurich, Switzerland. 2Department of Psychology, University of Oslo, Oslo, Norway.
e-mail: s.fruehholz@gmail.com

Communications Psychology |           (2024) 2:108 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s44271-024-00157-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44271-024-00157-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44271-024-00157-7&domain=pdf
http://orcid.org/0000-0002-6485-3817
http://orcid.org/0000-0002-6485-3817
http://orcid.org/0000-0002-6485-3817
http://orcid.org/0000-0002-6485-3817
http://orcid.org/0000-0002-6485-3817
http://orcid.org/0000-0002-0298-6294
http://orcid.org/0000-0002-0298-6294
http://orcid.org/0000-0002-0298-6294
http://orcid.org/0000-0002-0298-6294
http://orcid.org/0000-0002-0298-6294
http://orcid.org/0000-0002-7715-5858
http://orcid.org/0000-0002-7715-5858
http://orcid.org/0000-0002-7715-5858
http://orcid.org/0000-0002-7715-5858
http://orcid.org/0000-0002-7715-5858
mailto:s.fruehholz@gmail.com
www.nature.com/commspsychol


Aztec God of theWind, who traveled to the underworld to obtain the bones
of previous world ages to create humankind (which we refer to as the “deity
symbolism hypothesis”)2. Regarding the place and context of skull whistle
discoveries, often involving ritual burial siteswithhuman sacrifices, the skull
whistles might have had a ritual and ceremonial iconography for the
mythological descent into the Mictlan, the Aztec underworld, after sacrifi-
cial death. The fifth level of Mictlan is filled with deadly, razor-sharp, and
piercing winds2, which again points to its potential sound iconography
(which we refer to as the “ritual symbolism hypothesis”). For the latter, the
rich Aztec sound imitation tradition also seems relevant7, with many Aztec
instruments being designed to mimic environmental (wind, rain)7, animal
(bird call, snake hiss)11, or human sounds (screams)9, with many of such
instruments being used in ritual contexts11.

Thus, there is currently a diversity of potential archeoacoustic and
iconographic theories concerning the skull whistles, which mainly relate to
the acoustic and symbolic sound features of skull whistles. Experimentally
exploring the perceptual effects of skull whistles could help to assess the
psychoacoustic effects on human listeners as well as to discuss the potential
archeoacoustic and pragmatic use of skull whistles by Aztec communities
for affective (creating ritual wind-like atmospheres, scaring by scream-like
quality) and/or symbolic purposes (mythical piercing winds, hostile con-
ditions of the underworld). As for any human experimental study with a
historical perspective, direct experiments cannot be performedwith original
Aztec humans. We however performed experiments with naïve European
listeners from unbiased community samples. We specifically report data
from various analytical approaches to first assess the physical and acoustic
nature of skull whistles on the one hand, and second, we performed seven
different psychoacoustic and neuroscientific laboratory experiments to
assess the perceptual nature of skull whistles during their processing by
humans.

The data reported here would provide knowledge in two major per-
spectives. First, fromapsychoacoustic perspective,we assessed howmodern
humans respond to sounds produced by unique archeological artifacts that
represent important historical sound tools. Second, from an archeoacoustic
perspective and as outlined above, three major hypotheses exist so far
concerning the cultural and practical meaning of skull whistles (warfare
hypothesis, deity symbolism hypothesis, and ritual symbolism hypothesis).

Each hypothesis would likely predict differential effects of skull whistle
sounds on human listeners, and we here took a precise experimental
approach to obtain confirmatory evidence that is potentially in favor of
certain hypotheses.

Methods
Original skull whistles
Most of the known original Aztec skull whistles (SWOrig) are preserved in
archeological collections of museums and research laboratories around the
world. In this paper, we refer to two original skull whistles stored in INAH
facilities of the Tlatelolco archeological site, Mexico City, Mexico (Burial 7,
Elements 2 and 4; Inventory Nrs. 10-262662, 10-263074). Further skull
whistle artifacts are stored in the Ethnological Museum Berlin, Humboldt
Forum, Germany (Inventory Nrs. IV Ca 2621a; 2621m; 2621z; 2621x;
2621 v) (Fig. 1b). Some noise whistles forming part of the Aztec fire snake
incense ladles are stored in the Museo Nacional de Antropología and the
MuseodelTemploMayor,MexicoCity,Mexico (FindNr.V, InventoryNrs.
10-135830; 11-2883; 11-4004).

We obtained sound recordings (16 bit, 44.1 kHz) from the two
abovementioned skull whistles excavated by Salvador Guilliem Arroyo at
the temple precinct of Tlatelolco, Mexico City. From these recordings, we
extracted a total of 20 short sound files that were included in further ana-
lyses. We also obtained sound recordings of three noise whistles forming
part ofAztecfire snake incense ladles discovered byLeopoldoBatres in Find
No. V, which is an offering site of the temple precinct of Tenochtitlan. The
fire snake incense ladles have the same skull whistle construction at their
rear end, are played in the same way, and can produce the same sounds as
skull whistles. From these recordings, we extracted a total of 15 short sound
files from playing these exemplars.

To assess the outer and inner construction of all original skull whistles,
we acquired computer tomography (CT) scans for some of the exemplars
that are part of the collection of the Ethnological Museum in Berlin and
againwith the permission of the Berlin StateMuseums.High-resolutionCT
scans (Siemens CT Somaris, section resolution 0.160mm3) were obtained
for the exemplars with the inventory labels IV Ca 2621m and IV Ca 2621u
(Fig. 1c). TheCT scans enabledus to create high-quality 3Dobjects basedon
a digital surface reconstruction of the surface of the objects, and these CT

Fig. 1 | Original exemplars and replicas of Aztec skull whistles. aHuman sacrifice
with original skull whistle (small red box and enlarged rotated view in lower right)
discovered 1987–89 at the Ehecatl-Quetzalcoatl temple in Mexico City, Mexico
(burial 20; photo by Salvador Guillien Arroyo, Proyecto Tlatelolco 1987–2006,
INAH Mexico). b Three original skull whistle exemplars from the collection of the
Ethnological Museum in Berlin (Staatliche Mussen zu Berlin, Germany; photo by
Claudia Obrocki). c A computer-tomographically (CT) reconstructed cross-section
of the right exemplar in (b) (IV Ca 2621m) showing the four major compartments
((a) tubular airduct with constricted passage, (b) hemispherical counterpressure

chamber, (c) collision chamber located between a/b, (d) bell). d Replicas of original
skull whistles were built as a copy of original exemplars in shape and material.
Exemplars “Replica 2621z” and “Replica 2621v” (manufactured by Arnd Adje Both
and Osvaldo Padrón Pérez) as replicas of the original skull whistles with inventory
numbers IV Ca 2621z and IV Ca 2621 v as shown in (b). e Digitalization and 3D
reconstruction of the skull whistle replicas by using CT scans of the replicas. f 3D
models of an original skull whistle (Ethnological Museum IV Ca 2621u) and the
Replica 2621z demonstrate the airflowdynamics, construction similarity, and sound
generation process.
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scans allowed us to virtually explore the outer and inner architecture of the
original skull whistles.

Replica skull whistles
Experimental archeology has the purpose of re-creating archeologically
relevant objects to be able to perform scientific experiments with such
objects. Themanufacturing process of the object is equally important as the
experiments that can be performed afterward. Here we took two examples
(IV Ca 2621u, IV Ca 2621z; smb.museum/en/museums-institutions/eth-
nologisches-museum/home/) from the Ethnological Museum in Berlin as a
blueprint to rebuild the skull whistles as replicas (SW repl, referred to as
“Replica 2621u” and “Replica 2621z”) using clay material (Fig. 1d).We also
acquired high-resolution CT scans (Siemens CT SomatomDefinition AS+
scanner, section resolution 0.128mm3) of these two replicas and created
high-quality 3D objects from the replicas. This helped to confirm the
similarity between the original and the replica skull whistles.

The category of replica skull whistles that were used in this study also
included four skull whistles that were artisanal creations based on the
general description of skull whistles in the literature. These additional
artisanal skull whistles (SW art) were also made of clay and constructed
along the general principles of skull whistles including the four major
compartments. We thus used a total of six replica skull whistles, and we
asked n = 5 humans (3male and 2 female participants, mean age 31.60y, SD
7.92) to produce the typical sounds of the skull whistles using three different
levels of air pressure (SW low, SW med/medium, SW high) when playing
the skull whistles. This resulted in a total of 270 sound recordings (mono
16 bit, 44.1 kHz) from these replicas and artisanal skull whistles.

Careful handling only allowed us to record sounds from original
whistles as described above with a normal air pressure intensity, but sound
recordings from replica skull whistles were acquired with low (SW low),
medium (SW med), and high-intensity air pressure (SW high), as air
pressure intensity can produce different sound qualities. Obtaining sound
recordings with different air pressure levels ensured that the acoustic ana-
lysis was not biased towards a certain sound quality of the skull whistle.

Large dataset of sounds
To compare the original skull whistles and replica skull whistles against the
acoustic and perceptual profile of a large and diverse sample of human,
animal, nature, and technical sounds, we collected sounds from various
databases and our own recordings9,12–14. A broad collection of sounds was
taken from the ESC-50 library15, which is a labeled collection of environ-
mental audio recordings from many sound categories in the broad sound
classes of animal sounds (ANI), natural soundscape, and water sounds
(labeled as “NAT” sounds), human non-speech sounds (HUM), interior/
domestic sounds (INT), and exterior urban noises (EXT). The human
sounds were extended by neutral and emotional voice recordings from our
own databases of nonverbal12,14 and whispered vocalizations13, and with
short speech and speech-like utterances from established databases16.
Modern instrument sounds (INS) were taken from the Philharmonia
database17, and short neutral and emotional music sounds (MUS) were
again taken fromour owndatabase9.We also recorded sounds from ancient
Aztec instruments (e.g., ancient flute, incense pipe, trumpet; labeled as
“AZT” instruments) and more contemporary and popular Mexican flutes
(MEX) that produce sounds tomimic animal sounds (e.g., eagle, jaguar) and
human sounds (e.g., Llorona). These sounds were recorded in a steady state
and in a modulated manner. Finally, we collected synthetic sounds (SYN)
from freely available sound sources including electronic sounds produced
by technical devices (e.g., computer system start-up sounds, pinball
machines, printers). The full list of the 86 sound categories, including the
skull whistle sounds and all other sounds used in this study can be found in
Tab. S1. The total number of sounds was n = 2567 with a mono 16 bit
encoding and a 44.1 kHz sampling rate. Each sound file was cropped to
800ms and all sounds were normalized to have the same RMS. The final
sound pressure level was set to SPL 70 dBA for all sounds with a fade-in/out
of 15ms.

Acoustic analysis of sounds
Acoustic feature extraction. None of the studies reported in the fol-
lowing using experimental data collections and parametric data analysis
has been preregistered. To perform acoustic analyses of the sounds, we
extracted acoustic features with the openSMILE Toolbox18. The feature
configuration file applied (emobase2010.conf) extracted a total of 1582
acoustic features in the spectral and temporal domain including the
arithmetic mean as well as the first and second derivative for some of the
features19,20.

To quantify the amount of spectral and temporal information con-
tained in each sound file9,12, we also quantified the modulation power
spectrum (MPS) according to a previous description21 by using the MPS
toolbox for MATLAB (theunissen.berkeley.edu/Software.html). To obtain
anMPS for each sound, we first converted the amplitude waveform to a log
amplitude of its spectrogram obtained by using Gaussian windows and a
log-frequency axis. The MPS results from the amplitude squared as a
function of the Fourier pairs of the time (temporal modulation in Hz) and
frequency axis (spectral modulation in cycles/octave) of the spectrogram.
The low-pass filter boundaries of the modulation spectrum were set to
200Hz for the temporal modulation rate and to 12 cycles/octave for the
spectral modulation rate.

Modulation power spectrum (MPS). A statistical difference of the MPS
from the 4 skull whistle sound categories (SW orig, SW high, SW med,
SW low) compared with sounds from the other 9 major sound categories
(musmusic, nat nature, ani animal, hum human, int interior, ext exterior,
syn synthetic, mex mexican flutes, ins instruments) was tested using a
permutation approach (n = 2000) by shuffling category labels, resulting
in a log-transformed p-value map for the entire spectral and temporal
range of the MPS in terms of the difference between categories.

Representational similarity analysis (RSA). Based on the pattern of the
1582 acoustic features, we performed a presentational similarity analysis
(RSA) according to a procedure and code described previously22. The
RSA is based on a calculation of pairwise distances between pairs of
sounds across all sounds and all 1582 acoustic features. For the RSA
calculation, all acoustic features were z-transformed, and distance/
similarity was calculated as Pearson correlation between acoustic pat-
terns. This resulted in an acoustic similaritymatrix with values defined as
[1-correlation] and thus with a range of [0-2] for highest-to-lowest
similarity, or lowest-to-highest dissimilarity, respectively. This RSA
analysis was performed two times, first on all 2567 sounds for getting
similarity estimation across all sounds, and a second RSAwas performed
on the 305 skull whistle sounds only to estimate the similarity within
these sounds. The skull whistle sounds were divided in 20 categories,
including one category of original Aztec skull whistle sounds (orig whis),
one category of Aztec fire snake incense ladles (orig snake), two replica
skull whistle categories (rep1, rep2), and four artisanal skull whistle
sounds (art1, art2, art3, art4).

Hierarchical clustering analysis (HCA). We additionally performed a
hierarchical clustering analysis (HCA) to generate dendrograms of how
sound categories cluster together based on their acoustic patterns. For
this, we calculated the Euclidean distance between sounds based on their
z-transformed values of acoustic features, and the linkage in clusters was
determined as the weighted average distance. Nodes were grouped with a
linkage cluster threshold of c < 2.0.

Perceptual assessment and ratings of sounds
Dimensional ratings. All 2567 sounds were subjected to a perceptual
rating analysis by n = 70 human listeners (27 male and 43 female parti-
cipants, mean age 25.01 y, SD 4.55). Across all studies reported here, the
adjectives female/male refer to sex (not gender), and the participants
provided the information via self-report. All participants in the studies
described were recruited by public announcements and volunteered to
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participate. Participants were reimbursed with CHF 15 per hour or with
course credits for their participation. Participants gave informed and
written consent for their participation following the ethical and data
security guidelines of the University of Zürich (Switzerland). All
experiments were approved by the cantonal ethics committee of the Swiss
canton of Zürich (#2017-01086).

Since a perpetual rating of all sounds by one listener would have been
extremely time-consuming and exhausting, each listener only rated a ran-
dom selection of n = 221–433 sounds. Listeners were asked to rate each
sound along four different dimensions on a visual analog scale setup using
10-point Likert scales. Ratings were done on the arousal level elicited by the
sounds (0 not arousing at all, 10 highly arousing), the urgency to respond to
the sounds (0 no urgency at all, 10 high urgency), the naturalness of sounds
(0 not natural at all, 10 highly natural), and the valence of sounds (−5 highly
negative, 0 neutral, 5 highly positive).

Ratings were obtained and summarized for the 4 skull whistle sound
categories (SW orig, SW low, SWmed, SWhigh) and for the 9 categories of
other sounds (human, animal, nature, exterior, interior, music, instrument,
Mexican, synthetic). Each sound was rated ten times by a random selection
of tenoutof the 70participants.Themeanof these ten ratingswas calculated
and plotted in the 4-dimensional space of ratings. Additionally, we calcu-
lated the distribution of ratings across all participants for the 13 sound
categories. These distributions were used to calculate inter-rater con-
sistencies (intraclass correlation coefficient, ICC) and we calculated the
statistical differences in ratings across the sound categories using by fitting a
linear mixed model (LME) to the data:

rating � 1 þ category þ ð1nparticipantÞ ð1Þ

with the “rating” being each of the 4 rating scales separately, “category”
being the 13 sound categories as afixed effect, and “participant” as a random
effect factor.

Representational similarity analysis. Based on the pattern of the 4
perceptual rating scales, we performed a presentational similarity ana-
lysis (RSA) similar to the pattern of acoustic features (see above). This
RSA analysis was again performed two times, first on all 2567 sounds for
getting similarity estimation across all sounds, and a second RSA was
performed on the 305 skull whistle sounds only to estimate the similarity
within these sounds. We again also performed a hierarchical clustering
analysis (HCA) to generate dendrograms of how sound categories cluster
together based on their perceptual ratings and the nodes were grouped
with a linkage cluster threshold of c < 2.0.

Free choice labeling and categorical classification of sounds
Free choice labeling. To obtain an unbiased estimate about how human
listeners would label skull whistle sounds and sounds of the other sound
categories, we performed a free choice labeling experiment with n = 40
human listeners (15 male and 25 female participants, mean age 24.60 y,
SD3.43; all native English speakers).Wepresented a balanced selection of
200 out of the total 2567 sounds to each participant; this selection was
necessary to ensure that we could obtain labels from each participant
within a reasonable duration of the experiment.We selected sounds from
the major sound categories including 8 SW orig, 8 SW high, 8 SWmed, 8
SW low sounds as well as 32 nature (8 thunder, 8 fire/wood cracking, 8
water, 8 wind sounds), 32 animal (8 bird, 8 reptile, 8 monkey, 8 other
mammal sounds), 32 human (8 baby cries, 8 whispers, 8 affective voice, 8
vowel/syllable), 8 interior, 16 exterior (8 engine, 4 horn, 4 chainsaw),
8 synthetic/music, 8 Mexican flute, 24 instrument (8 brass, 8 string, 8
wood instrument sounds), and 8 white/pink noise sounds. We asked
human listeners to provide two types of written labels in English for each
of these sounds: first, participants were asked to provide a single sub-
stantive label (referred to as sounds “Labels”) for each sound that would
best describe the object, mechanisms, or process that most likely pro-
duced the sound; second, participants were asked to provide a single

adjective (referred to as “Adjectives”) for each sound that would best
describe the affective nature and human reaction to the sound.

Raw labels for each participant and each sound were pre-processed
before any statistical analysis. This pre-processing followed several rules to
make labels more consistent and unified for proper statistical handling23:
white space, special characters, andnumberswere removed;misspellingwas
corrected where unambiguous (otherwise replaced with “unidentified”
label); plural was converted to singular; generic names were removed (e.g.,
“sounds”, “emotion”) and replacedwith the “unidentified” label; synonyms
were unified usingMicrosoft’s synonym checker; andwords were unified to
the most common word stem. In the first step of the analysis, we quantified
the relative occurrence of labels for each sound calculated as the total
number of occurrences multiplied by the percentage of participants that
used this label; the resulting numberswere divided by 100 for better plotting
and representation of the data. We used a binomial test (p < 0.05, FDR
corrected) todetermine if the relative occurrencenumberswere significantly
greater than would be expected by chance given the probability of labels/
adjectives.

In the second step of the analysis, we aimed to reduce the diverse
number of labels given during the free choice labeling task to a low and
consistent number of labels that would represent more general sound and
affective categories. We therefore presented all labels and adjectives to a
group of 7 independent human raters (3 male and 4 female participants,
mean age 33.57 y, SD 7.25; all native English speakers), and asked them to
assign the original substantive labels to one of 9 general sound categories
(human, animal, nature, exterior, interior, music, instrument, synthetic,
unknown), and to assign the adjective to one of 10 emotional labels (anger,
disgust, fear, anticipation, joy, sadness, surprise, trust, neutral, unknown)
according to the emotion classification scheme proposed by Robert
Plutchik24. Based on the categorical re-labeling of the original substantive
labels and adjectives, we again determined the relative occurrence of these
new labels the sameway as was done for the original labels.We again used a
binomial test (p < 0.05, FDR corrected) to determine if the relative occur-
rence numbers of labels/adjectives were significantly greater than would be
expected by chance given the probability of labels/adjectives.

Based on these re-labeled data, we also performed a Correspondence
Analysis (CA) to estimate the principal dimension that could represent data
on amore general level. First, we usedPearson’sChi-squared test to evaluate
the level of dependency of row (sounds) and column elements (labels,
adjectives) of the data matrix. Second, after performing the CA analysis, we
retained 3dimensions for the substantive labels (explained variance 61.31%)
and 3 dimensions for the adjectives (explained variance 69.39%) to obtain a
3-dimensional representation of all sounds in a sound category and a sound
affective space, respectively.

Forcedchoice soundclassification (3-alternative forcedchoice, 3AFC).
To assess how humans classify skull whistle and other sounds into three
major sound categories as a basic process of sound processing and classifi-
cation, we presented a selection of 72 sounds to human listeners in two
separate experiments with separate samples of human participants. In the
first experiment with 76 participants (24 male and 52 female participants,
mean age 24.17 y, SD 4.46; four out of the original 79 datasets were not
included because of non-recorded responses due to technical response device
errors),we included sounds from6 soundcategories consistingof 12SWorig,
12 animal, 12 nature, 12 exterior/interior, 12 human, and 12 music sounds.
These soundswerepresented twice in randomorder, resulting ina total of 144
trials. Using three buttons on a keyboard, participants listened to each sound
and classified it afterward as belonging to one of three categories (animated,
technical, environment). The category “animated” sound had to be chosen if
participants believed that the sound was produced by a living organism, the
category “technical” sound had to be chosen if the sound originated from a
technical device or process, and the category “environment”had to be chosen
if the sound originated from a non-living environmental object or process.
Thenext trial started1 s after a categoryhadbeenchosen for the current trials.
The second experiment was the same as the first experiment, but instead of
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SW orig sounds we presented SW repl sounds here. A different sample of 58
participants took part in the second experiment (17 male and 41 female
participants,mean age 25.60 y, SD6.29; 3 of 61 datasets couldnot be included
again due to technical response device errors). Data for the two experiments
were analyzed separately, and classification data were entered into a repeated
measures analysis of variancewith thewithin-subject factors sounds category
(6 levels) and classification category (3 levels).

Dichotic listening experiment. Sounds can have differentmeanings and
affective importance for human listeners. The more meaningful and
effectively engaging sounds are the more they attract attention and dis-
tract from other ongoing tasks. We tested the meaningfulness and
importance of skull whistle and other sounds using a dichotic listening
experiment. We again performed two different experiments here
including the same 72 sounds as described in the section above, but also
including two additional categories of noise sounds (pink noise) and
silent trials (no sounds presented on the unattended ear, see below) as
baseline conditions. In the first experiment, 47 human listeners (13 male
and 34 female participants, mean age 23.91 y, SD 4.21) listened to sounds
from original skull whistles and other sounds that were presented on one
ear, while one of two simple sine wave tones was presented on the other
ear. The two sine wave tones were a 350 Hz (low tone) and a 370 Hz sine
wave tone (high tone). Participants were asked to attend to the ear where
these tones were presented and decide if the tone was “high” or “low”
using two buttons and their right-hand index andmiddlefinger. The skull
whistle and other sounds were presented on the unattended ear, and each
of these sounds was presented two times on the left (1 trial with low tone,
1 trial with high tone) and two times on the right ear (1 trial with low tone,
1 trial with high tone). There was a total of 384 trials split across two runs.
The first run was preceded by 16 training trials to familiarize participants
with the task and the high/low tone.Within each run, there were 8 blocks
of 24 trials with the attended ear and tone discrimination task switching
with every block. Button assignment and laterality of thefirst attended ear
were counter-balanced across participants. The second experiment
included an independent sample of 47 human listeners (14 male and 33
female participants, mean age 25.02 y, SD 3.91), with the only difference
being that we presented SW repl sounds instead of the SW orig sounds.
Data for the two experiments were analyzed separately, and reaction time
and classification data were entered into a repeated measures analysis of
variance with the within-subject factors sounds category (8 levels) and
attended ear (2 levels).

Neural decoding of skull whistle sounds
Experimental setup. The experiment included 32 human participants
(14 male and 18 female participants, mean age 26.00 y, SD 5.47). All
participants had normal hearing and normal or corrected-to-normal
vision. Exclusion criteria were hearing and visual impairments as well as
psychiatric or neurological disorders in life history. Participants were
invited to take part in a functional magnetic resonance imaging experi-
ment (fMRI) to quantify brain activity during the processing of skull
whistle and other sounds.

This experiment included the same200 sounds that aredescribed in the
section for the free choice labeling experiment (see above). The experiment
consisted of 4 different runs, and each run presented all 200 sounds in
randomorder as single trials. Each run also contained a random selection of
20 trials, in which sounds of the previous trial were repeated. The partici-
pants’ taskwas todetect these sound repetitions and indicate thedetectionof
a repeated sound by a button press with their right indexfinger. Participants
were asked to listen attentively to the sounds, and the sound repetition task
ensured that participants kept an attentive listening state.All repetition trials
were excluded from all further analyses.

Brain data acquisition and pre-processing. Structural and functional
brain data were recorded on a 3 T Philips Ingenia MR scanner by using a
standard 32-channel head coil. A high-resolution structural image was

acquired by using a T1-weighted scan (301 contiguous 1.2 mm slices,
repetition time [TR]/echo time [TE] = 1.96 s/3.71 ms, field of view
[FOV] = 256 mm, in-plane resolution 1 × 1 mm2). Functional whole-
brain images were recorded by using a T2*-weighted echo-planar pulse
imaging (EPI) sequence (TR 1.6 s, TE 30 ms, flip angle [FA] 82°; in-plane
resolution 220 × 114.2 mm, voxel size 2.75 × 2.75 × 3.5 mm3; slice gap
0.6 mm) covering the whole brain.

Pre-processing and statistical analyses of functional images were
performed using the Statistical Parametric Mapping software (SPM12,
fil.ion.ucl.ac.uk/spm). Functional data were first manually realigned to the
AC-PC axis, and functional images were then motion-corrected using a
6-parameter rigid-body transformation with realignment to the mean
functional image. This was followed by a slice time correction of the slices
acquiredwithin abrain volume.Eachparticipant’s anatomicalT1 imagewas
then co-registered to the mean functional brain image, followed by a seg-
mentation of the T1 image for estimating normalization parameters using a
geodesic shooting and Gauss-Newton optimization approach25 for trans-
formations into the standard space. Based on the estimated parameters, the
anatomical and functional images were then normalized to the Montreal
Neurological Institute (MNI) stereotactic space. Functional images were re-
sampled into an isotropic 2mm3 voxel size during the normalization pro-
cedure. All functional images were spatially smoothed with an 8mm full-
width half-maximum (FWHM) isotropic Gaussian kernel.

GLM functional brain data analysis. Functional brain data were then
entered into a fixed-effects single-subject analysis, with a general linear
model (GLM) designmatrix containing 26 separate regressors for each of
the 25 sound categories plus an additional regressor for all repetition
trials. The 25 sound categories consisted of 4 skull whistle categories (SW
orig, SW high, SWmed, SW low), 4 human sound categories (nonverbal
vocalizations, baby cries, vowel/syllable, whisper), 4 animal sound cate-
gories (monkeys, other mammals, snakes, birds), 4 categories for tech-
nical/synthetic sounds (alarm sounds, tools, vehicles/engines, synthetic),
4 categories for nature and environment sounds (wind, thunder, fire/
cracking wood, water), 4 categories of instrument sounds (Mexican
flutes, brass, wood, string), and one category of white/pink noise sounds.
Each sound category contained 8 individual sounds. All sound trials were
modeledwith a stick function aligned to the onset of each stimulus, which
was then convolved with a standard hemodynamic response function
(HRF). The designmatrix also included sixmotion correction parameters
as regressors of no interest to account for signal artifacts due to head
motion. Contrast images for each of the 25 main sound categories and
from each participant were then taken to several separate random-effects
factorial group-level analyses. Different directional contrasts on the
group-level were performed between conditions and were thresholded at
a combined voxel threshold of p < 0.05 (FWE corrected) and a cluster
extent threshold of k = 10.

Functional brain connectivity analysis. We used the Connectivity
Toolbox (CONN toolbox)26 to perform functional connectivity analyses
following a standard procedure for functional brain data analysis. We
computed seed-to-voxel analysis based on 10 regions of interest (ROI).
The ROIs included three right-hemispheric frontal regions originating
from the [SW > other sounds] contrast (MFC, MFG, INS) and an addi-
tional parietal region in IPS. The ROIs also included six bilateral regions
in the auditory cortex (PTe, PPo, ST) resulting from the [Other
sounds > SW] contrast. From all ten ROIs we extracted the time series of
data in a 3 mm square around the peak voxel coordinate. From the time
series data, spurious sources of noise were estimated and removed by
using an automated denoising procedure, and the residual BOLD time
series was band-pass filtered in the range 0.008–0.09 Hz to minimize the
influence of physiological, head-motion, and other noise sources.

We performed a generalized psycho-physiological interaction (gPPI)
analysis, computing the interaction between the seed BOLD time series and
a condition-specific factor when predicting each voxel BOLD time series. In
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contrast to standard PPI, gPPI allows the inclusion of the interaction factor
of all task conditions simultaneously in the estimation model to better
account for between-condition effects and influences. We included all 24
original sound conditions in a single gPPI model based on a bivariate cor-
relation approach between seed and target regions. For the group-level
analysis, we specified seed-to-voxel analysis for the right fronto-parietal
seeds regions during the task conditions including the four skull whistle
sounds. Two further seed-to-voxel analyseswere set up for the left and right
AC seed regions separately including the task conditions of all other
20 sound categories. The significance threshold was set to a voxel-level
threshold of p = 0.005 combined with an FWE-corrected cluster-level
threshold of p = 0.05.

MVPA and RSA analysis. To identify brain regions that encode the
acoustic and perceptual similarity/difference of skull whistle sounds to
the sounds of the other categories, we correlated the results of an RSA
analysis of the sounds used in this experiment with a voxel-wise indicator
of functional brain activity differences between the sound categories. This
analysis procedure included several steps.

In thefirst step,we repeated theRSAanalysis as described above for the
acoustical features of sounds (1582 acoustic features) and the perceptual
rating pattern (4 rating scales), but we performed the analysis here only on
the 200 sounds that have beenused in this experiment. This resulted inRSM
patterns that encode the acoustic similarity/difference of 25 sound cate-
gories as well as the perceptual similarity/difference of the 25 sound cate-
gories.We thus obtained a 25 × 25dissimilaritymatrix basedon the acoustic
features and a 25 × 25 dissimilarity matrix based on the perceptual rating
patterns.

In the second step, we performed a multivoxel pattern analysis
(MVPA) implemented as searchlight decoding analysis usingTheDecoding
Toolbox (TDT)27 for the purpose of an information-based brain mapping
according to multivoxel activity patterns, which are assumed to differ
between the experimental conditions. The searchlight analysis was per-
formed on normalized but unsmoothed functional data. This analysis was
performed on single-trial beta images resulting from an iterative GLM
analysis as recommended forbetter sensitivity in event-relateddesigns28.We
obtained beta images for each trial by using a GLM with one regressor
modeling a single trial and a second regressormodeling all remaining trials.
This GLM modeling was repeated for each trial, including movement
parameters as a regressor of no interest to account for false positive activity
due to head movements. For each voxel, we defined a local sphere of 6mm
radius to investigate the local multivoxel pattern information in the single-
trial beta images. This procedure was repeated for every pairwise compar-
ison between the 25 sound category conditions. For each of these iterations,
we trained amultivoxel support vectormachine classifier using the LIBSVM
package and implemented a leave-one-run-out cross-validation design.
This procedure resulted in a brain map of local pairwise decoding accuracy
across the 25 experimental conditions for each participant. This was
represented as a voxel-wise 25 × 25 MVPA dissimilarity matrix with the
assumption that the decoding accuracy indicates howwell conditions can be
discriminated on a brain level (i.e., higher decoding accuracy means higher
neural discrimination).

In the third step, we cross-correlated (Spearmen correlation) the brain
MVPA dissimilarity matrices separately with the acoustic RSM and the
perceptual RSM on a voxel-by-voxel level. We restricted this correlation
analysis to the matrix part that represented the similarity/dissimilarity
measure for the skull whistle sounds as the target sounds of this experiment
and similarity analysis. This restricted matrix was the 4 × 25 matrix
including the 4 categories of skull whistle sounds and the 25 overall sound
categories. This resulted in voxel-wise and Fisher z-transformed correlation
maps for each participant. The correlation maps were spatially smoothed
with an 8mm full-width half-maximum (FWHM) isotropic Gaussian
kernel andwere entered into a group-level GLManalysis (voxel threshold of
p < 0.05, FWE corrected; cluster extent threshold of k = 10) separately for
the acoustic RSM and the perceptual rating RSM analysis.

To test the distinctiveness of the resulting correlation maps with the
specific RSM matrices for the acoustic and perceptual properties, we per-
formed two additional permutation-based analyses. We created n = 30
random permutations of the acoustic and perceptual RSM matrices and
entered them into the same cross-correlation approach as described above.
The resulting brain correlationmapswere averaged on the group level using
a conjunction analysis (conjunction null hypothesis29) across the permu-
tations to determine if random permutation would or would not produce
similar significant correlationmaps as for themain analysis (voxel threshold
of p < 0.05, FWE corrected; cluster extent threshold of k = 10). No sig-
nificant results were found in this permutation-based analysis.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results
Artisanal and digital reconstruction of Aztec skull whistles
We first aimed to understand the physical structure and sound production
mechanismsof originalAztec skullwhistles. Skullwhistles typically feature a
tubular airduct with a constricted passage, a hemispherical counterpressure
chamber, a collision chamber, and a bell cavity7. We acquired a high-
resolution computer-tomographical (CT) image of one of the exemplars
from the EMB to confirm this principle outer and inner architecture of SWs
(Fig. 1c). Given this architecture, the driving acousticmechanism is thought
to rely on the Venturi effect generating a constant air aspiration, collision,
and turbulence process2. At highplaying intensities and air speeds, this leads
to acoustic distortions and to a rough and piercing sound character that
seems uniquely produced by the skull whistles.

Given this established structure of original skull whistles (SW orig), a
specializedmusic archeologist (ArndAdje Both2, together with the ceramist
Osvaldo Padrón Pérez) planned and manufactured two replica skull whis-
tles (SW repl) for the purpose of this study. These replica skull whistles are
referred to as exemplars “Replica 2621 u” and “Replica 2621z” and they
were copies of two specific exemplars from the EMB, using the same
structure andmaterial (Fig. 1d). This was done to acquire knowledge about
how original skull whistles might have been manufactured by the Aztecs,
and toperform in-detail psychoacoustic experimentswith these replica skull
whistles.We also acquired high-resolutionCT scans of the replicas (Fig. 1e).
Subsequently, we produced 3D digital reconstructions from the CT scans to
compare the 3D models of the replica skull whistles with the 3D models of
the original skull whistles (Fig. 1f). Both the original and the replica skull
whistles are very similar, if not nearly identical, in their architecture and the
corresponding airflow dynamics.

Skull whistles produce a rough and piercing sound
To quantify the acoustic features as well as the similarity between the ori-
ginal and the replica skull whistles, we recorded and analyzed sounds pro-
duced from playing two original skull whistles stored in the EMB (IV Ca
2621 u, IVCa2621z; kindly providedbyArndAdje Both).We also acquired
sound recordings from playing several replica skull whistles including the
two copies of the original skull whistles of the EMB (IV Ca 2621 u, IV Ca
2621z) and four additional artisanal skull whistles that were manufactured
according to the general SW structure but were not exact copies of the
original SWs. These recordings overall confirmed the noisy, partly rough
and piercing sounds produced by skull whistles. This sound quality can also
be inferred from the spectral (frequency) and temporal soundprofile of skull
whistles, which contains broadband pink-like noise features as well as ele-
ments of high-pitched frequencies (Fig. 2a).

A major hypothesis for the existence of skull whistles is that Aztec
communities created and used skull whistles to imitate and symbolize
natural and mythical sound entities. To explore this hypothesis, we com-
pared the acoustic profile of the original and replica skull whistles with
sounds from a broad soundscape. We assembled a large database of 2262
sounds from natural and artificial sources covered by 9 major sound
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categories and 82 subcategories. To obtain a first general indicator of the
(dis)similarity of SWs to other sounds, we calculated themodulation power
spectrum (MPS) that quantifies the spectral and temporal profile of sounds
(Fig. 2b), which the human auditory system uses to differentiate sounds30.
This revealed three major observations: first, there were only minor dif-
ferences between the original and replica skull whistles in how they differed
from other sounds. Second, three distinct levels of differences appeared
when comparing skullwhistles to other sounds,with electronicmusic effects
and natural sounds showing the lowest difference to skull whistles, with
animal, human, interior/exterior, and synthetic sounds showing a medium
level of difference, and with Mexican flutes and solo instrument sounds
showing the most significant difference to skull whistle sounds.

A third important observation was that these differences concerned
three different patches of the MPS that have a psychoacoustic significance
(Fig. 2b, left upper panel). One patch covered a broad range of spectral and
temporalmodulation rates and signifies the noisy and rough acoustic nature
of the skullwhistles. Sucheffects areoften foundwith sounds that carry scary
affective meanings like primate screams12 or terrifying music9. A smaller
patch located centrally showed a broad distribution of spectral modulation
rates. Such patches typically represent the pitch patterns of sounds
explaining the (piercing) pitch impression of skull whistles when compared
to some other sound categories (nature, interior), while not having less pitch
strength when compared with other sound categories (animal/human,
Mexicanflutes, instruments). The third patchwas centeredon low temporal
and spectral modulation rates, which are typical for structured and slow-
oscillating sound profiles, such as human speech30 and animal vocal
patterns31,32. Skull whistles showed significantly lower power in these slow-
oscillating patterns, also given that the structure of skull whistles seems not
to allow introduction large modulations during playing. Their overall psy-
choacoustic meaning of skull whistles seems to be the production of single
noisy, rough, and piercing sounds.

To obtain amore detailed picture of the (dis)similarity of skull whistles
sounds to sounds of the broader soundscape, we quantified 1582 acoustic
features of each sound and performed two sets of acoustic similarity ana-
lyses. First, a representational similarity analysis (RSA) quantified the cor-
relation between the acoustic feature pattern of sounds, and the RSA
indicated that original and replica skullwhistleswere very similar in termsof
acoustic patterns (Fig. 3a, b, red box). Replica skull whistles thus seem to
closely match the original skull whistles in terms of their acoustic sound
quality, and they both seem to form a unique category of sounds (Fig. S1a),
which however also share some similarities with other sound objects.
Contemporary and popular Mexican flutes were most similar to skull
whistles, and many such flutes visually and acoustically resemble animal
species (jaguar, owl, turtle whistles) and iconize skulls (monkey/scary skull
whistle, Llorona whistles). These contemporary whistles are also aero-
phones with a similar playing style to skull whistles. Further similar sounds

were nonspeech human voices and tool/technical sounds with a rough and
shrill sound quality (alarm clocks, chainsaw, emergency horn). Medium
similar sounds included animals (bovidae), human (painful bursts, nails
scratching), and nature sounds (water, wind), and the most dissimilar
sounds were solo instruments (guitar, brass, percussion), digital sounds,
tonal human (laughing) and animal sounds (Canidae), and water sounds.

A subsequent hierarchical clustering analysis (HCA) confirmed these
findings (Fig. 3c), showing that the original and replica skullwhistles formed
their own cluster of sound objects. The acoustically closest cluster consisted
of contemporary Mexican flutes, tool/technical sounds (emergency horn,
bell), and human body sounds (scratching nails). The second closest cluster
consisted of animal sounds (insects, bovidae), human voices, and chainsaw
sounds. It thus seems that skull whistles were acoustically close to other
soundswith an intended acoustic and symbolic iconography, and to sounds
that potentially provoke alerting, startling, and affective responses in human
listeners. We have to note that these analyses of acoustic similarity and
acoustic clustering are solely basedonquantitative acoustic datawithout any
bias byhumanperceptual impressions. But SWsounds to be similar toother
sound with well-known basic psychoacoustic effects on listeners potentially
across historical ages, SW thus might have been manufactured and used by
Aztec communities for this hybrid purpose of serving both a symbolic and
affective meaning for potential listeners.

Skull whistle sounds are perceived as aversive and startling
To investigate the psychoacoustic effects and affective responses in listeners,
we performed a perceptual assessment study with human participants.
Based ondimensional arousal (how strongdoes the sound trigger emotional
responses in listeners), valence (negative-to-positive emotional quality),
urgency (how urgent would a listener respond to the sound), and natural-
ness ratings (hownatural/unnatural is the sound),we located theSWs in this
four-dimensional psychoacoustic affective space (Fig. 4a). Skull whistles
were rated as being largely of negative emotional quality (valence) with a
low-to-medium level of arousal intensity. Skull whistle sounds trigger a
medium level of urgency responses in listeners and are rated as sounding
largely unnatural.

All four rating scales showed a main effect for differences between
sound categories (valence F1,121.06 = 221.46, p < 0.001, eta2 = 0.10, CI95%
[0.10 0.11]; arousal F1,94.96 = 212.63, p < 0.001, eta2 = 0.08, CI95% [0.07 0.09];
urgency F1,115.03 = 494.64, p < 0.001, eta2 = 0.08, CI95% [0.07 0.08]; natur-
alness F1,113.99 = 106.16, p < 0.001, eta2 = 0.16, CI95% [0.15 0.17]), but
showed somedifferential effectswhen skullwhistleswere compared toother
sound categories. All four skull whistle sound categorieswere rated similarly
in terms of their high negative valence, and they revealed significantly the
most negative valence comparedwith all other sound categories (Fig. 4b; for
full statistics on posthoc comparisons, see Tab. S2). Similarly, skull whistles
trigger significantly higher urgent tendencies than all other sound

Fig. 2 | Acoustic profiles of skull whistles and the MPS profile. a Example spec-
trograms from four skull whistle sound categories, an original skull whistle (SWorig;
upper panel) as well as from a replica skull whistle with sounds produced at three
different levels of air pressure (SW high, SW med/medium, SW low). bMean
modulation power spectrum (MPS; pwr power level) for original (n = 35) and replica
skull whistle sounds (n = 90 for each level, total n = 270) (left upper panel). The other
plots show statistical difference maps (log-transformed p-values, n = 2000 permu-
tation statistics) betweenMPSs for the four skull whistle sound categories compared

to sounds from 9major sound categories (musmusical sound effects, nat nature, ani
animal, hum human, int interior, ext exterior, syn synthetic,mexMexican flutes, ins
solo instruments; total n = 2262). The difference maps highlight three MPS patches
(−log10(p) > abs(3)) that show relative power differences in skull whistle sounds (left
upper panel; patch marked as a—MPS noise patch, patch marked as b—MPS pitch
patch, patch marked as c—MPS slow pattern patch For abbreviations of sound
categories, see Tab. S1.
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categories, with original skull whistles triggering somewhat lower urgencies
than some of the replica skull whistles (Tab. S3). Skull whistles were mostly
significantly more arousing than other sounds, but no significant difference
was found when compared to biological sounds (human, animal, nature),
some contemporary Mexican flutes, and synthetic sounds (Tab. S4). Only
original skull whistle sounds were significantly more arousing than any

other sound category. Finally, skull whistles sounded more unnatural than
original biological sounds (human, animal, nature) and exterior sounds, and
they largely also sounded less natural than some musical sounds (music,
instrument) (Tab. S5). No significant differences were found in naturalness
ratingwhen comparedwith contemporaryMexican flutes as well as interior
and synthetic sounds. The sound of skull whistles thus seems to carry a
negative emotional meaning of relevant arousal intensity. This seems to
trigger urgent response tendencies in listeners, which is a typical psychoa-
coustic and affective profile of aversive, scary, and startling sounds33.

As for the acoustic patternsof the sounds,we alsoperformed two sets of
similarity analyses based on the perceptual patterns from the four rating
scales. Using a representational similarity analysis, the original and replica
skull whistles again showed the closest perceptual similarity to each other
(Figs. 5a, b, S1b). The psychoacoustically and effectively closest sounds to
skull whistles were many exteriors (firearm, siren, horn), instruments
(Mexican scary flute), and human sounds (fear, pain, anger, sad voice) that
have an alarming, startling, and aversive effect on listeners. The psychoa-
coustically and effectively most distant sounds were instrument (guitar,
string, brass, percussion), nature (water, fire), and some Mexican flute
sounds (animal imitating flutes), and most of these sounds usually have a
pleasant and relaxing listener effect. This pattern was also confirmed by a
hierarchical clustering analysis (Fig. 5c), where skull whistles formed their
own cluster, immediately neighbored by a cluster of exterior alarming and
startling sounds (horn, siren, firearm). Further close sound cluster consisted
of human (fear, pain, anger, sad voice) and some Mexican flute sounds
(Mexican scary flute).

Overall, skull whistles seem to produce a perceptually unique cluster of
sounds that share and mimic affective qualities with many other scary and
aversive sounds. While some of these effectively similar sounds might not
have been present in prehispanic Aztec environments and thus impossible
to be directly mimicked by skull whistles (firearm, siren), some other bio-
logical sounds were part of Aztec environments (human voices). Wemight
thus speculate that skullwhistles have been created byAztec communities to
mimic the acoustic nature of sounds or at least mimic the psychoacoustic
and affective impact that sounds canhave on listeners. Thismight have been
done for cultural and ritual purposes11, but further cross-disciplinary and
archeological evidence is needed here.

Skull whistle sounds have a hybrid natural-artificial nature
If skull whistles acoustically and effectively mimics other sounds and sound
qualities, naive listenersmight form associations and speculations about the
origin of the sound34. We asked humans who were completely unfamiliar
with SW sounds to listen to a balanced selection of 200 out of the total
2567 sounds to provide a substantive and adjective label for each sound in a
free-choice labeling approach. The substantive label should specify the
underlying acoustic object or process that potentially produced the sound,
while the adjective should provide a verbal affective description of the
sound (Fig. 6a).

The most frequent substantive label given by human listeners was
“scream” (SW orig: binomial test p < 0.001, all FDR corrected, relative risk
RR = 16.35, CI95% [0.24 0.38]; SW high: p < 0.001, RR = 25.95, CI95% [0.65
0.82]; SWmed: p < 0.001, RR = 26.63, CI95% [0.46 0.67]; SW low: p < 0.001,
RR = 25.84, CI95% [0.45 0.67]), while the two most frequent adjective labels
were “aversive” (SWorig: p < 0.001, RR = 21.07, CI95% [0.24 0.39]; SWhigh:

Fig. 3 | RSA analysis on acoustic profiles and hierarchical clustering analysis.
a Representational similarity analysis (RSA) across all 80 sound categories (left
panel) based on a pattern of 1582 acoustic features; dashed vertical lines indicate
linear steps (0.2) in similarity. b Enlarged view of the four top lines of the RSA values
for the four skull whistle sound categories and their acoustic similarity to sounds of
the other 76 categories; sounds are sorted for similarity in descending order (lower
values represent higher similarity). c Hierarchical clustering analysis on all sounds
and their acoustic features (colored nodes with linkage cluster threshold of c < 2.0).
For abbreviations of sound categories, see Tab. S1.
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p < 0.001, RR = 9.42, CI95% [0.13 0.32]; SW med: p < 0.001, RR = 17.37,
CI95% [0.27 0.48]; SW low: p < 0.001, RR = 14.69, CI95% [0.22 0.42]) and
“scary” (SW orig: p < 0.001, RR = 11.97, CI95% [0.12 0.25]; SW high:
p < 0.001, RR = 17.28, CI95% [0.23 0.51]; SW med: p < 0.001, RR = 8.17,
CI95% [0.10 0.27]; SW low: p < 0.001, RR = 11.75, CI95% [0.17 0.35]). Other
frequent substantive labels were a mix of living (human) and technical
sound sources (concerning vehicles, instruments, or kettles/whistles), with
the most diverse labels found for original skull whistles (see Tab. S6–7 for a
full report of statistics). Although natural sound sources were mentioned,
they were not frequent enough for statistical significance (see Tab. S6). All
original substantive and adjective labels were then re-labeled to the labels of
the 9 major sound categories according to our major sound dataset, and
according to 10 emotional labels from a common taxonomy of human
affect24. The most frequent substantive label was “human” (SW orig:
p < 0.001, RR = 3.21, CI95% [0.30 40]; SW high: p < 0.001, RR = 6.97, CI95%
[0.71 0.83]; SW med: p < 0.001, RR = 4.19, CI95% [0.40 0.53]; SW low:
p < 0.001, RR = 5.17, CI95% [0.50 0.64]), followed by exterior/interior sound
sources (Fig. 6b, see Tab. S8 for full report of statistics). Again, skull whistle
sounds were most diverse here, also including “instrument” and “nature”
labels. “Fear” (SW orig: p < 0.001, RR = 6.27, CI95% [0.57 0.68]; SW high:
p < 0.001, RR = 8.68, CI95% [0.82 0.91]; SWmed: p < 0.001, RR = 7.89, CI95%
[0.74 0.85]; SW low: p < 0.001, RR = 8.15, CI95% [0.76 0.86]) was by far the
most frequent emotional label, with some original SW sounds also being
labeled with “joy” (SW orig: p < 0.001, RR = 2.51, CI95% [0.21
030]) (Tab. S9).

Based on these re-labeled data, we performed a correspondence ana-
lysis to assess how labels provided for the SWs would correspond to labels
given to the other sounds (Fig. 6c, d). Skull whistle soundswere located in an
acoustic object space between human sounds on one end and a cluster of
exterior/interior/synthetic sounds on the other end, with also a space of
“unknown” labeling close by. “Unknown” labels were provided if listeners
could not associate any object or process with the sound. For the affective
space, skull whistle soundswere centered around the fear and anger label, as
some other human, exterior/interior, and electronic music effects also did.
These labelingdata together point toahybridnatural-artificial status of skull
whistle sounds, such that they are primarily associatedwith a human origin,
but also form associationswith sounds produced from technical objects and
processes.

This hybrid status was also confirmed in an independent experiment,
where we asked participants to classify sounds into three possible categories
regarding the potential origin of the sound as being either from an animated
(living organism), technical (technical object/process), or environmental
sound source (Fig. 6e). The experiment was set up as a 3-alternative forced
choice (3AFC) task.Whereasmost of the other soundswere classified into a
specific category (except for nature sounds being both technical and
environmental) (sound-by-class interaction, F10,750 = 467.322, p < 0.001,

eta2 = 0.70, CI95% [0.65 0.74]; Greenhouse-Geisser (GG) corrected p-value
based on theMauchly test for checking sphericity violations), skull whistles
received a somehow mixed classification both for the original and replica
SWs (Fig. 6e left and right panel). For original skull whistles, classifications
were mixed between the animated (p < 0.001, eta2 = 0.59, CI95% [0.40 0.56];
comparison against “environment”) and technical categories (p < 0.001,
eta2 = 0.42, CI95% [0.24 0.37]; comparison against “environment”), with
classifications as “animated” being higher than classifications as “technical”
(p = 0.003, eta2 = 0.10, CI95% [0.05 0.29]). An almost identical pattern was
found in a second experiment where we used replica SWs instead of the
original skull whistle sounds (sound-by-class interaction, F10,570 = 374.785,
p < 0.001, eta2 = 0.68, CI95% [0.650.71]; GG corrected). Replica skull whistle
sounds again received a mixed classification between the animated
(p < 0.001, eta2 = 0.53, CI95% [0.32 0.50]; comparison against “environ-
ment”) and technical categories (p < 0.001, eta2 = 0.67, CI95% [0.47 0.65];
comparison against “environment”), but the comparisons between ani-
mated and technical classifications did not reveal a significant difference
(p = 0.092, eta2 = 0.07, CI95% [−0.02 0.33]).

The pattern of emotional labeling again pointed to a rather negative
quality of skull whistle sounds, and the origin might stem from socially
relevant human voices and sounds produced by technical devices that have
biological significance. Sounds with social and biological relevance often
receive increased attention from the cognitive system to prioritize their
processing, and this often interferes with other ongoing mental processes.
We tested this in a dichotic listening experiment, where humans performed
low-high discriminations on simple tones (high- or low-pitch tone) pre-
sented on their attended ear, while we presented skull whistle and other
soundson theunattended ear (orno sound, silent condition) (Fig. 6f). For an
experiment including original skull whistle sounds, all sounds presented on
the unattended ear interfered with the tone discrimination task performed
on the attended ear (F7,322 = 9.075, p < 0.001, eta2 = 0.01, CI95% [0.003
0.011]; GG corrected), especially in terms of slowing down the reaction time
(posthoc tests against silent condition; all p < 0.020; for full statistics see
Tab. S10). Comparing original skull whistles with all other sound categories
regarding the interference level did not reveal significant differences
(p > 0.473, Tab. S10), but only exterior sounds showed a significantly higher
interference level than skull whistle sounds (p = 0.005). The same pattern of
results was obtained in a second experiment with replica skull whistles
instead of the original skull whistle sounds (F7,308 = 13.503, p < 0.001; GG
corrected; posthoc tests against the silent condition, all p < 0.003, for full
statistics seeTab. S11), including significantly stronger interference effects of
exterior sounds compared to skull whistle sounds (p = 0.046, Tab. S11).

Being able to interfere with other ongoing mental processes highlights
the notion that skull whistle sounds carry some relevant social and/or
biological meaning and associations to human listeners. We have to high-
light the notion here again that we only investigated these psychoacoustic

Fig. 4 | Perceptual ratings on sounds. aAll 2567 sounds were perceptually rated by
n = 70 human listeners along 4 dimensions (arousal, valence, urgency, naturalness)
on a 10-point Likert scale. Shown are 2D plots with valence (negative−5, positive 5)
on the y-axis and the other scales on the x-axis. Skull whistle sounds are color-coded
in red; 9 major sound categories are color-coded in blue-to-yellow. bMean, median,
and distribution of ratings for each of the 13 sound categories. Rating on all four
scales revealed a high inter-rater consistency (valence ICC = 0.78, F2566,23094 = 4.611,
p < 0.001, CI95% [0.77 0.80]; arousal ICC = 0.71, F2566,23094 = 3.450, p < 0.001, CI95%

[0.69 0.73]; urgency ICC = 0.80, F2566,23094 = 5.037, p < 0.001, CI95% [0.79 0.81];
naturalness ICC = 0.78, F2566,23094 = 4.597, p < 0.001, CI95% [0.77 0.79]). Red-
colored bars at the bottom of plots indicate significant differences from the skull
whistle categories (p < 1e-5, FDR corrected, posthoc coefficient test; see Tab. S2–S5
for full statistics on posthoc comparisons); blue-colored bars at the top of plots
indicate differences within the skull whistle categories (p < 1e-5, FDR corrected,
posthoc coefficient test; see Tab. S2–5). For abbreviations of sound categories,
see Tab. S1.
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effects in samples of naïve European listeners from modern cultures. Basic
psychoacoustic distraction effects of meaningful sounds are however even
present in primate species close to humans, which share basic auditory and
affective sound processing dynamics35,36. Despite cultural differences, there
might also be large psychoacoustic processing similarities between the

evolutionary closer modern and Aztec humans, and psychoacoustic effects
of SWs might have been capitalized on by Aztec communities.

Neural decoding of skull whistle sounds requires elaborated and
associative processing
We finally performed a neuroimaging experiment with human listeners
using functional magnetic resonance imaging. We investigated the neural
processes that support decoding of such associated and affective meanings
from SW sounds, examining whether this decoding happens at the level of
basic auditory processing37 or rather at the level of higher-order cognition38.
We again presented the selection of 200 sounds from the broader sound
dataset, including original and replica skull whistle sounds, sounds fromfive
major sound categories (human, animal, technical, nature, instrument) as
well as additional eight white and pink noise stimuli. Common and known
sounds typically elicit activity in auditory cortical regions (AC)39 for basic
acoustic analysis and auditory cognition40. Sounds from the five major
sound categories elicited significantly higher activity in many low- and
higher-order AC regions compared to skull whistle sounds (Fig. 7a,
Tab. S12).

Contrarily, neural activity for skull whistle soundswas rather located in
regions for higher-order cognition. Skull whistle sounds compared to all
other sounds elicited brain activity in the lateral (IFC inferior frontal cortex)
and medial frontal cortex (MFC) as well as the insula. The IFC typically
provides elaborated sound evaluation and classification processes38, with
potential support of sensory-affective integrationmechanisms in the insula,
and associative processing in the MFC37. Brain activity in the insula and
MFC as well as additional activity in the intraparietal sulcus (IPS) for skull
whistle sounds were especially found when compared to brain activity for
animated sounds (human, animal) but not when compared to artificial
sounds (technical, instrument) (Fig. 7b; see also Fig. S2). This might further
highlight the notion that skull whistle sounds are of a hybrid nature, such
that they appear as partly coming froman animated source but also having a
wider symbolic and associative meaning. This wider meaning might war-
rant increased processing in the fronto-insular brain systems as well as an
elaborated sound mapping and acoustic evidence integration in the IPS41.

This right fronto-parietal-insular network for skull whistle sound
processing was largely interconnected to itself, as revealed by a functional
brain connectivity analysis,with additional connections to the left insula and
the anterior cingulate cortex, which supports the MFC in the cognitive
appraisal of sounds42 (Fig. 7c, Tab. S13). Interestingly, the functional net-
work for processing the other sounds, which was centered especially in left
AC, showed linkswith the skull whistle processing network, especially to the
right fronto-insular system and the MFC. Whereas for other sounds, this
connection might point to a natural forward mapping from sound analysis
(auditory cortex) to sound evaluation (fronto-insular), the neural network
for skull whistle sound processing suggests a challenging level of elaborated
processing and higher-order cognition.

While the previous analysis mainly quantified the neural differences in
the processing of skull whistle sounds compared with other sounds, we
finally also performed an analysis that focusedmore on the neural similarity
in processing such sounds. Identical to the RSA of the acoustic and per-
ceptual patterns for all 2567 sounds (Figs. 3a, b, 5a, b; Tab. S14), we per-
formed an RSA for the 192 selected sounds (excluding noise sounds) of the

Fig. 5 | RSA analysis on perceptual ratings on sounds and hierarchical clustering
analysis. a Representational similarity analysis (RSA) on the pattern of perceptual
ratings (left panel); dashed vertical lines indicate linear steps (0.2) in similarity.
b Enlarged view of the four top lines are the RSA values for the four skull whistle
sound categories and their perceptual similarity to sounds of the other 76 categories;
sounds are sorted for similarity in descending order (lower values represent higher
similarity). c Hierarchical clustering analysis on all sounds and their perceptual
ratings (colored nodes with linkage cluster threshold of c < 2.0). For abbreviations of
sound categories, see Tab. S1.
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neuroimaging experiment. Again, the skull whistles were most similar to
each other, and all other sounds showed a variable degree of similarity to the
skull whistle based on the acoustic and perceptual patterns (Fig. 7d). We
combined these parametric acoustic and perceptual data with a parametric
analysis of the neural similarity of activation patterns between sound
categories43. For the latter, we performed amultivariate decoding analysis at
every brain location to quantify the likelihood that each location can
separate between any of two sound categories based on their activation
pattern. The reverse of this separation likelihood was taken as a measure of
neural similarity43. The resulting neural cross-correlation data as described
below were quite distinctive to the observed acoustic and perceptual simi-
larity patterns in relation to skull whistles, as no neural significance was
found when randomly permuting the similarity matrixes (see “Methods”).

Cross-correlating the acoustic similarity for the sound categories with
neural similarity revealed a broadly extended neural significance in the AC,
IFC, and MFC, and (pre)motor cortex (Fig. 7e). Cross-correlating percep-
tual similarity with neural similarity revealed neural significance in bilateral
low-order AC and right higher-order AC. This focus of neural significance
for the perceptual similarity analysis on the AC might have been driven by
similarity to very specific sounds, such as baby cries, screams, or alarm
sounds, which have distinctive rough and piercing sound features as well as
aversive affective features, which receive low-level decoding in the neural
auditory system44,45. The neural similarity analysis based on acoustic pat-
terns seems to involve a more extensive brain network and various levels of
processing, potentially ranging from acoustic analysis (AC), and acoustic
object classifications (IFC), to elaborate evaluations (MFC).The specific role
of the (pre)motor cortex might be to represent embodied acoustic
recognitions46 and to discriminate acoustic patterns that are critical for
behavioral choices47.

While the neural effort for decoding similarities of acoustic patterns
between skull whistle and other sounds thus seems to involve a multi-level

process, pointing to an ambiguousmixture of familiar andunfamiliar sound
components as well as amulti-layered symbolism, the neural effort in terms
of matching perceived affective similarities seems rather unambiguous.

Discussion
We carefully assume a certain level of comparability of how modern
humans and humans in Aztec communitiesmany centuries ago responded
to skull whistle sounds on a basic affective level. This assumption might be
valid given the very basic and salient psychoacoustic effects that rely on
biological and neural principles of sound recognition that are even shared
betweenhumans and animals36,48.Human listeners in our experiments rated
skull whistle sounds as very negative and specifically labeled them largely as
scary and aversive, whichpotentially also trigger urgent response tendencies
and interfere with ongoing mental processes37. This immediacy effect is
further highlighted by very specific brain activity in low-order AC that is
correlated with the affective similarity of SWs to other sounds. In case of an
aversive andalerting soundquality, low-orderACdetects the aversive sound
quality44 and tunes the neural system for in-depth sound analysis33,49.

We of course have to highlight the notion that our experimental data
were acquired with samples from a modern European population. Our data
thus first provide basic evidence of how modern humans respond to the
acoustic quality of a historically very important sound tool with a unique
acoustic profile. All listeners in our experienceswere naïve about the presence
of skull whistle sounds on the acoustic samples presented in the experiments,
and thus all data are largely unbiased and basic assessments of the psychoa-
coustic effects of skull whistles. On this basic level of psychoacoustic proces-
sing, we might assume some similarity to the acoustic processing in humans
from previous Aztec cultures. Aztec communities might have capitalized on
this aversive and scary nature of skull whistle sounds in specific contexts,
which would support the introduced warfare and ritual symbolism hypoth-
esis, but rather not the deity symbolism hypothesis. However, given also the

Fig. 6 | Free categorical and emotional labeling of sounds. a Human listeners
(n = 40) labeled 200 sounds (4 skull whistle categories, 8 other sound categories) with
a substantive label (“Labels”) describing the origin or source of the sound (upper
panel) as well as with an adjective label (“Adjectives”) describing their emotional
response to the sound (lower panel). Plots show the sorted frequency of labels used as
the relative number (relative nb = total nb of label multiplied by the percentage of
listeners using the label; y-axis is relative nb/100); plots only show results for the four
skull whistle categories. Asterisks indicate significance p < 0.05 (significant differ-
ence of observed frequency above expected probability), binomial test, FDR cor-
rected; see Tab. S6-7. bTo perform a correspondence analysis (CA) on the labels, we
re-labeled the original labels along the 9 major sound categories and 8 major
emotional dimensions according to the model by Plutchik24. Re-labeling was done
based on the classification probabilities of n = 7 independent raters. *p < 0.05,

binomial test, FDR corrected; see Tab. S8-9. c Explained variance of the dimensions
resulting from the CA; dimensions 1–3 explained >61% of the variance in the data.
d Dimensions 1–3 of the CA for categorical labels and emotional adjectives.
e Probability for classifying sounds skull whistle sounds and sounds form 5 other
categories as originating from an “animated”, “technical”, or environmental source.
Left plot is for the experiment including original skull whistles (n = 76), right plot is
for the experiment including replica skull whistles (n = 58). f Reaction time and
accuracy data from the dichotic listening experiment, where humans discriminated
low/high tone on the attended ear while presenting other sounds or silence on the
unattended ear. Left plot is for the experiment including original skull whistles
(n = 47), the right plot is for the experiment including replica skull whistles (n = 47).
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strong associative/symbolic sound impressions requiring higher-order cog-
nition, warfare usage seemed rather unlikely. Given both the aversive/scary
and associative/symbolic sound nature as well as currently known excavation
locations at ritual burial sites with human sacrifices, usage in ritual contexts
seems very likely, especially in sacrificial rites and ceremonies related to the
dead. Skull whistles might have been used to scare the human sacrifice or the
ceremonial audience, but further cross-documentation is needed here. The
symbolic and associative meaning might be specifically related to the dan-
gerous and scary travel of the dead to the underworld. This potential double
nature of a biological and symbolic affective significance might also be based
on the hybrid natural-artificial status of skull whistle sounds, as SWs sounds
received ambiguous associations with natural and artificial sound sources
across different experiments and analyses in our study.

Listeners in our experiments were naïve to the presented sounds,
especially about the fact that the broader sound set also included skull whistle
sounds. Modern humans perceived skull whistle sounds as being of a hybrid
natural-artificial nature andahybrid familiar-unfamiliar nature.Unlikenaïve
listeners in our experiments, human listeners in Aztec communities were
probably aware that the sound originated from the skull whistles as amusical
sound tool, especially when used in ritual contexts and being a common part
of Aztec musical culture. Being aware that the skull whistle sound was pro-
duced by a technical tool, it still seems to elicit impressions of originating or

mimicking an animated sound source. This might greatly contribute to the
symbolic and potentially fictional nature of skull whistle sounds50 and
highlights the frequent intention of ancient cultures to capture and represent
mythical entities/contexts in musical tools50–52.

In terms of the hybrid, symbolic, and potentially fictional nature of
skull whistle sounds mentioned above, this is also reflected in our neuroi-
maging brain data, which makes the ritual hypothesis more likely than the
warfare hypothesis. Listening to skull whistle sounds elicited significantly
higher brain activity in regions and neural networks associated with higher-
order auditory cognition, sound evaluation, and associative processing.
Sounds with affective significance commonly trigger neural processes to
evaluate the emotional nature and the specific source of the sound because
this is relevant to preparing appropriate behavioral responses37. Skullwhistle
sounds are unambiguous in their affective nature but are rather ambiguous
in the determination of their sound origin, which intensifies higher-order
brain processing. The psychoacoustic ambiguity and hybridity however
open many options for symbolism in an archeoacoustic perspective.

Limitations
As an important limitation,wehavefirst to highlight thenotion thatwe only
tested the psychoacoustic nature of skull whistles in human samples from
modern European populations, which imposes some limitations in terms of

Fig. 7 | Brain responses to skull whistle sounds. a Functional brain activity in
human listeners (n = 32) when comparing activity for skull whistles with activity for
all other 5 general sound categories. b Brain activity when contrasting skull whistle
with animated sounds (human, animal; left panel) and with artificial sounds
(technical, instrument; right panel). c Functional connectivity patterns from seed
regions in the right fronto-parietal network that were significant for processing skull
whistle sounds (upper panel), and for the left (mid panel) and right auditory cortex
regions (lower panel) that were significant for processing other sounds. Voxel-level

threshold of p = 0.005 combined with an FWE-corrected cluster-level threshold of
p = 0.05. d Representational similarity matrices (RSM) for acoustic and percental
patterns of the sounds included in the neuroimaging experiment. Bottomplots show
the RSM for the skull whistle sounds only (rev, reversed coding), corresponding to
the black box in the upper panels. e Brain areas with significant cross-correlation
between the acoustic and perceptual similarity patterns and measures of neural
similarity between sound categories. All brain activity from contrasts includes a
voxel threshold p < 0.05 (FWE corrected), cluster threshold k = 10.
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the anthropological and cultural comparability to Aztec cultures many
centuries ago. This unfortunately is a common limitation for all experi-
mental historical studies. However, we are confident that some basic neu-
rocognitive mechanisms are shared between modern humans and humans
fromAztec cultures.Many affective and auditory cognitivemechanisms are
shared between humans and their closest monkey species35,36. The shared
neurocognitive mechanisms between modern humans and Aztec humans
thus seem very reasonable, and we tested for the basic neurocognitive
mechanisms of decoding skull whistle sounds in the last experiment in
our study.

A related topic concerns the pattern of sound categories that were used
in some experiments. These categories to classify sounds were derived from
modern classifications of sounds as used in acoustic, machine-learning, and
psychological studies15,37. Someof these soundcategoriesmightnotmatch the
soundscape of Aztec cultures. Unfortunately, a detailed taxonomy of sound
classes described by Aztec cultures is missing today, but major sound classes
(human, animal, nature, music, tool sounds) might be similar to modern
humans. We have to note that all participants in our study were naive
and unbiased regarding the sounds used, and the sounds were not
presented as belonging to a certain sound category. The taxonomy of sound
classes was only used posthoc during data analysis for the purpose of data
grouping.

An additional common limitation for experimental historical studies is
that evidence is often not ultimate in favor of one of several competing
hypotheses. New evidence might support certain hypotheses to some degree
while disconfirming other hypotheses to another degree. This also concerns
the data reported here, which are relatively but not absolutely in favor of one
of the current hypotheses concerning skull whistles (ritual symbolism
hypothesis). To obtain a relatively broad, consistent, and relatively unbiased
assessment of SWsounds,we here performed several physical andperceptual
experiments on skull whistle sounds using diverse approaches. This allowed a
multi-level and critical weighing of evidence in support of certain hypotheses.

Data availability
The conditions of ethics approval and consent procedures do not permit the
public archiving of the participants’ anonymized study data. These data are
available upon request to the corresponding author in consultation with the
cantonal ethics committee of the Swiss canton Zurich. Preprocessed
numerical data are available at https://github.com/caneuro/skullwhistle,
and functional brainmaps are available at https://identifiers.org/neurovault.
collection:18295. Examples of skull whistle sounds can be found here:
https://caneuro.github.io/blog/2024/study-skullwhistle/.

Code availability
Study-specific analysis codes and data are deposited at https://github.com/
caneuro/skullwhistle, and the code can be sued to reproduce the statistical
analysis as reported in the manuscript. which can be used together with the
Several codes for the data analysis are taken from existing toolboxes: MPS
analysis (https://github.com/theunissenlab/soundsig), RSA analysis
(https://github.com/rsagroup/rsatoolbox_matlab), CA analysis (http://
www.sthda.com/english/articles/31-principal-component-methods-in-r-
practical-guide/113-ca-correspondence-analysis-in-r-essentials/#r-
packages), brain data analysis with SPM12 brain connectivity analysis with
the CONN toolbox (https://web.conn-toolbox.org/), and MVPA analysis
(https://sites.google.com/site/tdtdecodingtoolbox/).
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