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First evolutionary insights into the human
otolithic system

Check for updates

Christopher M. Smith 1,2 , Romain David 3, Sergio Almécija 1,2,4, Jeffrey T. Laitman2,5,6 &
Ashley S. Hammond 1,2

The human otolithic system (utricle and saccule), housed within the bony vestibule of the inner ear,
establishes our sense of balance in conjunction with the semicircular canals. Yet, while the
morphological evolution of the semicircular canals is actively explored, comparative morphological
analyses of the otolithic system are lacking. This is regrettable because functional links with head
orientation suggest the otolithic system could be used to track postural change throughout human
evolution and across primates more broadly. In this context, we present the first analysis of the
evolution of the human otolithic system within an anthropoid primate setting. Using the vestibule as a
morphological proxy for the utricle and saccule, we compare humans to 13 other extant anthropoid
species, and use phylogenetically-informed methods to find correlations with body size, endocranial
flexion, and head-neck posture. Our results, obtained through micro-CT of 136 inner ears, reveal two
major evolutionary transitions in hominoids, leading to distinctive vestibular morphology in humans,
characterized by otolithic morphology resembling squirrel monkeys (possibly due to reversal), with a
pronounced supraovalic fossa. Finally, we find a positional signal embedded in the anthropoid bony
vestibule, providing the foundation to further explore the evolution of human head-neck posture using
inner ear morphology.

The vestibular system is essential to humanbalance andmotion. It is present
in all vertebrates, and is fundamental to gaze stabilization, motor coordi-
nation, navigation, and spatial self-awareness1. Sensory organs of the ves-
tibular system, collectively referred to as the “peripheral vestibular system,”
are comprised of fluid-filled soft-tissue structures forming the upper part of
the so-called membranous labyrinth, itself housed within the bony labyr-
inth, a “shell” inside the petrous bone. In humans, the peripheral vestibular
systemcomprisesfive paired sensory organs eachmirroring the other across
the mid-sagittal plane of the head. These include three semicircular ducts,
which are enclosed by semicircular canals (SCCs), detecting head angular
velocity, and two otolithic organs, the utricle and saccule, which are housed
within the bony “entryway” of the labyrinth (hence vestibule) and detect
head linear acceleration, vibration, and tilt relative to gravity2 (Fig. 1).

Primates exhibit considerable morphological variation in their per-
ipheral vestibular system3–6, as well as exceptionally diverse positional
behaviors7,8, the evolution of these two components being somehow inter-
twined. As such, peripheral vestibular system morphology needs to be
attuned for effective detection of behaviorally-induced head motion9–13,

while positional behaviors require adequate gaze stabilization and motor
coordination, both depending on accurate head motion detection14. In this
context, morphological differences in specific regions of the peripheral
vestibular system (e.g., semicircular canal radius of curvature, semicircular
canal orientation) have been studied to assess evolutionary shifts in the
locomotor repertoire of primates15–20, as well as to understand mammalian
positional behavior more broadly21–24.

While there is a growing interest in addressing aspects of primate
peripheral vestibular system morphology, previous research has focused
almost entirely on the SCCs. Arguably, the morphology of the otolithic
organs—an evolutionarily ancient part of the peripheral vestibular sys-
tem—remains largely unexplored in primates despite having a central
role in vestibular functions. This is likely due to the fact that: (1) following
the emergence of micro-CT scanning, anatomical research on the per-
ipheral vestibular system shifted to focus on the bony labyrinth; and (2) it
is difficult to identify the morphology of the utricle and saccule on the
vestibule. This contrasts with the simpler morphological relationship
existing between semicircular ducts and canals, and likely explains why
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otolithic organs are much less studied. Still, from the early twentieth
century onward, research on the utricle and saccule occurred within a
human clinical context25–31, and were not focused on addressing evolu-
tionary questions. As a result, information on how otolithic organs
changed over time remains elusive, prohibiting a fuller understanding of
primate evolution and, more specifically, of the evolution of human
vestibular function and posture.

In theory, the morphology of the utricle and saccule, particularly of
their hair cell covered sensorymaculae, should provide evidence for changes
in head orientation relative to both the neck and gravity axes (i.e., head and
neck posture). The reason for this is that both the geometry and the
orientation of their maculae directly affect the function of the otolithic
organs, which is to detect head linear acceleration and tilt relative to
gravity32. More specifically, two grossmorphological variables are known to
influence otolithic organ function. They are: (1) the orientation of the
maculae relative to the gravity vector26,33,34; and (2) the surface area of the
maculae, with a larger surface area providing increased sensitivity32. Con-
sequently, head and neck posture may share a direct relationship with the
shape and size of the otolithic sensorymaculae, relationships that potentially
extend to the vestibule, whose morphology relates to that of the otolithic
organs 35. In this context, looking at vestibulemorphology should allowus to
retrace the evolution of the otolithic organs in anthropoids (the monkey,
ape, and human clade), and to pinpoint morphological changes happening
concomitantly with positional behavior shifts, such as the advent of
orthogrady and the later emergence of obligate bipedalism in hominins (i.e.,
humans and our closest extinct relatives).

In this study, we examine the vestibular morphology of anthropoids,
using 3D geometric morphometrics and phylogenetically informed meth-
ods, to better understand the evolution of the otolithic organs and uncover
relationships they share with head and neck posture. To do so, we first
describe the shape and sizeof the vestibule, then assess howboth relate to (1)
anthropoid phylogeny, (2) bodymass, (3) endocranial flexion, and (4) head
and neck orientation metrics.

Results
Gross vestibule morphology
Anthropoid primates exhibit considerable variation in the shape of their
vestibule (Fig. 2), most likely reflecting differences in position, orientation,
and relative size of both the utricle and saccule. Among anthropoids,
hominoids (i.e., apes and humans) show the highest morphological diver-
sity, with African great apes (i.e., chimpanzees and gorillas) possessing a
spherical recess (housing the saccule) that is flattened and inferiorly dis-
placed (Pan troglodytes, Gorilla gorilla; Fig. 2), whereas it is enlarged and
more rounded in humans, orangutans and siamangs (Homo sapiens, Pongo
pygmaeus, Symphalangus syndactylus; Fig. 2). Additional features distin-
guish hominid (i.e., great ape and human) taxa from other anthropoids,
including a relatively enlarged utricular region in all hominids (Fig. 2),more
pronounced supraovalic fossa inhumans (Fig. 3), locatedbetween the lateral
ampulla and the oval window (also called the fenestra ovalis), and a
superiorly displaced utricular region of the vestibule in chimpanzees
(Figs. 2B and 4).

Vestibule shape
The first axis (PC1; Fig. 4) of a principal components analysis (PCA) of
vestibule shape, analyzed via geometric morphometrics, separates hyloba-
tids (i.e., gibbons—Hylobates lar in this case—and siamangs) from homi-
nids, with cercopithecids (i.e., Afroeurasian monkeys) placed more
intermediate and a more dispersed distribution in platyrrhines (i.e., Pana-
merican monkeys). Within hominids, we see a slight gradient in species’
shapemeans, with chimpanzees being the closest to hylobatids and humans
plotting the farthest away. This axis reflectsmajor differences in the position
and orientation of the utricular region, in saccule shape, and in the position
of the aqueductal junction (i.e., the inferiormost point where the vestibular
aqueduct meets the posterior semicircular canal). Hylobatids (positive
values) are characterized by an anterolateral-posteromedially compressed
saccule, a superiorly displaced aqueductal junction, and a utricular region
that is anteriorly displaced and rotated posteromedially. This is in contrast

Fig. 1 | Human inner ear anatomy. Left lateral view
of a human cranium shown on the top left with a cut
bony window showing the inner ear within. The
bottom right image shows the left inner ear enlarged.
Membranous labyrinth shown in green; otolithic
maculae shown in orange; the membrana limitans is
in purple. Illustration by CMS. Modified from
ref. 59.
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Fig. 2 | Anthropoid vestibular morphology. A Anterolateral view of the left inner
ear in humans. Membranous labyrinth (green), including otolith organ maculae
(orange), shown beneath a transparent bony labyrinth. Cranium shows head
orientation. The utricular (blue) and saccular (purple) regions of the vestibule are

highlighted among great apes (B–D) and three species of other anthropoids (E–G).
Arrows indicate the flattened, inferiorly displaced spherical recess (that houses
the saccule) in African great apes. 3D models derived from μCT scans. Scale
bars = 1 mm. Primate portrait illustrations by CMS.
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with the condition observed in hominids and particularly in humans
(negative values), which includes a supero-inferiorly compressed saccule, an
inferiorly displaced aqueductal junction, and a utricular region, which is
located directly superior to the saccule and rotated anterolaterally.

The second axis (PC2, Fig. 4) separates hylobatids fromgreat apes,with
monkeys and humans being intermediate.Within hominids, we again see a

gradient in species’means, but this time, humans plot closest to hylobatids,
and chimpanzees plot the farthest away. This axis relates to the relative size,
positioning, and orientation of the utricular and saccular regions of the
vestibule.Hylobatids (positive values), andhumans to a lesser extent, showa
supero-inferiorly compressed utricular region aligned with the top of the
spherical recess, which is expandedmedio-laterally, and an acute angulation

Fig. 3 | The distinctive human supraovalic fossa.
aMicro-CT (μCT) image showing the location of the
fossa in the inner ear; b 3D digital model of the bony
labyrinth depicting the supraovalic fossa (derived
from the μCT stack in a). LSC lateral semicircular
canal. Inset shows the supraovalic fossa (asterisk) in
Pan troglodytes. Modified from ref. 59. Scale
bars = 1 mm.

Fig. 4 | Landmarks and bivariate PCA plots of vestibule shape in anthropoid
species. The human bony labyrinth is shown in anterolateral view (a) and ante-
romedial view (b), with blue landmarks indicating the bony structure of the utricle.
Purple landmarks indicate the bony structure of the saccule (also known as the
spherical recess). c PC1 against PC2. d PC2 against PC3. Gray wireframes indicate

the average configuration of landmarks describing vestibule shape. Blackwireframes
indicate extreme landmark configurations along each axis, exaggerated by a factor of
2.Wireframes are shown from an antero-medial view for PC1 and PC3, and from an
antero-lateral view for PC2, to best visualize the greatest shape differences.
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between the inferred utricular and saccular maculae. On the contrary, great
apes (negative values) are characterized by a supero-inferior expansion of
theutricular region, displaced superiorly relative to the spherical recess, itself
compressedmedio-laterally, and an obtuse angulation between the inferred
utricular and saccular maculae.

The third axis (PC3, Fig. 4) shows considerable overlap in mor-
phospace, and only separates squirrel monkeys (Saimiri sciureus) from
spider monkeys (Ateles geoffroyi), all other species being intermediate
between these two. As with the first axis, morphological variation along
this axis is primarily driven by the position and orientation of the utricular
region, saccule shape, and the position of the aqueductal junction. Squirrel
monkeys (positive values) present an anterolateral-posteromedially
elongated saccule, an inferiorly displaced aqueductal junction, and an
anteriorly displaced utricular region that is rotated posteromedially. This
contrasts with spider monkeys, characterized by an anterolateral-
posteromedially compressed saccule and an aqueductal junction aligned
with the utricular region, itself located just above the saccule and rotated
anterolaterally.

Vestibule size
Among anthropoids, hominids possess the largest vestibules, with hyloba-
tids being intermediate between them and other anthropoids (Fig. 5a). The
cynomolgus monkey (Macaca fascicularis) and the spider monkey are
characterized by the highest ratio between the sizes of the utricular and
saccular regions (US ratio hereafter), while gibbons and siamangs show the
exact opposite, a direct consequence of their enlarged spherical recess
(Fig. 5b).Amonghominids, chimpanzeespossess the smallest vestibules and
the highestUS ratio,while gorillas (Gorilla gorilla) have the largest vestibules
and a US ratio similar to that of humans and orangutans.

Phylogenetic signal of the vestibule
The vestibule centroid size of anthropoids contains a strong, significant
phylogenetic signal (λ = 0.99, p = 0.001; K = 1.57, p = 0.001; Table 1), with
closely related species being more similar than what would be expected
under a Brownianmotionmodel of evolution. Conversely, the phylogenetic
signal of overall vestibule shape (i.e., Procrustes coordinates) is weaker, and
only Blomberg’s K value is significant (λ = 0.25, p = 0.516; Kmult = 0.51,

Fig. 5 | Size variation in the anthropoid vestibule. Box plots of a vestibule centroid
size and b US ratio. The lower and upper bounds of the boxes, respectively,
represent the first and third quartiles, the thick bar represents the median value,

and the top and bottom bounds of the whiskers, respectively, represent maximum
and minimum values. Dots represent outliers following the interquartile range
criterion.

Table 1 | Phylogenetic signal in vestibule size and shape

Explanatory variable Pagel’s λ logL p value Bloomberg’s K/Kmult p value

Vestibule centroid size 0.999 −16.16 0.001 1.56 0.001*

US ratio <0.0001 19.70 1 0.64 0.055

Overall vestibule shape 0.249 445.92 0.516 0.51 0.004*

MA <0.0001 −43.39 1 0.24 0.944

Asterisks indicate significant p values.
logL log likelihood, MA estimated angle between utricular and saccular maculae, US ratio ratio between centroid sizes of utricular and saccular regions.
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p = 0.004), indicating closely related species being less similar than what
would be expected under Brownian motion. No phylogenetic signal was
found for either theUS ratio (λ = <0.0001, p = 1;K = 0.64, p = 0.55; Table 1),
nor for the estimated angle between the utricular and saccularmaculae (MA
hereafter; λ < 0.0001, p = 1 and K = 0.24, p = 0.944; Table 1).

Mapping anthropoid phylogeny onto the first and second axes of a
between-group principal component analysis of vestibule shape, con-
sidering a strict Brownian motion model of evolution, we obtain a phy-
lomorphospace where the ancestral state estimation for the nodes of
hominoids and catarrhines fall close to the origin of the plot (PC1-2,
Fig. 6a). Among extant species, the cynomolgus monkey and, to a lesser
extent, humans and the common patasmonkey (Erythrocebus patas) plot
the closest to this ancestral state estimation. Divergent morphologies
between sister taxa can be observed in this phylomorphospace, as
exemplified by the spidermonkey and theColombian red howlermonkey
(Alouatta seniculus), or by humans and chimpanzees. In particular, the
human/chimpanzee split spans the second axis, with chimpanzees
exhibiting an exaggerated hominid morphology with a supero-inferior
expansion of the utricular region and a spherical recess that is medio-
laterally compressed and displaced inferiorly, while humans show a large
spherical recess that is positioned at the same height as the utricular
region, itself compressed superoinferiorly.

Aphylogenetically-alignedcomponent analysis (Fig. 6b) indicates that,
among anthropoids, phylogenetic signal is mostly found in both the
orientation of the utricular region and the shape of the saccule (C1), as well
as in the positions of the utricular region (C2) and the aqueductal junction
(C1–2). In this phylogenetically informative morphospace, we observe a
clear separation of platyrrhines (C1, positive values) and hominids (C2,
positive values) fromhylobatids and cercopithecids (C1–2, negative values).
In this analysis, humans fall the closest to the ancestral state estimation for
the last common ancestor of anthropoids (this ancestral state reconstruc-
tion, however, should be treated as preliminary, given our small sample of
platyrrhine species).

Allometric and positional signals in the vestibule
Among tested explanatory variables, phylogenetic generalized least square
(pGLS) regressions indicate that body mass is the only variable that can
explain a large and significant amount of variation in vestibule centroid size
(R2 = 0.85, p = <0.001) (Table 2; see Supplementary Table 1 for additional
models). Together with centroid size, body mass also explains a significant
amount of variation in the ratio between centroid sizes of utricular and
saccular regions (US ratio, R2 = 0.39, p = 0.0110) (Table 2; see Supplemen-
tary Table 2 for additional models), suggesting that these regions follow
different allometric trajectories, with the saccule growing faster with body
mass than the utricle. Centroid size also explains a portion of shape variance
in PCs 1, 4, 5, and 7, while US ratio explains shape variance in PCs 1, 2, 5, 6,
and 7 see Supplementary Table 3 for regression results between vestibule
size and shape components.

In contrast to centroid size and the US ratio, none of the variables we
tested could significantly explain variation in Procrustes shape coordinates
of the vestibule, or in the estimated angle between utricular and saccular
maculae (MA; Table 2 and Supplementary Tables 4 and 5). However, using
phylogeneticANOVAonprincipal components of vestibule shape insteadof
Procrustes coordinates, we found that body mass and US ratio significantly
explain about 33%, and 42% of variation along PC1, respectively. PC1 itself
explains 18.9% of vestibule shape variation. US ratio, CBA (a measure of
endocranial flexion), and neck inclination significantly explain about 23%,
40%, and 20%of variation along PC2, respectively. PC2 itself explains 16.4%
of vestibule shape variation (Table 3 and see Supplementary Fig. 1 for a
summary of head and neck metrics). No tested variable could significantly
explain vestibule shape variation along PCs 3 to 5 (Supplementary Table 5).

Discussion
This study provides the first insights into the evolution of the human oto-
lithic system within the context of anthropoid primates. Our analyses show
several morphological features of the bony vestibule that differentiate
taxonomic groups. These include differences between: (1) hominoids and

Fig. 6 | Evolution of the anthropoid otolithic system. Phylomorphospaces based
on a a principal component analysis and b a phylogenetically-aligned component
analysis of Procrustes shape coordinates of the vestibule. Both plots show the first
and second components of the analyses, with the percentage of variance they explain
and the phylogenetic signal they carry. Blue landmarks on the top insets indicate the
bony structure of the utricle. Purple landmarks indicate the bony structure of the
saccule (also known as the spherical recess). Wireframes depict landmark-based
shape differences along each axis. Gray wireframes indicate the average

configuration of landmarks describing vestibule shape. Black wireframes indicate
extreme landmark configurations along each axis, exaggerated by a factor of 2.
Wireframes are either shown from a an antero-lateral view or b an antero-medial
view to best visualize the greatest shape differences. Numbers indicate ancestral state
estimations for the following clades: 15-Anthropoidea, 16-Catarrhini, 17-Cerco-
pithecidae, 18-Cercopithecinae, 19-Cercopithecina, 20-Colobinae, 21-Hominoidea,
22-Hylobatidae, 23-Hominindae, 24-Homininae, 25-Hominini, 26-Platyrrhini, 27-
Atelidae.
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cercopithecids, (2) hylobatids and hominids, and (3) humans and the
African apes. Among hominoids, there is considerable morphological
diversity of the vestibule, which contrasts with a more conserved mor-
phology in cercopithecids. This diversity includes differences in the posi-
tioning, orientation, and relative size of the otolithic system. For example,
great apes have amore superiorly displacedutricle relative to the saccule and
a more obtuse angulation between the two. Hylobatids, instead, possess an
enlarged saccule compared to all other anthropoids sampled. Such differ-
ences in bony configuration are tied to the location of the maculae and, in
turn, sensoryhair cell orientation (assuming that anthropoids sharehuman-
like integration of hard and soft tissues of the vestibule35). Due to this
functional link, disparity among vestibule morphology could reflect dif-
ferences in positional behavior, as differential macular orientation would
alter sensitivity to certain directions of movement. This may include the
more specialized postural repertoires among apes, particularly orthograde
positioning of the head and torso8,36,37.

In an evolutionary context, there are twomajor transformations in the
hominoid bony vestibule. First, after the split between hylobatids and
hominids and, second, after the split between Pan andHomo (Fig. 6a). The
divergence of hylobatids and hominids relates to the size of the bony
structure of the saccule relative to that of the utricle (see Figs. 4c and 6a),
where the former is enlarged in hylobatids and reduced in the great apes.
This enlargement suggests a similarly enlarged membranous saccule and
saccular macula, which are known to be linked with bony structures in
humans35.The saccule isprimarily adetectorof vertical linear acceleration in
primates11, and therefore, a relative increase in macula size may relate to
increased sensitivity towards a vertical movement of the head. Considering
the substantial portion of suspensory behavior and ricochetal brachiation
within the hylobatid locomotor repertoire37,38, an enlarged saccule may be
adaptive for increased vertical movement with a heightened risk of vertical
“drop.” Furthermore, evidence for retained auditory sensitivity in the pri-
mate saccule (e.g., as observed in ref. 39) suggests a potential acoustic role in
the enlarged saccule in hylobatids, particularly in siamangs who exhibit
exceptionally loud and complex vocalizations (for further discussion, see
refs. 40,41). Thus, the role of the otolithic system indetecting vibrationsmay
have additional roles in behavioral evolution that remain to be fully
explored.

The enlargement of the saccule is also linked with both body size and
vestibule size, indicating that the divergence of hylobatids and hominids
from the hominoid ancestral node may have an allometric component.
Indeed, this type of allometry related to body size has also been observed in
catarrhine facial morphology (including orbit shape and position42). If we
assume, however, that the hominoid last common ancestor possessed a
more hylobatid-like body size43, then another variable (e.g., specialized
locomotor modes or loud vocalizations) may be driving the derived hylo-
batidmorphology. The inclusion of fossil taxa into the above analyseswould
enable more accurate reconstructions of ancestral morphologies, revealing
how the otolithic system evolved alongside transitions in hominoid posi-
tional behavior.

African great apes, on the other hand, exhibit flattened and inferiorly
displaced bony structures of the saccule,withmedial expansionpresent only
in the inferior portion of the spherical recess. This morphology may cause
displacement of the saccularmaculae, given that themacula itself adheres to
the recess wall, fromwhich the saccular nerve exits (for detailed anatomical
descriptions, see ref. 44). This feature is indicated tohave evolved away from
a generalized hominoidmorphotypemore similar to cercopithecids (Fig. 6).
The cause of this morphology is unknown but given the spherical recess’s
proximity to the pathway of the superior vestibular nerve (comprising the
utricular and anterior and lateral ampullary nerves), compression of the
superior portion of the recess could result from inferior displacement or
relative enlargement of these nerves.

The second major evolutionary transformation is in both the Homo
andPan lineages (see Fig. 6a). Inparticular, the otolithic system inH. sapiens
seems to have secondarily evolved a more cebid-like morphology (most

Table 2 | Results of select of pGLS regressions of bony vestibule size (centroid size), US ratio, andMAwith explanatory variables

Model R2 λ Variable Coefficient p value

ln Centroid size~ln Body mass 0.852 1 Intercept 0.7625 4.47 10−05*

ln Body mass 0.1196 1.53 10−06*

ln US ratio~ln Body mass+ ln Centroid size 0.385 0 Intercept 0.3693 0.1584

ln Body mass 0.1171 0.0110*

ln Centroid size −0.9199 0.0110*

MA~ln US ratio+Orbit inclination 0.386 0 Intercept 86.345 2.50 10−09*

ln US ratio 34.019 0.0532

Orbit inclination 0.381 0.0532

Onlymodelswith lowest AICcare shownhere. All testedmodels can be found in Supplementary Table 4. Asterisks indicate significantp values.p values are adjusted using theBenjamini andHochberg (fdr)
method for multiple comparisons.
MA estimated angle between utricular and saccular maculae, US ratio ratio between centroid sizes of utricular and saccular regions.

Table 3 | Phylogenetic type I ANOVAs of principal components
of vestibule shape

Sum Sq F p value

Response: PC1, Lambda: 0, Delta: 1.42, Kappa: 3, R2 = 0.66

ln Body mass 2.38E−08 12.4135 0.044*

ln Centroid 3.64E−09 1.8928 0.495

ln US ratio 3.06E−08 15.9103 0.044*

CBA 3.66E−10 0.1907 0.791

Orbit inclination 3.60E−12 0.0019 0.967

Neck inclination 6.25E−10 0.3254 0.791

Frankfurt inclination 2.67E−09 1.3922 0.495

Residuals 1.15E−08

Response: PC2, Lambda: 1, Delta: 3, Kappa: 3, R2 = 0.84

ln Body mass 7.44E−15 5.0312 0.090

ln US ratio 2.78E−14 18.7844 0.009*

CBA 4.90E−14 33.1197 0.004*

Orbit inclination 1.52E−15 1.0279 0.413

Neck inclination 2.47E−14 16.6665 0.009*

Frankfurt inclination 9.33E−16 0.6306 0.453

Residuals 1.04E−14

Branch length transformations for Pagel’s λ were optimized between set bounds using maximum
likelihood. Asterisks indicate significant p values. p values are adjusted using the Benjamini and
Hochberg (fdr) method for multiple comparisons. Centroid size is included as an additional variable
inmodels inwhich shapecomponents carry an allometric signalwith theoverall size of the vestibule.
Phylogenetic type I ANOVAsof principal components 3 to 5 can be found in Supplementary Table 4.
CBA a measure of endocranial flexion (see “Methods”), US ratio ratio between centroid sizes of
utricular and saccular regions.
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similar to Saimiri sciureus) after the split with the Pan/Homo last common
ancestor, while the bony structure of the saccule inPan is themost flattened
with autricle that ismost superiorly displaced, exaggerating themorphology
seen in other great apes. While the cause for this disparity is unknown, it is
possible that the exaggerated displacement of the utricle and saccule in Pan
could be the result of enlarged or reorganized ampullar and utricle nerves
that pass superficially between these structures, which, rather than having
any functional link, would purely be a structural constraint.

Evidence suggests that the human bony vestibule has undergone
extensive morphological change away from the general hominid condition.
More specifically, a pronounced supraovalic fossa, and reorientation of the
bony structure surrounding the utricular macula relative to that of the
saccule (Fig. 6a). This reorientationof bony structure inhumansmaybe tied
to shifts in head and neck configuration, since endocranial flexion and neck
inclination are associated with this type of shape change (Table 3). The
orientation of the otolithic organs and their maculae are, indeed, func-
tionally important as differences inmaculae orientation alter the orientation
of the hair cell bundles. Such differences, in turn, change the directional
sensitivity of the otolithic organs26,45.

Our current ancestral state reconstructions (ASRs) in phylomor-
phospace suggest that the reorientation of bony structure in humans is
convergent with some monkeys (particularly that of Saimiri sciureus).
This is interesting, as it contrasts with the above functional interpreta-
tions of human head posture being linked to otolithic structure. There
could be several reasons for this. First, while it is possible that a functional
signal is present in the PCA, 3D geometric morphometric methods will
also, inherently, pick up non-functional aspects of shape, such as the
relative position of the utricle and saccule, and neglect size, which impacts
function. Thus, all shape components can reflect a combination of cau-
sative factors. Second, the patterns observed here are of bonymorphology
only.While the bony features landmarked in this studymatch those of the
membranous otolithic organs in humans35, relationships between bone
and membranes could vary in primates, altering functional interpreta-
tions when applied to non-human taxa. Lastly, the similarity between
Homo sapiens and Saimiri sciureus could, in part, derive from enlarge-
ment of the brain in combination with a restricted size of the petro-
tympanic region of the cranial base. Indeed, S. sciureus exhibits one of
highest endocranial volumes relative to cranial base size among
platyrrhines46, and large brains pairedwith petrotympanic reorganization
is well-documented in the Homo lineage47,48.

Nonetheless, our observed connections between otolithic organ
orientation andneck inclinationmay indicate a positional signal in the bony
vestibule that can be further explored in two ways: (1) by calibrating ASRs
with fossils (particularly those of platyrrhines, hominoids, and early
hominins) to better model evolutionary change among clades; and (2) by
examining membranous structure of the otolithic organs across primates.
Morphological studies on the primate membranous labyrinth (as in
refs. 6,35) using micro-CT49 or synchrotron imaging50,51 would provide a
critical missing element in modeling functional parameters of the otolithic
system. This approach would bypass the limitations on functional inter-
pretations in the current study47,51.

In summary, our research reveals the otolithic system as an
important component of the inner ear, distinct from the semicircular
canals and the cochlea. This system has undergone significant evolu-
tionary transformations among anthropoids, including humans. Our
findings highlight several key morphological shifts in otolithic system
evolution among hominoids, marking the divergence of hominids and
hylobatids from an ancestral cercopithecid-like form. These evolutionary
shifts have culminated in a wide array of vestibule morphologies among
hominoids, with humans evolving a distinctive “cebid-like” vestibule
structure featuring a notably prominent supraovalic fossa. This exag-
gerated feature distinguishes our species. These discoveries offer com-
pelling new insights into the evolutionary dynamics of the inner ear,
particularly within the human lineage and open up new avenues to
reconstruct evolutionary shifts in postural behavior.

Methods
Data acquisition and reconstruction
Our sample includes virtual 3D meshes of 136 right and left inner ears
derived from micro-CT (μCT) scans of 14 extant anthropoid species,
including a representative sample of modern H. sapiens (Supplementary
Table 7). Species were chosen following52 from which data is derived.
Existing μCTs were downloaded from MorphoSource (www.
morphosource.org) and Morphomuseum (www.morphomuseum.com),
with a portion of the sample derived from ref. 53, while other crania were
selected from the American Museum of Natural History (AMNH) collec-
tions in the Division of Anthropology and scanned using a GE Phoenix
VtomeXsμCTscannerhousedwithin theAMNHMicroscopyand Imaging
Facility. Isometric voxel size ranged from 33 to 116 μm. Each μCT stackwas
exported as a series of DCM or TIFF images.

Whenpossible, both left and right earswere included, although thiswas
not possible for some individuals (e.g., single ear meshes downloaded from
online repositories). To test for possible bilateral asymmetry in vestibule
morphology, we ran a Procrustes analysis of variance (ANOVA) on all ears
from our sample, using the “bilat.symmetry” function of the “geomorph”
package of R (version 3.5.354). Results indicated no significant bilateral
asymmetry present in morphology of the vestibule (R2 = 0.0016; F = 0.8068
Z-score =−0.332; p = 0.635). Therefore, any potential effects of bilateral
asymmetry in the vestibule have no significant impact on our results.

μCT stacks were imported into the visualization software 3D Slicer,
version 4.10.155. This allowed axial, sagittal, and coronal plane views of each
ear, enabling 3D reconstruction through segmentation. It is possible that
errors in fully automated labyrinth segmentation may be introduced at low
resolutions that contain image processing artifacts (e.g., partial voluming; for
a review, see ref. 44). Therefore, our sample only includes high-resolution
μCT stacks that have been checked for any such artifacts. Segmentation of
each bony labyrinth was carried out by CMS using a combination of manual
and semi-automated thresholding to define best the boundary between the
air-filled space of the labyrinth and the surrounding bone. Furthermore, the
digitalmeshesderived fromthe segmentationswere checked for artifacts (e.g.,
holes in themesh)using the softwareZbrush56 followedby further refinement
of the topology using the “mesh doctor” function in GeomagicWrap 201757.

Statistics and reproducibility
All statistical tests were carried out using the R software package and
RStudio integrated development environment54. Specific packages and
functions used for particular analyses are outlined below. Prior to running
statistical models, data on size (i.e., centroid size of the vestibule) was tested
for normal distribution using a Shapiro–Wilk normality test. Results indi-
cate significant differences from normality in size (Centroid size:W = 0.91,
p = 3.22e−07). Thus, sizemeasures were log-transformed using the natural
logarithm (ln) in R when modeling.

Data analyses
Analysis set 1: overall shape variation. To capture themorphology and
configuration of the bony casings of the utricle and saccule, amodified set
of landmarks (chosen from ref. 35) was placed onto each of our 136 inner
ear meshes. For the saccule, a semilandmark patch was placed on the
spherical recess using the software Landmark Editor58 (for further
description of landmark placement, see Supplementary Fig. 2 and Sup-
plementary Table 8). This semilandmark patch captures the morphology
of the saccularmacula andmedial portion of the saccule as both adhere to
the bony recess itself. For the utricle, only single landmarks were used
(landmarks 1–5). These derive from the bony attachment sites of the
membrana limitans, which supports the utricle, its macula, and its neural
substrate (for further description, see ref. 59). This collection of land-
marks has been shown to approximate otolithic system morphology and
orientation of the otolithic organmaculae (for a review of the relationship
between bony and membranous morphology of the otolithic system, see
ref. 35). Landmarking was chosen over surface-based landmark-free
methods due to the possibility of artifacts on the meshes altering the
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results and adding irrelevant noise to the analysis (for further discussion,
see ref. 60).

Intraobserver error and the impact of scan resolution on landmark
placement were assessed by repeating landmark placement (ten times) on
one H. sapiens bony labyrinth (voxel size 89 μm3) and one G. gorilla bony
labyrinth (voxel size 116 μm3).Minimum,maximum, andmean Procrustes
distances for the H. sapiens error sample were 0.036, 0.084, and 0.056,
respectively. Minimum, maximum, and mean Procrustes distances for the
G. gorilla error sample were 0.049, 0.094, and 0.080, respectively. By com-
parison, the same values for the totalH. sapiens andG. gorilla samples were
0.052, 0.122, 0.082; and 0.068, 0.153, 0.098, respectively, exceeding those of
the error sample and with minimal overlap between the minimum total
sample values and maximum error sample values. The intraobserver error,
therefore, has a negligible effect on landmark placement.

Landmark coordinates comprising the contour of the semilandmark
patch were treated as a sliding semilandmark curve, and thus underwent
resampling to arrange coordinates equidistantly fromone another using the
function “resampleCurve” in the “Morpho” package of R (version 3.5.354).
All following statistical analyses were assessed using the “geomorph”
package61 in R. Landmark coordinates underwent generalized Procrustes
superimposition (GPA) where coordinates comprising the sliding semi-
landmark curve were allowed to slide along the tangent directions of their
curves, optimizing thehomologyof landmarkpositions62. Similarly, thenine
semilandmark coordinates comprising the remainder of the semilandmark
patch were treated as sliding surface semilandmarks during GPA.

Procrustes-aligned landmark coordinates were then subject to a
principal component analysis (PCA) to assess overall shape variation
among anthropoids. In addition to landmarking, we estimated the angu-
lation betweenmaculae (MA)using a subset of bony landmarks, whichhave
been shown to reflect maculae orientation in humans35. This was measured
by fitting a plane of best fit to three bony utricle landmarks and three bony
saccule landmarks using the software GeomagicWrap 2017. These include
landmarks 1, 3, and 5 for the utricular macula and three landmarks for the
saccular macula: the posteriormost, superiormost and anteroinferiormost
bounds of the spherical recess (see Supplementary Fig. 2 inset).

Analysis set 2: phylogenetically aligned landmark-based shape
analysis. Species represent non-independent cases, and cochlear and
SCC morphology, in particular, are known to be significantly influenced
by phylogeny among primates5. Tests were therefore carried out to
determine the level of phylogenetic signal present in bony vestibule size
and shape. We used topologies and branch lengths from the GenBank
taxonomy consensus tree provided on the 10kTrees website (version 3)63

(see Supplementary Fig. 3 for the chronophylogenetic tree used in our
analyses). Non-independence of data points due to phylogenetic relat-
edness was tested for by estimating Pagel’s lambda (λ)64, Blomberg’s K65,
and Kmult

66 using the “phylosig” function from the “phytools” package
and “physig” function from the “geomorph” package in R. Kmult is a
multivariate version of the Bloomberg’s K statistic which is able to detect
the degree of phylogenetic signal present in a multivariate dataset (i.e.,
Procrustes shape variables; for a review see ref. 66).

In addition to the standard PCA above, we carried out a phylogeneti-
cally aligned components analysis (PaCA) using the “gm.prcomp” function
of “geomorph” in R. Thiswas carried out on themean shape for each species
(totaling 14 inner ears). Mean shapes were created using the “mshape”
function in “geomorph”. The PaCA differs from a PCA in that data are
aligned to axes of greatest phylogenetic signal instead of greatest shape
variance (for more, information see ref. 67). By doing so, we are able to
visualize shapevariationmost related tophylogenywhileminimizing aspects
of shape that track with other variables (e.g., body mass, neck inclination).

Analysis set 3: correlationswithbodymass, endocranialflexion, and
head and neck posture. Phylogenetic generalized least-squares (pGLS)
models were used to test for relationships between response variables of
vestibule size and MA and the explanatory variables of body mass,

endocranial flexion, and head and neck orientation (see Supplementary
Table 9 for a summary of metrics used). Phylogenetic Procrustes analyses
of variance (Phy-ProcD ANOVAs) were used to identify variables that
explained significant amounts of variation in bony vestibule shape while
taking phylogeny into account. The above tests were carried out using the
“pgls” and “procD.pgls” functions of the “caper” and “geomorph”packages
in R, respectively. Branch length transformations were estimated for pGLS
models using a maximum likelihood approach (and assuming Brownian
motion evolution). Lambda cannot be optimized directly in Phy-ProcD
ANOVAs. We, therefore, optimized lambda on each shape PC by com-
puting a weighted lambda using the explained shape variance of each PCs
asweight.Type IANOVAs (sequential sumof squares)wereused forpGLS
models of principal components of shape (from the standard PCA) to
determine variables that explain significant variation only after all previous
explanatory terms (and phylogeny) have been accounted for. In all pGLS
models run with MA as the response variable, the maximum likelihood
estimations of lambda were 0.We, therefore, set the pGLSmodels’ lambda
value toboth the upper boundof its 95%CIand lowerbound (0) to account
for the highest and lowest likely phylogenetic signal in the model. In cases
where there are multiple hypotheses tested, we corrected resulting p values
using the Benjamini and Hochberg (also known as fdr) method.

Response variables for the above models include: (1) Centroid size of
Procrustes-aligned landmark coordinates (the square root of the sum of
squared distances of all the landmarks of an object from their centroid); (2)
The ratio of the “bony” utricle centroid size to “bony” saccule centroid size
(US ratio); (3) Overall Procrustes shape variables (derived from individual
Procrustes coordinates); (4) principal components of Procrustes shape
variance that distinguish anthropoid groups and (5) Estimated angulation
betweenmaculae (MA). Explanatory variables are as follows: (1) Bodymass;
(2) Centroid size of Procrustes-aligned landmark coordinates; (3) US ratio;
(4) Flexion of the endocranial base (CBA; ameasure of endocranial flexion);
and (5) Three measures of head and neck orientation. Some of the species
included in this study exhibit considerable sexual dimorphism in body size
(e.g., Gorilla gorilla, Pongo pygmaeus, Erythrocebus patas). Therefore, in
these species, only average body mass and inner ear meshes from the
majority sex were used. This was done to maximize the number of indivi-
duals (and ears) included in each model, rather than running each model
independently on smaller samples of males and females (which, in some
cases, would only be one ear).

The threemeasures of head andneck orientation are taken from ref. 52
and include: (1) Neck inclination; (2) Orbit inclination; and (3) Frankfurt
inclination (Supplementary Fig. 1). SCCmorphology andbodymass share a
negative allometric relationship68. Therefore, under the assumption that the
vestibule may follow a similar pattern, the relationship between most
response variables and head and neck posture was examined after taking
bodymass into account (bodymass estimates taken fromaveragedmale and
female values from refs. 69,70). Measures of CBA were taken from
refs. 71,72. CBA is defined here as the angle formed from the intersection of
the planum sphenoideum (measured from most anterosuperior midline
point on the sloping surface in which cribriform plate is set to clival point)
and the clival plane (measured as endobasion to clival point) (Supple-
mentary Fig. 4). This measure captures endocranial base flexion and was
chosen to maintain consistency with52 as CBA is incorporated into their
analyses of primate head and neck orientation.

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

Data availability
All segmentations of non-humanprimate bony labyrinths generated during
this study are available at https://www.morphosource.org/projects/
000642639. Human segmentations can only be shared with permission of
curating institution. Other data generated and analyzed for this study are
available from the corresponding author upon reasonable request.
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