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Abstract

Gravity is a defining force that governs the evolution of mechanical forms, shapes and anchors our
perception of the environment, and imposes fundamental constraints on our interactions with the world.
Within the animal kingdom, humans are relatively unique in having evolved a vertical, bipedal posture.
Although a vertical posture confers numerous benefits, it also renders us less stable than quadrupeds,
increasing susceptibility to falls. The ability to accurately and precisely estimate our orientation relative
to gravity is therefore of utmost importance. Here we review sensory information and computational
processes underlying gravity estimation and verticality perception. Central to gravity estimation and ver-
ticality perception is multisensory cue combination, which serves to improve the precision of perception
and resolve ambiguities in sensory representations by combining information from across the visual,
vestibular, and somatosensory systems. We additionally review experimental paradigms for evaluating
verticality perception, and discuss how particular disorders affect the perception of upright. Together,
the work reviewed here highlights the critical role of multisensory cue combination in gravity estimation,

verticality perception, and creating stable gravity-centered representations of our environment.

Gravity is a defining force that governs the evolution of
mechanical forms (Volkmann and Baluska, 2006),
shapes and anchors our perception of the environment
(Dichgans et al., 1972; Coppola et al., 1998a; Merfeld
et al., 1999; Laurens and Angelaki, 2011; Rosenberg
and Angelaki, 2014), and imposes fundamental con-
straints on how we interact with the world (Gaveau
et al.,, 2011, 2014, 2016; Crevecoeur et al., 2014).
Humans are unique in having evolved a vertical, bipedal
posture that confers benefits such as freeing our hands to
interact with objects, elevating our line of sight, and
enabling metabolically efficient walking (Alexander,
2004). However, because our vertical posture has nar-
rowed our base of support and raised our center of mass,
ithas also made us less stable than if we had a quadrupedal
posture. Deviations from upright can thus have dire con-
sequences for maintaining posture and safe locomotion

(e.g., increasing the risk of falls), making the estimation
of gravity and verticality critical steps in bipedalism.

In this chapter, we review sensory sources and com-
putational processes underlying gravity estimation and
verticality perception. Gravity estimation refers to the
process of estimating the direction of the gravitational
vector. In turn, verticality is defined relative to gravity:
a vertical orientation is parallel to gravity, whereas a
horizontal orientation is perpendicular to gravity. This
chapter examines how the estimation of gravity and
our spatial orientation are multisensory processes relying
on visual, vestibular, and somatosensory signals. We
distinguish between two forms of multisensory cue
combination that contribute to gravity estimation and
verticality perception (Seilheimer et al., 2014). First,
cue integration improves the precision of gravity and
self-orientation estimates. Second, cue disambiguation

*Correspondence to: Christopher J. Dakin, Utah State University, Department of Kinesiology and Health Science, 7000 Old Main
Hill, Office 132, Logan UT 84322, United States. Tel: +1-435-797-7324, E-mail: chris.dakin@usu.edu


https://doi.org/10.1016/B978-0-444-63916-5.00003-3

44

resolves ambiguities in sensory representations that exist
at the level of a single modality by using sensory infor-
mation from other modalities. For example, the visual
orientation of objects in the world provides a valuable
cue to gravity, but the orientation of the eyes in the world
confounds visual orientation. To interpret visual cues to
gravity properly, the contributions of object-in-world and
eye-in-world orientations to the retinal images must be
disambiguated (Sunkara et al., 2015). This is achieved
through a reference frame transformation in which a
multisensory estimate of gravity is used to re-express
egocentrically (i.e., relative to the eyes) encoded visual
signals relative to an allocentric, gravity-centered
reference frame.

We begin by introducing concepts from cue integra-
tion theory, a framework that can be used to quantify the
inference of verticality from multiple ambiguous and
noisy sensory signals. We then review experimental
paradigms for assessing verticality perception, and
examine conditions under which the paradigms may
yield different estimates of verticality. The discussion
of different measures of verticality leads into a review
of the contributions of the visual, vestibular, and
somatosensory systems to verticality perception framed
in terms of cue integration. Following the discussion of
cue integration, we review two examples of cue disam-
biguation. First, we review the neural basis of reference
frame transformations for achieving gravity-centered
visual perception. Second, we review computations that
can dissociate the contributions of gravitational and
inertial forces to otolith signals, a classic example of
cue disambiguation for estimating linear acceleration
and head tilt. Together, the work reviewed here
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highlights the critical role of multisensory cue combi-
nation in estimating gravity, verticality perception,
and creating gravity-centered representations of our
environment.

MODELING VERTICALITY PERCEPTION
USING CUE INTEGRATION THEORY

Maintaining verticality requires that we estimate our ori-
entation relative to gravity (i.e., tilt) from noisy and
ambiguous sensory signals. We can quantify the quality
of our tilt inferences in terms of their accuracy and pre-
cision (Seilheimer et al., 2014). Inferences are accurate if
they closely match the ground truth tilt (i.e., they are
unbiased), and they are precise if they are reliable. As
an analogy, consider a game of darts in which perfor-
mance can vary independently in accuracy and precision
(Fig. 3.1A). Performance is both accurate and precise if
all the dart throws cluster tightly around the bullseye.
However, if they cluster loosely around the bullseye, then
performance is accurate but not precise. Conversely,
performance may be precise but not accurate if the dart
throws tightly cluster around a point other than the
bullseye. Lastly, they are neither accurate nor precise if
they cluster loosely around a point other than the bullseye.
Successful interactions with our environment require
that we maintain an accurate and precise estimate of our
orientation relative to gravity; that is, a tight cluster cen-
tered on the bullseye.

Tilt perception can be understood as a problem
of statistical inference, in which we infer our true tilt
from noisy and ambiguous sensory information (Knill
and Richards, 1996). As such, tilt perception can be
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Fig. 3.1. Accuracy and precision of sensory representations. (A) Dartboard schematic illustrating four accuracy—precision
scenarios. Accuracy describes how close the representation is to the ground truth (the bullseye). Performance is accurate if, on
average, the dart hits the bullseye (left column). Precision describes the reliability of the representation. Performance is precise
if multiple dart throws result in a tight cluster (top row). As is illustrated here, accuracy and precision can vary independently.
(B) Sensory representations can be described as likelihood functions. Given a ground truth tilt of 0° (vertical dotted gray line),
each curve shows a Gaussian-shaped likelihood function with different levels of accuracy and precision. The horizontal axis shows
the possible tilts, and the vertical axis indicates the likelihood of sensing each of those tilts given the ground truth tilt of 0°.
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described by a probability density function, with a more
concentrated and less biased distribution reflecting per-
ception that is less uncertain (i.e., more precise) and
closer to the truth (i.e., more accurate). Inferences about
our true tilt start with sensory representations of our tilt.
Those representations can be described by tilt likelihood
functions representing the evidence that we are tilted by a
particular amount given the current sensory information
(Knill and Pouget, 2004; Ma et al., 2006; Landy et al.,
2011). The accuracy of a likelihood function is the differ-
ence between the center of the function and the ground
truth (i.e., the true tilt that should be inferred), and the
precision is inversely related to the function’s width
(Fig. 3.1B). For example, if you are upright (tilt = 0°),
an accurate and precise sensory representation of your
orientation relative to gravity is described by a narrow-
likelihood function centered on 0°.

Relying on a single sensory system to estimate tilt
imposes fundamental limitations on the accuracy and
precision of tilt perception because the ambiguities,
biases, and noise impacting the estimates made by that
system are not independent (Gingras et al., 2009). For
example, pilots can mistake linear acceleration signals
as tilt signals when a visual horizon cue is unavailable
because the vestibular system’s otoliths ambiguously
encode linear acceleration and head tilt. Visual presenta-
tion of the horizon, or an attitude indicator, can remedy
the inaccurate perception of tilt by providing an orienta-
tion cue that is independent of the vestibular system. As a
second example, fog adds noise to the visual scene,
which decreases the precision of tilt estimates derived
from visual orientation cues (which, as noted above,
are also biased by the orientation of the eyes in the
world). Because poor viewing conditions broadly affect
vision (and the orientation of the eyes in the world biases
all visual signals), the extent to which other visual cues to
gravity, such as the motion of a falling object, can reduce
uncertainty and bias, is limited. Instead, information pro-
vided by the vestibular and somatosensory systems is
necessary to improve tilt estimates.

Cue integration theory provides a model for des-
cribing how the integration of information across sensory
systems can yield statistically robust estimates in that
the variance of the multisensory estimate is minimized
(Ernst, 2006). Consider that the visual, vestibular,
and somatosensory systems each provide their own tilt
likelihood function. With optimal cue integration, the
multiplication of these likelihood functions yields a
multisensory likelihood whose precision is maximized
given the unisensory likelihoods (Ernst and Banks,
2002; Ernst and Biilthoff, 2004). We illustrate this com-
putation in Figure 3.2, where three hypothetical unisen-
sory tilt likelihood functions differing in accuracy (each
has a different mean) and precision (each has a different

width) are integrated. The contribution of each unisen-
sory likelihood function to the multisensory likelihood
depends upon its precision, yielding statistically robust
inferences (Landy et al., 2011).

Because sensory signals are noisy, tilt inferences can
further benefit from integrating current sensory evidence
with prior knowledge about the statistical regularities
of the world (e.g., we are most likely upright when we
are awake). More formally, prior experience can be
described by a probability distribution, or prior. The
multiplication of a likelihood and a prior is proportional
to a posterior distribution that describes the probability
of'each possible tilt (Fig. 3.2). In particular, the resulting
tilt estimate is Bayes optimal (the precision of the pos-
terior is maximized) given the current sensory evidence
and prior experience. Thus, cue integration is referred to
as Bayesian cue integration when a prior is included
(Knill and Pouget, 2004). A single tilt inference can
then be made by selecting the most probable tilt (i.e.,
the one corresponding to the maxima of the posterior
function).

MEASURING VERTICALITY
PERCEPTION

Subjective vertical tasks are a key experimental paradigm
used to study verticality perception. In general, these tasks
require participants to orient either themselves or an object
with their perception of vertical. Because the sensory
information available to estimate gravity differs across
these tasks, each task provides insights into when and
how particular sensory cues contribute to verticality per-
ception. In the following subsections, we describe three
variants of the subjective vertical task (visual, postural,
and haptic) which are used to measure verticality per-
ception, as well as conditions in which they yield either
similar or differing verticality estimates.

Subjective visual vertical

In the subjective visual vertical (SVV) task, participants
orient a visually presented bar with perceived vertical
using an interfacing controller (Fig. 3.3A). After multiple
trials of orienting the bar, the accuracy and precision of
verticality perception are assessed using the average and
variability of the participant-set bar orientations, respec-
tively. Participants usually perform the SVV task in the
dark, with the only visual information available arising
from the bar used to indicate vertical. When the body
is upright and in the dark, gravitational cues provided
by the vestibular and somatosensory systems dominate
SVV performance. Unilateral vestibular lesions system-
atically decrease the accuracy of SVV, biasing verticality
perception in the direction of the lesion (Anastasopoulos
et al., 1997). Likewise, in upright, head-fixed monkeys,
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Fig. 3.2. Bayesian cue integration. (A) The visual, vestibular, and somatosensory systems each provide a representation of tilt
modeled here as Gaussian likelihood functions. For example, the visual likelihood function p(Tvis | T) describes the likelihood
of visually sensing a particular tilt (Tvis) given the true tilt (7). The mean (u) and standard deviation (o) characterize the accuracy
and precision of the representation, respectively. (B) The product of the individual sensory likelihoods produces a multisensory
likelihood function (solid gray curve in the center plot; colored dashed curves show the unisensory likelihood functions).
(C) According to Bayes’ rule, the posterior distribution p(T |Tvis, T vest, Tmmﬂ) describes the probability of a tilt given the sensory
information (black curve, right-most plot). The posterior is equal to the product of the multisensory likelihood function and a prior
describing the probability of each tilt (magenta curve, center-right plot), divided by a normalizing term (that can be safely ignored
since it does not affect the shape of the posterior distribution). (D) The posterior has a mean that is equal to a weighted combination
of the multisensory likelihood mean and the mean of the prior, and has minimal variance given the likelihood and prior. Colors in
the equations correspond to the colors of the plotted functions.

electrical stimulation of vestibular afferents biases per- The idiotropic vector was first proposed as part of
ceived vertical in a manner consistent with head tilt a computational strategy to overcome biases in vertical-
(Dakin et al., 2013; Lewis et al., 2013). In contrast, nei- ity perception resulting from anisotropies in the number
ther somatosensory loss nor water immersion (which of hair cells in the utricle and saccule, and to help reduce
reduces somesthetic orientation cues) affects the accu- the variability of verticality perception in the presence of

racy of perceived vertical. Instead, somatosensory loss small tilts (Rosenhall, 1972; Mittelstaedt, 1983). As the
decreases the precision of perceived vertical in upright amount of tilt increases, the idiotropic vector more
participants (Barra et al., 2010). strongly biases SVV towards the midline of the body,

A biasing effect of somesthetic cues on SVV becomes reducing the accuracy of perceived visual vertical. This
more apparent when the body is statically tilted relative increasing bias in verticality perception with larger tilts
to gravity, resulting in a bias in perceived vertical towards can also be described by Bayesian cue integration. As tilt
the midline of the body, called the Aubert effect (Aubert, increases, the precision of the tilt representation is
1861). The Aubert effect is thought to arise from somes- thought to decrease (i.e., the width of the likelihood func-
thetic cues because its magnitude covaries with the  tion increases) due to a reduction in the precision of
degree of somesthetic sensory loss observed in hypoes- otolith-derived tilt signals (Quix, 1925; Graybiel and
thetic patients (Yardley, 1990; Anastasopoulos et al., Patterson, 1955; Graybiel and Clark, 1962; Shone and
1999; Barra et al., 2010). It is attributable to an internal Udo De Haes, 1968). This decrease in precision reduces
signal called the idiotropic vector (Mittelstacdt, 1983, the weight of the likelihood function, resulting in the pos-
1986, 1999), which biases verticality perception in the  terior distribution being pulled more strongly in the
direction of the body’s midline. direction of a prior that assumes small tilts are most
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Fig. 3.3. Three subjective vertical tasks. (A) During a subjective visual vertical (SV'V) task, participants orient a visually displayed
bar with perceived vertical using an interfacing controller. (B) During a subjective postural vertical (SPV) task, participants either
orient themselves with perceived vertical or are passively rotated until they indicate that they perceive themselves to be vertical.
Here, a participant is shown standing on a motion platform that allows side-to-side tilt. Starting from a tilted platform orientation,
the participant or experimenter will adjust the participant’s orientation. The participant will then indicate when his/her body is
aligned with vertical. (C) During a subjective haptic vertical (SHV) task, participants align a hand-held object with perceived
vertical.
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Fig. 3.4. Bayesian account of the Aubert effect. (A, B) Tilt estimation for ground truth tilts of 45° and 90° relative to the world,
respectively. A prior for being upright relative to the world (tilt = 0°), p(T), is illustrated in magenta. The precision of sensory
representations of tilt decrease the further an individual is from upright. Reflecting this change in precision, the sensory likelihood
function p (T| T) representing a tilt of 45° is taller and narrower (i.e., more precise) than for a tilt of 90° (gray curves). With Bayes-
ian cue integration, the prior has a larger effect on the posterior, p(T| T) (black curves), at larger tilts because of the decreased
precision of the likelihood function. Correspondingly, the posterior is “pulled” more towards the prior in (B) compared to (A).
(C) Taking the tilt with the highest probability as the estimate of the ground truth tilt, this “pull” on the posterior introduces a
bias in the perceived tilt that increases the further the individual is from upright. Specifically, the perceived tilt (solid curve) is
underestimated at large tilts (dashed curve), resulting in the Aubert effect.(Adapted from De Vrijer M, Medendorp WP,
Van Gisbergen JAM (2008) Shared computational mechanism for tilt compensation accounts for biased verticality percepts in
motion and pattern vision. J Neurophysiol 99: 915-930.)

probable (MacNeilage et al., 2007; De Vrijer et al., 2008;
Vingerhoets et al., 2009; Clemens et al., 2011) (Fig. 3.4).

If visual cues are available during the SVV task, they
can exert a substantial influence on perceived vertical,
as revealed by the rod and frame test (Witkin and
Asch, 1948). In the rod and frame test, the SVV task is
performed with the bar presented inside a rectangular

frame whose orientation is experimentally manipu-
lated. The presence of a tilted frame causes a shift
in perceived vertical in the direction of the frame’s tilt.
This shift is predicted by cue integration theory, in
which the frame “pulls” the perceived vertical towards
the frame’s orientation (Vingerhoets et al., 2009; Alberts
et al., 2016a).
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Avariation of the SVV task is the dynamic SVV task,
in which a vertically oriented participant performs the
SVV task while viewing large-field visual motion
(Dichgans et al., 1972; Hughes et al., 1972; Held
et al., 1974; Brandt and Dieterich, 1987). The visual
field motion is often presented as dots rotating about
the participant’s line of sight (i.e., roll) (see Fig. 3.8A
and B, later in this chapter, for illustration). Dynamic
SVV tasks assess how visual motion cues contribute
to head tilt estimates (Zupan and Merfeld, 2003). Such
tasks have shown that visual field motion biases the per-
ception of vertical (Dichgans et al., 1972; Held et al.,
1974) and induces ocular torsion (Ibbotson et al.,
2005). People become increasingly dependent on such
visual cues with age (Over, 1966; Kobayashi et al.,
2002). Furthermore, tilt estimates made by older adults
who fall relatively frequently are biased more by visual
signals than older adults who fall less often (Lord and
Webster, 1990).

Subjective postural vertical

In subjective postural vertical (SPV) tasks, participants
indicate the orientation of their body relative to perceived
vertical (Fig. 3.3B). SPV tasks are performed using a
tilting table, chair, or motion platform in which partici-
pants either control their own orientation or indicate
when they have been passively rotated into the vertical
orientation. Typically, participants perform SPV tasks
without visual feedback, so the sensory cues that most
directly determine performance are vestibular and
somatosensory in origin.

Performance is quantified by either comparing a
participant’s orientation to earth vertical or by having
participants indicate when they start to feel (or not feel)
upright. The latter measure is parameterized using the
entrance to and exit from verticality to define a cone of
verticality when both roll and pitch are included
(Bisdorff et al., 1996). The precision of a participant’s
ability to orient is quantified by the angle of the sector
between the entrance to and exit from verticality along
the axis of interest, and the accuracy is given by the bias
of'the sector’s orientation relative to vertical. A loss in the
precision of SPV increases the angle of the sector,
whereas a decrease in accuracy results in a directional
bias of the sector.

Impaired vestibular function, such as that arising
from Meniére’s disease or benign paroxysmal posi-
tional vertigo, increases the angle of the sector, indicat-
ing a decrease in the precision of perceived vertical
(Bisdorff et al., 1996). In many cases, SPV appears
resilient to unilateral vestibular lesion (Bisdorff et al.,
1996; Anastasopoulos et al., 1997), whereas unilateral

somatosensory loss (Anastasopoulos et al., 1999;
Mazibrada et al., 2008) can decrease the accuracy of
SPV by biasing perception towards the impaired side.
Lastly, age canalso decrease the accuracy of SPVestimates,
resulting in a backward leaning bias (Manckoundia
et al., 2007; Barbieri et al., 2010).

Subjective haptic vertical

In subjective haptic vertical (SHV) tasks, participants ori-
ent a hand-held object to perceived vertical (Fig. 3.3C).
Because the task is performed in the dark, haptic vertical
is primarily dependent on somatosensory information.
Performance on the SHV task may also depend on the
contextual relevance of the task. For example, participants
are significantly better at orienting a glass of water than a
metal bar (Wright and Glasauer, 2003, 2006). This high-
lights that the context under which a subjective vertical task
is performed, including the available verticality cues and
consequences of failing to achieve verticality, may influ-
ence the accuracy and precision of verticality estimates.

Comparison of verticality estimates

In some cases, performance across different verticality
measures is similar. For example, a backward bias in both
SPVand SHV can occur with normal aging (Manckoundia
et al., 2007). Indeed, one study investigating verticality
perception following hemispheric stroke found that 18%
of participants exhibited biases in verticality that were
transmodal (Perennou et al., 2008). However, verticality
estimates made by the same participant for different sub-
jective vertical tasks can also differ. For example, patients
with Meniére’s disease or benign paroxysmal positional
vertigo perform SVVand SPV tasks with similar accuracy
before unilateral vestibular nerve sectioning. After nerve
sectioning, the patients’ SVV is significantly biased in
the direction of the lesion whereas the accuracy of SPV
is unaffected (Bisdorff et al., 1996; Bronstein, 1999).
Likewise, cortical lesions to the posterior insula result in
a bias in SVV but do not create an appreciable bias in
SPV (Brandt et al., 1994). Stroke patients with contraver-
sive pushing also exhibit a dissociation between SVV and
SPV (Karnath et al., 2000a, b; Pérennou et al., 2002;
Lafosse et al., 2007). These patients tend to push toward
the hemiparetic side, leading to postural imbalance and
falls toward the paralyzed side. Correspondingly, during
a SPV task, they perceive themselves as vertical when they
are tilted toward the nonhemiparetic side; but their SVV is
relatively normal.

Similar dissociations are observed between SVV and
SHV. For example, in patients with vestibular nuclear
lesions, SVV can be strongly biased following the lesion,
whereas SHV is only marginally affected (Bronstein
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et al., 2003). Such dissociations between different mea-
sures of subjective vertical have led to the suggestion that
verticality is not a single unified concept (Bronstein,
1999; Bronstein et al., 2003); however, such dissocia-
tions are also consistent with cue integration. Specifi-
cally, cue integration predicts dissociations between
measures of perceived vertical since subjective vertical
tasks rely differentially on multiple sensory representa-
tions of verticality. The accuracies and precisions of these
representations depend on the specific task (e.g., if the
participant is standing or sitting, if tilt is head only or
whole body, or if the arm is actively working against
gravity as can occur predominantly in SHV tasks), the
experimental instructions (e.g., attention is drawn to spe-
cific cues), contextual aspects of the task (Wright and
Glasauer, 2003, 2006), and the participant’s orientation
in space (De Vrijer et al., 2008; Vingerhoets et al.,
2009; Alberts et al., 2016b).

GRAVITY SHAPES THE VISUAL
ENVIRONMENT

If you toss a handful of matchsticks into the air, the dis-
tribution of orientations that come to rest on the ground
will be statistically uniform. In contrast, the distribution
of oriented contours in the world is systematically biased,
with a higher prevalence of horizontal and vertical orien-
tations compared to oblique orientations (Coppola et al.,
1998a). This cardinal bias is observed in both urban
(Fig. 3.5A and B) and natural scenes (Fig. 3.5C and D).
For instance, vertical orientations are prevalent in cities
because of buildings and telephone poles, and in nature
because taller plants receive greater exposure to sunlight.
The prevalence of horizontal orientations is likewise
associated with the horizon, a prominent feature of many
scenes. As such, vertical and horizontal orientations pro-
vide potent static visual cues to the direction of gravity.

Amplitude Spectrum
|

Fig. 3.5. The distribution of orientations in the environment provides a visual cue to the direction of gravity. (A) Urban scene: the
Vancouver skyline. (B) Amplitude spectrum of the urban scene shows a prevalence of vertical orientations due to the columnar
structure of the buildings, and horizontal orientations due to the roofs and floors of the buildings as well as the shoreline. The
angular variable corresponds to the orientation of the contours in the scene, indicated by blue oriented bars. The radial variable
shows the prevalence of each orientation in the scene. (C) Natural scene: Logan Canyon, UT. (D) Amplitude spectrum of the nat-
ural scene shows a prevalence of vertical orientations due to the tree trunks.
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Indeed, Kofka (1935) suggested that we define verticality
by the contours in our visual environment.

The cardinal bias is associated with greater perceptual
sensitivity to the orientation or direction of motion of
visual patterns at cardinal compared to oblique orienta-
tions (Westheimer and Beard, 1998; Dakin et al.,
2005). Differences in behavioral sensitivity as a function
of visual orientation (the oblique effect) are thought to
arise as a consequence of Bayesian cue integration in
which sensory evidence (i.e., a likelihood function
reflecting visual orientation signals) is combined with a
prior reflecting the overrepresentation of cardinal orien-
tations in the environment (Girshick et al., 2011). This
integration improves the precision of visual orientation
estimates, but when the reliability of visual information
is low (e.g., due to fog), the prior can “pull” the posterior
function towards the closest cardinal orientation, result-
ing in biased orientation judgments. Analogous shifts in
posterior functions are evident in Figures 3.2 and 3.4,
which capture perception’s increased reliance on prior
experience to interpret current sensory evidence when
that evidence is noisier. Interestingly, a reduced oblique
effect is observed in autism (Sysoeva et al., 2016), a dis-
order that is associated with a reduced reliance on priors
to interpret current sensory information (Pellicano and
Burr, 2012; Rosenberg et al., 2015).

Neural correlates of the oblique effect are first
observed in primary visual cortex (V1), where more neu-
rons respond preferentially to cardinal than oblique
visual orientations. An anisotropy in V1 orientation pref-
erences is found in multiple species, including humans
(Furmanski and Engel, 2000), ferrets (Coppola et al.,
1998b), and cats (Li et al., 2003). This cardinal bias in
the neural representation of the visual scene suggests that
gravity fundamentally shapes visual processing.

VISUAL MOTION CUES SIGNAL
CHANGES IN HEAD TILT

Large-field visual motion in the form of angular velocity
(as occurs during head tilt) provides a potent cue signal-
ing the rate at which the orientation of the head is chang-
ing. Dynamic SVV tasks have shown that large-field
angular visual motion can bias orientation perception
as if the head were tilted relative to gravity (Dichgans
et al., 1972; Held et al., 1974). The effect of large-field
angular visual motion on SVV and postural reorienting
increases with age, and is accentuated in some cerebellar
disorders (Kobayashi et al., 2002; Bunn et al., 2015). For
example, large-field angular visual motion heavily biases
SVVand elicits abnormally large postural sway in patients
with spinocerebellar ataxia type 6 (Bunn et al., 2015;
Dakin et al., 2018). Neural representations of large-field

angular visual motion, which may contribute to head ori-
entation estimates, have been identified in multiple brain
regions of monkeys, including the cerebellum (Kano et al.,
1990, 1991), brainstem (Waespe and Henn, 1977), and
ventral intraparietal area (Sunkara et al., 2016). The semi-
circular canals (Fig. 3.6, top) also provide information
about changes in head tilt, and through cue integration,
visual motion and vestibular signals can potentially
improve estimates of changes in head tilt (Laurens
and Angelaki, 2011). Consistent with this possibility,
neurons in the vestibular nucleus integrate visual and
vestibular rotation signals (Waespe and Henn, 1977).
As discussed below, such head tilt signals are important
for disambiguating the contributions of gravitational
and inertial forces to otolith signals.

THE GRAVICEPTIVE VESTIBULAR
SYSTEM

The mechanisms of signal transduction and the compu-
tational functions of the vestibular system are inherently
related to gravity, and have a fundamental role in
verticality perception. Vestibular receptors are located
bilaterally within the inner ear, and are segregated into
two anatomically distinct groups of end organs: semi-
circular canals and otoliths. Semicircular canals are
sensitive to angular motion, and signal rotation of the head.
Otoliths are sensitive to linear acceleration, and therefore
signal linear acceleration of the head as well as the head’s
orientation relative to gravity (Fig. 3.6, bottom).
Vestibular-derived orientation cues are processed in
the vestibular nuclei, cerebellum, and thalamic regions
that project to the cerebral cortex (Akbarian et al., 1992;
Angelaki et al., 2004; Shaikh et al., 2004; Dieterich,
2005; Green et al., 2005; Brandt and Dieterich, 2006;
Yakusheva et al., 2007, Laurens et al., 2013, 2016).
Studies conducted in the macaque monkey suggest that
the cerebellum has an important role in disambiguating ori-
entation signals from linear acceleration signals (Angelaki
et al,, 2004; Shaikh et al., 2004; Green et al., 2005;
Yakusheva et al., 2007; Laurens et al., 2013). In the caudal
intraparietal (CIP) area of macaque monkeys, vestibular/
somatosensory-derived estimates of gravity underlie sys-
tematic changes in the visual orientation preferences of
neurons that occur with changes in head—body orientation
(Rosenberg and Angelaki, 2014). Within the human cere-
bral cortex, the processing of vestibular information occurs
in regions in and around the temporoparietal junction,
neighboring parietal cortex, and the posterior insula
(Brandt et al., 1994; Perennou et al., 2008; Baier et al.,
2012; Lopez et al., 2012). Interfering with activity in the
human temporoparietal junction through repetitive trans-
cranial magnetic stimulation can systematically bias SVV
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Fig. 3.6. Framework incorporating visual and vestibular contributions to gravito-inertial force resolution based on changes in
the head’s orientation in space, as summarized by Laurens and Angelaki (2011). Rotation signals originate from the semicir-
cular canals and the visual system. Semicircular canals signals (blue lines) are combined with visual signals (gray lines) to
improve the estimate of the angular velocity of the head (shown in red). Changes in the orientation of gravity relative to
the head (i.e., changes in head tilt) are estimated by integrating the cross-product of the previous estimate of gravity (é)
and the current estimated angular velocity of the head (Q) (shown in purple). Once the new estimate of gravity (G) is deter-
mined, the net gravito-inertial acceleration (GIA) signaled by the otoliths can be subtracted to estimate the linear acceleration of
the head (A). Somatogravic feedback (green-dashed arrow) slowly pulls the estimate of gravity towards the otolith signal to
correct for drift in the gravity estimate. This feedback loop can also be formalized as a prior for zero acceleration. Rotation
feedback (green vertical arrow) corrects for errant angular velocity signals by adjusting the internal estimate of the angular
velocity of the head, thereby also reducing the difference between the internal estimate of gravity (é) and GIA. Variables with
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a circumflex are estimates of real-world variables.

(Kheradmand et al., 2015; for review, see Kheradmand
and Winnick, 2017). For detailed reviews of the contri-
butions of specific brain regions to the processing of
vestibular information, see Barmack (2003), Lopez and
Blanke (2011), and Kheradmand and Winnick (2017).

Dysfunction along the vestibular pathways can lead to
biases and/or loss of precision in the different measures
of subjective vertical. For example, unilateral vestibular
lesions cause biases in SVV towards the lesioned side,
and bilateral vestibular deficits decrease the precision
of SVV and SPV (Friedmann, 1970; Curthoys et al.,
1991; Bisdorff et al., 1996; Bohmer et al., 1996;
Anastasopoulos et al., 1997; Vibert, 2000; Lopez et al.,
2007). Bilateral vestibular lesions also reduce or eliminate
the vestibular contribution to verticality estimates, result-
ing in increased reliance on other sensory cues (Bronstein
etal., 1996; Guerraz et al., 2001; Lopez et al., 2007). The
behavioral consequences of vestibular deficits can be
understood in terms of cue integration, in which unilateral
deficits introduce a bias in the vestibular likelihood func-
tion, and bilateral deficits reduce the precision of the ves-
tibular likelihood function.

SOMESTHETIC INFLUENCES ON
PERCEIVED VERTICAL

The use of postural cues for gravity estimation and ver-
ticality perception has long been recognized (Gibson,
1952; Gibson and Mowrer, 1938). More recently, the
specific contribution of somatosensory information has
been inferred from patients with broad somatosensory
deficits such as occurs with spinal cord injury, thalamic
infarction, stroke, or Guillain—Barré syndrome. Data
from patients with such deficits show that unilateral
somatosensory loss can bias SPV towards the affected
side, and bilateral somatosensory loss can decrease
the precision of SPV (Anastasopoulos et al., 1999;
Mazibrada et al., 2008). Somatosensory deficits can
attenuate or abolish the Aubert effect, suggesting that
somatosensory cues underlie the idiotropic vector and
the associated bias of SVV towards the body’s midline
(Yardley, 1990; Anastasopoulos et al., 1999; Barra
et al., 2010). Perceived changes in orientation relative
to gravity can also be induced using relatively focal
stimuli such as muscle vibration, which is believed to
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target primarily muscle spindles (Roll and Vedel, 1982;
Roll et al., 1989). For example, vibration of lower-limb
muscles or the Achilles tendon can induce postural sway
as well as bias SPV (Ceyte et al., 2007; Barbieri et al.,
2008). Likewise, vibration of the neck muscles can
alter perceived head-on-body orientation (Karnath, 1994;
Karnath et al., 1994) and induce forward sway (Lekhel
etal., 1997), suggesting that the vibration of specific com-
binations of neck muscles may bias verticality perception.

Several lines of evidence further suggest that the
pull of gravity on our abdominal viscera has a gravi-
ceptive influence on perceived vertical (Mittelstaedt
and Fricke, 1988; Mittelstaedt, 1992, 1996, 1997;
vonGierke and Parker, 1993; Vaitl et al., 1997, 2002).
In the vascular system, the weight of blood in the large
vessels can stretch the surrounding connective tissues,
stimulating nearby mechanoreceptors sensitive to tissue
strain. The resulting mechanoreceptor signals provide a
dynamic cue to gravity that may drive changes in per-
ceived vertical (Mittelstaedt, 1992). Visceral mechanore-
ceptors, which may also contribute to verticality
perception, are also found in the pericardium and inferior
vena cava (Kostreva and Pontus, 1993a, b; Goodman-
Keiser et al., 2010). Similarly, mechanoreceptors in the
kidneys are sensitive to the changes in intrarenal pressure
that occur with shifts in orientation relative to gravity
(Uchida and Kamisaka, 1971; Niijima, 1975). As such,
the kidneys may also have a graviceptive influence on
verticality perception (Mittelstaedt, 1996). Because of
Einstein’s equivalence principle, discussed below,
somesthetic and otolith cues to gravity’s orientation can-
not be differentiated from inertial (acceleration) cues
without additional sensory information. In the next sec-
tions, we discuss mechanisms of cue disambiguation that
can resolve such sensory ambiguities.

ACHIEVING GRAVITY-CENTERED
VISUAL PERCEPTION

Unlike our sensory systems which encode information
relative to different egocentric reference frames (e.g., the
eyes, head, or body), we perceive an allocentric, gravity-
centered representation of the world. For example,
although the visual system encodes the environment in
eye-centered coordinates, if you roll your head ear-down,
you still perceive buildings as vertically oriented despite
that they are obliquely oriented on your eyes. This percep-
tual constancy is the result of computational mechanisms
that perform cue disambiguation, dissociating the contri-
butions of eye-in-world and object-in-world orientations
to retinal images. Specifically, visual information is
transformed from an eye-centered reference frame into a
gravity-centered reference frame to achieve a stable, upright
visual representation of the world.

Neural recordings in monkeys confirm that V1 neu-
rons represent the visual scene in egocentric coordinates
(Daddaoua et al., 2014). This finding conflicts with sev-
eral earlier studies conducted in cats, which suggested
that some V1 neurons might represent the visual scene
relative to gravity (Denney and Adorjanti, 1972; Horn
et al., 1972; Tomko et al., 1981). However, the earlier
observations were likely artifactual, arising from metho-
dologic limitations (see Rosenberg and Angelaki (2014)
for discussion). Interestingly, human perceptual studies
have shown that, under conditions of head roll, the obli-
que effect is allocentrically referenced (i.e., relative to
gravity) when an observer is upright, but egocentrically
referenced (i.e., relative to the eyes or head) when the
observer is supine (Mitchell and Blakemore, 1972;
Mikellidou et al., 2015). This finding implicates gravi-
ceptive signals, from sources such as the otoliths, in
the neural basis of the oblique effect. Together, these
results suggest that, although anisotropies in the orienta-
tion preferences of V1 neurons may correlate with the
oblique effect, perceptual sensitivity to visual orientation
arises at a later stage of multisensory processing, possi-
bly in parietal cortex.

A more robust correlate of gravity-centered visual
perception is found in the CIP area of macaque monkeys
(Rosenberg and Angelaki, 2014). For about half of CIP
neurons, changes in head—body orientation result in sys-
tematic changes in visual orientation preference and/or
the magnitude of visually evoked responses. In particular,
the visual orientation preferences rotate away from an ego-
centric representation (i.e., constant relative to the eyes or
head) and towards a gravity-centered representation (i.e.,
constant relative to gravity). For most CIP neurons, these
shifts are incomplete (resulting in intermediate reference
frame representations), but about 10% have visual orien-
tation preferences that are gravity-centered.

Although achieving a purely gravity-centered
representation is generally incomplete at the level of
single CIP neurons, this finding is consistent with a
population-level representation of visual orientation
relative to gravity. Specifically, theoretical work has
shown that reference frame transformations implemen-
ted through multisensory cue combination, such as
using an estimate of gravity to transform eye-centered
visual representations into gravity-centered representa-
tions, will result in intermediate reference frames and
modulated response amplitudes at the level of single
neurons (Deneve et al., 2001; Avillac et al., 2005;
Beck et al., 2011). Lastly, a parietal origin of gravity-
centered visual perception is consistent with both
clinical studies and transcranial magnetic stimulation
studies in healthy subjects that link parietal cortex to
verticality perception (Brandt et al., 1994; Funk et al.,
2010; Kheradmand et al., 2015).



GRAVITY ESTIMATION AND VERTICALITY PERCEPTION 53

DISAMBIGUATING ORIENTATION
REILIATIVE TO GRAVITY FROM LINEAR
ACCELERATION

Einstein’s equivalence principle states that inertial and
gravitational forces are indistinguishable (Einstein,
1907). Consequently, the otoliths ambiguously signal a
combination of the head’s linear acceleration and orien-
tation relative to gravity. More specifically, the otoliths
transduce gravito-inertial force, the sum of forces due
to gravity and those caused by inertia, to provide an
estimate of our net gravito-inertial acceleration (GIA).
During linear acceleration, the “lag” of the otolithic
membrane behind the skull applies an inertial force on
vestibular hair cells such that the hair cells bend in the
opposite direction of the head acceleration (Fig. 3.7,
top left and right). The gravitational force acts on the hair
cells through the “sag” of the otolithic membrane gener-
ated when the surface of one of the otolith organs (the
saccule or utricle) is not perpendicular to gravity
(Fig. 3.7, bottom left and right). Cue disambiguation is
therefore necessary in order for otolith signals to be used
in the processing of linear acceleration and/or estimating
head tilt.

Head tilt estimates derived from non-otolith sensory
signals can be used to disambiguate the contributions of
inertial and gravitational forces to the otolith signals.
In particular, changes in head tilt can be estimated inde-
pendently of the otoliths by integrating angular velocity
signals encoded by the semicircular canals and/or the

(— Backward Linear Acceleration

Upright Posture

Forward Head Tilt

Gravity

|

visual system (Fig. 3.6, top center; also see the above sec-
tion “Visual motion cues signal changes in head tilt”)
(Benson et al, 1974; Merfeld et al, 1993, 1999;
Merfeld, 1995; Merfeld and Young, 1995; Angelaki
et al, 1999, 2004; Merfeld and Zupan, 2002; Zupan
et al., 2002; Green and Angelaki, 2003, 2004, 2010a, b;
MacNeilage et al., 2007). Neck somatosensory informa-
tion resulting from head-on-body tilt (Lackner and
Levine, 1979), as well as motor predictions arising during
active motion, may further improve the accuracy and pre-
cision of head tilt estimates. With head tilt independently
estimated (Fig. 3.6, bottom right), thereby providing an
estimate of gravity’s orientation relative to the head (G),
the linear acceleration experienced by the head (4) can
be estimated by subtracting the otolith signal (GIA) from
G:4=G-GIA (circumflexes indicate estimates of the
true linear acceleration and orientation of gravity relative
to the head) (Fig. 3.6, bottom center).

This computation is known as the gravito-inertial force
resolution hypothesis (Merfeld, 1990), and it has received
substantial theoretical and empirical support (Merfeld,
1990, 1995; Merfeld et al., 1993, 1999; Merfeld and
Young, 1995; Angelaki et al, 1999; Merfeld and
Zupan, 2002; Zupan et al., 2002; Green and Angelaki,
2004, 2010a, b; MacNeilage et al., 2007). Neural corre-
lates of the gravito-inertial force resolution hypothesis
have been observed in the brainstem and deep cerebellar
nuclei of the macaque monkey, where neurons carry sig-
nals necessary to estimate linear acceleration (Angelaki
et al., 2004; Green et al., 2005; Shaikh et al., 2004).

—> Forward Linear Acceleration

Backward Head Tilt

Fig. 3.7. Einstein’s equivalence principle illustrated for the otoliths. During backward linear acceleration (top left), the inertial
force acts in the direction opposite to the acceleration, causing the otolithic membrane to lag behind the skull and the sensory hair
cells to bend. Similarly, tilting the head forward (bottom left) causes the otolithic membrane to sag and the sensory hair cells to bend
as they do during backward linear acceleration. The otoliths therefore respond to both linear acceleration of the head and head tilt
relative to gravity, and cannot distinguish between the two. The same is true for forward linear accelerations and backward head
tilts (right column). Although illustrated here for head pitch, the ambiguity also exists between left—right translations and roll.
Graviceptive signals arising from the abdominal viscera suffer from a similar ambiguity.



54 C.J. DAKIN AND A. ROSENBERG

Additionally, a separation of tilt and linear acceleration
signals has been observed in the posterior cerebellar ver-
mis (Yakusheva et al., 2007, Angelaki et al., 2010;
Laurens et al., 2013), and neurons in the anterior thalamus
encode pitch and roll relative to gravity (Laurens
et al., 2016).

Further support for the gravito-inertial force resolu-
tion hypothesis comes from its ability to predict motion
and orientation illusions resulting from the coupling
between 4 and G (Merfeld, 1995; Merfeld and Young,
1995; Merfeld et al., 1999). For example, consider a sit-
uation in which the body is upright and motionless with-
out visual cues. In this case, zero linear acceleration is
inferred because the signals from the otoliths (GIA)
and the estimated gravitational vector are aligned. If
the gravito-inertial force hypothesis is correct, and visual
signals are integrated over time to estimate head tilt, the
addition of clockwise large-field angular motion to this
scenario should result in an inference of left-ear-down
head tilt (clockwise rotation of the estimate of gravity rel-
ative to the head) (Fig. 3.6, bottom right and Fig. 3.8).
This would occur because integration of the visual rota-
tion signal would cause the estimate of gravity relative to
the head (G) to become biased away from the otolith sig-
nal (GIA) and, consequently, an illusory linear accelera-
tion equal to the difference between G and GIA would
result. Consistent with this prediction, roll rotations of
the visual scene elicit horizontal nystagmus as if the body
were being translated to the side (Zupan and Merfeld,

2003), and visual rotation in pitch induces perceived lin-
ear fore-aft acceleration (MacNeilage et al., 2007). As
discussed next, the gravito-inertial force resolution
hypothesis also correctly predicts that periods of pro-
longed acceleration can produce changes in perceived
orientation relative to gravity as a consequence of cou-
pling between 4 and G.

CONSTANT LINEAR ACCELERATION
BIASES PERCEIVED ORIENTATION

If the orientation of the head is held constant relative to
gravity, prolonged linear acceleration can result in an
illusory perception of head tilt that increases over time
(Graybiel et al., 1946; Graybiel, 1952; Paige and
Seidman, 1999). This illusion, called the somatogravic
effect, reflects a tendency to interpret constant or low-
frequency gravito-inertial accelerations as being due
to head tilt rather than linear acceleration. Although
the behavioral consequences of this illusion are not
generally obvious, it can affect orientation perception
during flight. For example, a survey of US Air Force
pilots showed that 27% of the sample reported
experiencing the perception of upward tilt of the aircraft
during prolonged linear acceleration (Sipes and
Lessard, 2000).

One explanation for the somatogravic effect is that
it derives from a feedback loop that “pulls” internal
estimates of our orientation relative to gravity (G) in

A VGIA B

v GiA c

Fig. 3.8. Rotation of the visual scene biases estimates of the direction of gravity. Clockwise (A) and counterclockwise (B) rotation
of the visual scene from the perspective of a static, upright observer. The black and white dotted arrows indicate the otolith signal
(gravito-inertial acceleration: GIA). The solid blue and orange arrows indicate the estimated direction of gravity relative to the head
(G), which is biased away from the otolith signal by the visual motion. (C) Clockwise (counterclockwise) visual rotation can be
used to infer left (right) ear-down head tilt, and thus a rotation of the gravitational vector relative to the head in the clockwise
(counterclockwise) direction away from the otolith signal (GIA). According to the gravito-inertial force resolution hypothesis,
separation of the estimate of gravity relative to the head (G) from GIA results in the inference of an interaural and vertical accel-
eration (A; dashed colored lines) whose magnitude and direction are given by the vector difference between GIA and G (Zupan and
Merfeld, 2003). Variables with a circumflex are estimates of real-world variables.
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line with the otolith signal (GIA), thereby minimizing
slow changing discrepancies between G and GIA
(Fig. 3.6, dashed green arrow). This mechanism would
minimally affect moment-to-moment orientation esti-
mates during actual head tilts since they are typically
fast (i.e., involving high-frequency movements), while
eliminating the slow accumulation of errors that may
occur during the integration of visual and vestibular sig-
nals for estimating head tilt. The somatogravic mecha-
nism can also be formulated as a Bayesian model in
which it is assumed that prolonged periods of constant
linear acceleration are rare. In this model, sensory esti-
mates of A are recursively integrated with a prior cen-
tered on zero acceleration, resulting in the inferred
linear acceleration progressively moving towards zero
over time. Because GIA remains constant over this
period, and because G and A are coupled according to
the gravito-inertial force resolution hypothesis, a
decrease in 4 must be accompanied by a change in
G (Fig. 3.6, bottom center). That change in Gis then
interpreted as a progressive tilting of the
head (Laurens and Droulez, 2007; MacNeilage, 2007,
MacNeilage et al., 2007; Laurens and Angelaki, 2011).

CONCLUSIONS

Gravity estimation and verticality perception are essen-
tial for maintaining an upright, bipedal posture, as well
as achieving stable, allocentric perceptions of our envi-
ronment. As discussed in this chapter, individual sensory
systems provide ambiguous and noisy estimates of the
direction of gravity and our orientation in space. To over-
come limitations inherent to any one sensory system,
gravity estimation and verticality perception rely on
two forms of multisensory processing.

First, cue integration improves the precision of grav-
ity and verticality estimates by combining multiple
sources of sensory information, weighted by their indi-
vidual reliabilities. The precision of these estimates is
further improved by integrating current sensory informa-
tion with prior information, such as the probability of
being at a particular tilt. Although priors improve the
precision of estimates, they can also introduce percep-
tual biases under conditions of weak sensory evidence
or unlikely scenarios. However, because these biases
“pull” perception towards events that are statistically
likely, they are generally beneficial for behavior. Further-
more, dissociations between different measures of
subjective vertical may be a consequence of cue integra-
tion mechanisms, rather than a reflection of distinct rep-
resentations of verticality. A cue integration explanation
for these differences rests upon the observation that
different subjective vertical tasks rely differentially on

particular sources of sensory information, which vary in
accuracy and precision in a task-dependent manner.
Future work can potentially determine if differences in
subjective vertical measures reflect cue integration or dis-
tinct verticality representations through experimental
manipulation of cue reliabilities within and across senses.

Second, cue disambiguation refers to mechanisms
that compensate for ambiguities inherent in unimodal
sensory representations. For example, a multisensory
estimate of gravity derived from vestibular, somato-
sensory, and visual information is used to anchor
eye-centered visual information to gravity, thereby
eliminating ambiguities in the interpretation of retinal
images. Cue disambiguation is also critical for inter-
preting otolith signals, which reflect a combination of
inertial and gravitational forces. Indeed, multisensory
processing is essential to achieving stable, unified
perceptions of our environment.

Moving forward, an important area of research will be
to assess the role of sensorimotor processes and predic-
tion in gravity estimation and verticality perception.
For instance, how predictions of our future orientation
modulate or gate the processing of tilt information
remains uncertain, but such mechanisms are likely criti-
cal for estimating gravity and verticality during active
movements. Investigations into such questions promise
to yield insights into the neural basis and computational
processes underlying gravity estimation and verticality
perception in the years to come.
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