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Abstract
The subjective visual vertical (SVV) and the subjective haptic vertical (SHV) both claim to

probe the underlying perception of gravity. However, when the body is roll tilted these two

measures evoke different patterns of errors with SVV generally becoming biased towards

the body (A-effect, named for its discoverer, Hermann Rudolph Aubert) and SHV remaining

accurate or becoming biased away from the body (E-effect, short for Entgegengesetzt-

effect, meaning “opposite”, i.e., opposite to the A-effect). We compared the two methods in

a series of five experiments and provide evidence that the two measures access two differ-

ent but related estimates of gravitational vertical. Experiment 1 compared SVV and SHV

across three levels of whole-body tilt and found that SVV showed an A-effect at larger tilts

while SHV was accurate. Experiment 2 found that tilting either the head or the trunk inde-

pendently produced an A-effect in SVV while SHV remained accurate when the head was

tilted on an upright body but showed an A-effect when the body was tilted below an upright

head. Experiment 3 repeated these head/body configurations in the presence of vestibular

noise induced by using disruptive galvanic vestibular stimulation (dGVS). dGVS abolished

both SVV and SHV A-effects while evoking a massive E-effect in the SHV head tilt condi-

tion. Experiments 4 and 5 show that SVV and SHV do not combine in an optimally statistical

fashion, but when vibration is applied to the dorsal neck muscles, integration becomes opti-

mal. Overall our results suggest that SVV and SHV access distinct underlying gravity per-

cepts based primarily on head and body position information respectively, consistent with a

model proposed by Clemens and colleagues.

Introduction
The perceived direction of gravity is important because of the pervasive use of gravity as a ref-
erence for almost all aspects of perception and action. Perceived orientation is fundamental for
recognizing and categorizing objects as well as for balance and orienting oneself in the environ-
ment [1]. However, measuring the perceived direction of gravity and interpreting such mea-
surements is complex because the measured direction depends heavily on the methodology
employed. Two common methods that have been used extensively to assess the perceived
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direction of gravity are the subjective visual vertical (SVV) and the subjective haptic vertical
(SHV). In these tasks, participants are asked to judge the position of a visual or haptic stimulus
relative to gravity. Curiously, when a participant is tilted, these two measures give different esti-
mates (see below). How are such differences to be understood? Schuler et al. [2] found that
trial-to-trial variability of SVV and SHV was correlated across different magnitudes of roll tilt
from which they argued that both measures access a common underlying estimate of the grav-
ity vector, with modality-specific influences responsible for their different biases. In contrast,
Clemens et al. [3] modeled gravity perception as having two distinct egocentric reference
frames, one inferring the position of the gravity vector using sensory information about the
head’s position in space, the other from sensory information about the body in space. We per-
formed a series of five experiments to determine the appropriate framework in which gravity
perception is represented in SVV and SHV tasks.

The SVV has been taken as a definitive estimate of the perceived direction of gravity since
its introduction by Aubert [4]. When standing upright, participants are able to set the orienta-
tion of a luminous line to within ± 2° of gravitational vertical [5,6], but when the body is rolled
there is a small bias away from gravitational vertical either in the same direction as the tilt [4,7–
11] or in the opposite direction [3,12–14]. The direction depends partly on the amount of tilt
and partly on the details of the methodology. A tendency to revert to a body-defined upright
(on the assumption, or “prior”, that the body is always upright) may contribute to a bias
towards the body [15,16], whereas a failure to completely compensate for ocular counter-roll
(OCR) may contribute to biases away from the body ([17,18]; but see [19]).

The SHV was introduced to overcome possible errors in the SVV due to uncompensated
OCR and to access the “true” internal representation of the direction of gravity. The SHV
shows a pattern of errors that is rather different from the SVV, with a bias away from the
body’s tilt ([2,20]; but see [21]) and a vulnerability to hysteresis (where different initial posi-
tions of the hand change the response).[22]. Whether this or the SVV or some combination
represents a unique “true” representation remains to be determined.

When only the head is tilted (with the body upright) SHV is accurate but biases in SVV are
still found [11] which suggests that head tilt may drive SVV errors, but not SHV errors. SHV
errors, in contrast, may be driven by the tilted position of the torso and limbs; this is supported
by Bauermeister et al. [20] who found that SHV shifts position depending on which hand is
used to feel the test probe. Schuler and colleagues [2] have suggested that different errors in
SVV and SHV may reflect modality-specific errors, such as the hand’s position being misesti-
mated if the tilt and torsion of the joints of the arm are misperceived. According to this theory,
errors in SVV and SHV may have more to do with errors in comparing the test probe to an
internal estimate of gravity than to errors in the actual estimate itself. In other words, response
errors could reflect misperception of the probe’s orientation as sensed by a specific modality,
not the orientation of gravity. Such modality specific errors are ostensibly head based for vision
and limb/torso based for haptic measures. An alternative theory by Clemens and colleagues [3]
suggests that there may be multiple, simultaneous internal estimates of gravity, held in different
reference frames (head based or body based) that may not necessarily be congruent and which
may be differentially accessed by different verticality judgment tasks (see Fig 1). If this is the
case, and if SVV and SHV access different estimates within this system, then SVV and SHV
should be able to combine in a statistically optimal fashion into a bimodal estimate of gravity.
That is, if the noise in SVV and SHV estimates are uncorrelated then a bimodal estimate of
gravitational vertical should be the average of visual and haptic responses, weighted by the
respective reliabilities of the two measures, with an increased precision compared to unimodal
responses [23,24]. In experiments 4 and 5 we test whether a bimodal probe of subjective verti-
cal is consistent with these predictions of optimal cue combination.

Subjective Visual and Haptic Verticals Use Different Gravity Estimates
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The aim of this study is to test whether SVV and SHV access different underlying gravity
estimates, similar to the head- and body-based estimates described by Clemens et al. [3], as
shown diagrammatically in Fig 1. We test this by directly comparing SVV and SHV in the
same participants using a robust response methodology (experiment 1). Previous studies sug-
gest that the two measures produce different apparent verticals (reviewed above); replicating
this difference in the same subjects would suggest separate mechanisms for haptic and visual
estimates of gravity. To probe these mechanisms further, we test whether head and trunk orien-
tation have differential influences on SVV and SHV (experiment 2), and whether disrupting of
a head-based vestibular signal differentially affects the two measures (experiment 3). A stronger
influence of head-based and vestibular cues on SVV and a stronger influence of the body on
SHV would be compatible with the notion that the SVV is based on a head-based estimate of
gravity, while the SHV is based on a body-based estimate. Finally, if separate underlying esti-
mates of gravity for SVV and SHV exist, integration of the SVV and SHV into a single, bimodal
task should be statistically optimal according to a Maximum Likelihood Estimate (MLE)
model of cue integration (experiments 4 and 5). In providing support for the two-estimate
model, we also hope to shed light on the seemingly modality-specific biases previously reported
in the literature.

General Methods

Participants
All participants were members of the York community. Participating undergraduate students
received a bonus credit towards their Introduction to Psychology course, other participants did
not receive compensation. All participants had normal or corrected-to-normal visual acuity
and reported no history of dizziness or balance disorders. The details of participants in each
experiment (number of participants, age range, sex, handedness) are reported in the experi-
ment-specific methods sections below. All the experiments were approved by the ethics board
of York University and run according to the principles of the Declaration of Helsinki (the Dec-
laration of Helsinki was originally adopted in 1964 and has been revised multiple times since
then, the last being 2013. It is a living document, but the basic type of non-invasive research we
are doing here is covered by the original version see http://www.wma.net/en/30publications/

Fig 1. A simplified version of the model presented in Clemens et al [3], with several additions. The
original model posits two final position estimates used to determine the direction of gravity, one based on the
head’s position (with indirect input from body-based sensors, converted via neck proprioception into head-
centric coordinates) and the other on the body (with indirect input from the head). The authors suggest SVV
uses the head-based gravity estimate; here we argue that SHV accesses the body-based estimate.

doi:10.1371/journal.pone.0145528.g001
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10policies/b3/). Written consent was obtained prior to participation (a procedure approved by
the ethics board at York University).

Apparatus
Test rod. A hollow glass rod (30.5 cm long, 0.9 cm dia) was fitted with a blue cold-cathode

light so that it could be illuminated from the interior. The rod was mounted orthogonal to the
shaft of a motor (Applied Motion Products 23Q-3aE Integrated Stepper Motor) that had a pre-
cision of 20,000 steps per revolution. When illuminated the rod formed the stimulus for the
SVV but it could also be touched to provide the stimulus for the SHV. The motor emitted min-
imal noise while changing position that did not reflect the direction of movement. The motor
was covered by a circular sheet of black card (diameter 61 cm) to avoid it being illuminated by
the light from the rod and thus provide unwanted visual orientation cues. The rod was viewed
through a circular shroud (diameter 12.7 cm) that occluded peripheral vision. The entire appa-
ratus was adjusted so that the center of the rod was aligned with the nose of each participant
with a viewing distance of 40 cm. The apparatus was arranged to provide the participant free
access to the rod with their right hand.

Platform. Participants stood or lay against a wooden platform set at one of three angles
(0°, 30° left or 45° left), so that their body midline was upright or tilted in the roll plane. A sec-
ond board was attached perpendicularly at the base to support participants’ feet and a stiff,
square pillow was used to support the head such that it lay parallel to the board surface (as
measured visually by the experimenter). Additional pillows for the neck and hips were used to
ensure that participants could comfortably keep their head still in this position without being
strapped down. In the 0° condition participants were instructed to keep their head upright dur-
ing the task (see insets to Fig 2).

Procedure
SVV. On each trial the motor drove the rod to a test orientation selected by adaptive stair-

case algorithm, which chooses orientations based on previous responses in order to quickly
hone in on the point of subjective equivalence (PSE). We used the QUEST procedure for exper-
iments 1–3, and the psi-method for experiments 4–5 (see details below). The rod was illumi-
nated 1s after reaching the test position. A 400 Hz beep notified the participant it was time to
respond. To reduce the risk of potential response artifacts arising from the use of an adjustment
technique [25] we used a forced-choice paradigm in which participants responded as to
whether the probe was perceived as tilted “left” or “right” of gravitational vertical (i.e., “Would
the rod tip over to the left or to the right?”). They indicated their response with their right hand
using the buttons on a mouse held in their left hand. The light was then turned off and the rod
moved to the next test orientation. There were no time restrictions on any trials; participants
took roughly 1–3s to respond on each SVV trial.

SHV. Participants were instructed to keep their eyes closed throughout the task. The
motor drove the rod to the chosen test orientation, but the rod did not illuminate. A 400 Hz
beep sounded to prompt the participant to reach out with the right hand and feel the orienta-
tion of the rod using a pincer grip (participants were allowed to move their hand along the rod
as they liked, provided they kept this hand configuration). They then indicated their response
(“left” or “right”) with the right hand by pressing the left or right buttons on a mouse held in
their left hand. This required them to stop feeling the rod to respond. The rod was then moved
to the next test orientation and the next trial began. There were no time restrictions on SHV
trials; participants took roughly 3–5 s to respond on each trial.

Subjective Visual and Haptic Verticals Use Different Gravity Estimates
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0° is defined as true gravitational upright. Positive values indicate a clockwise tilt and nega-
tive values indicate counterclockwise tilt from the point of view of the participant. In our con-
vention therefore participants were tilted at 0°, -30° or -45° with their left ear down.

Experiment 1: Comparison of SVV and SHV duringWhole-Body Tilt
In experiment 1 we directly compare SVV and SHV at three levels of roll tilt (0°, -30° and -45°)
using a within-subjects experimental design and an adaptive staircase algorithm (QUEST,
[26]).

Methods
Participants. Forty-eight participants (aged 18–27, 28 female) took part in this experi-

ment. Three self-identified as left-handed. A plot of individual scores showed the PSEs of the

Fig 2. Results for experiments 1–3. A. Experiment 1. Mean PSEs for SHV (black) and SVV (grey) for each of three body tilts (0°, 30° and 45°, shown as
insets on the left of histogram) where 0° corresponds to gravitational vertical. B. Experiment 2. Mean PSEs for SHV and SVV for head and body tilt (see
insets on the left). C. Experiment 3. Mean PSEs for SHV and SVV for head and body tilt with disruptive GVS. Asterisks indicate mean was significantly
different from 0° at p<0.05. Error bars are 95% confidence intervals, which make clear which conditions included an accurate perception of gravitational
vertical.

doi:10.1371/journal.pone.0145528.g002
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left-handers fell within the same range as those of right-handers and therefore both left- and
right-hander scores were included in the analysis (see also [22,27]).

Procedure. Participants completed SVV and SHV measurements at one of three tilts: 0°
(upright), 30° left or 45° left. Experiments were performed in a block design with block order
randomized across participants. Test orientations were chosen by a QUEST adaptive staircase
[26]. The QUEST was given initial estimates of 0° (no bias) and an initial standard deviation of
±20°. The grain (step size) was set to 0.1°. The QUEST program calculated participants’ PSE
estimates based on a psychometric curve constructed from all a participant’s previous
responses. The staircase ran for 60 trials in each block (SVV or SHV). In addition, there were
10 SVV training trials run at the beginning of the experiment to familiarize participants with
the test paradigm and ensure they understood the instructions. Breaks were offered between
blocks. The experiment took approximately 50 minutes to complete.

Results
Mean SVVs and SHVs for the tested tilts are plotted in Fig 2A. A mixed-model ANOVA of
PSEs found a modality x tilt interaction was significant, F(2,45) = 4.72, p = 0.014. There was
also a main effect of modality (visual or haptic), F(1,45) = 14.07, p = 0.001. Thus, the type of
measure used (SVV or SHV) differentially shifted perception depending on the amount of
whole-body tilt. Fig 2A shows that the mean SVV tended to tilt further towards the body as tilt
increased while SHV tended to tilt further away from the body. Of the six conditions, only the
SVV at -45° was significantly different from gravity vertical, t(15) = -3.34, p = 0.03. There was
no significant correlation between the SVV and SHV across 0°, -30° and -45° conditions
(p = 0.73).

Discussion
Experiment 1 directly compared the SVV and SHV with the aim to replicate different patterns
of biases in the two measures within the same individuals using a robust psychophysical testing
paradigm. Our results show that, within the same individuals, visual and haptic subjective ver-
ticals differ and these measures are not correlated across levels of tilt. Similar to previous stud-
ies, the SVV was biased towards the body [4,7–11] and the SHV estimates trended in the
opposite direction [3,12–14]. Importantly, the ANOVA showed a significant modality x tilt
interaction, suggesting that the SVV showed errors increasingly distinct from SHV as tilt
increased.

Although we only tested tilts to the left, previous studies suggest that rightward tilt would
produce symmetrical data [11,20] and our aim here was only to determine whether SVV and
SHV biases differed or were correlated within subjects. The haptic stimulus was always felt
with the right hand, which Bauermeister and colleagues [20] have shown may lead to a consis-
tent slight leftward shift–here corresponding to a bias towards the body and hence potentially
reducing the observed SHV bias away from the body, a bias that has been reported in other
studies [20,2].

Although clearly different, the precise nature of the differences between modalities and their
respective subjective verticals remains unclear. Schuler and colleagues [2] found trial-to-trial
variability of SHV and SVV were correlated over a range of roll tilts, suggesting that SHV and
SVV may share an underlying mechanism for the estimation of gravity. Why, then, do the
biases produced by each measure differ? Is it due to modality-specific errors, or to separate
gravity estimates, as suggested by Clemens et al., [3]? In experiment 2, we look at the relative
influence of the position of the head and body on SVV and SHV to determine whether differ-
ent errors stem from shared or disparate origins.

Subjective Visual and Haptic Verticals Use Different Gravity Estimates
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Experiment 2: Comparing SVV and SHV when the Head and Body
Are Tilted Separately
Previous studies suggested that SVV errors might be more closely linked to tilts of the head
[11]. In contrast, SHV may depend more on the body as head tilt does not evoke SHV errors
[28]. Here we independently varied the tilt of the body and head with respect to gravity in the
same subjects and measured SVV and SHV.

Methods
Participants. Sixteen participants (aged 18–61, 9 female) took part in this experiment. All

participants were naïve to the experiment and did not participate in experiment 1. All self-
identified as right handed.

Platform. Two body positions were used in this experiment; body tilted and head upright
(“body tilt”) or body upright and head tilted (“head tilt”). In the body tilt position, participants
lay on their left side supported by the platform described above at a tilt of 45° with a stiff trian-
gular pillow propping the head so that it was aligned with gravity (0°). In the head tilt position,
participants stood against the upright platform with their head tilted to the left by 45° (see inset
of Fig 2B). Head angles were measured with a head-mounted protractor and spirit level, which
were referenced to a plumb line. Other details are as for experiment 1.

Procedure. Participants completed SVV and SHV measurements in both positions, yield-
ing four test blocks which were randomly ordered but, due to the difficulty of moving between
the tilted and upright platforms, the two body tilt tasks were completed together and the same
for the two head tilt tasks, with a break in between. For each block, the QUEST (with the same
initial test parameters as for experiment 1) was configured to run for 40 trials. Staircase assess-
ment and subsequent simulations following experiment 1 showed the final 20 trials of the
QUEST did not differ substantially in their PSE estimates; thus in the interest of time the num-
ber of trials was reduced from 60 to 40 for all participants in this experiment. The experiment
consisted of 160 trials, which took approximately 40 minutes to complete.

Results
Mean SVVs and SHVs for each test condition are plotted in Fig 2B with 95% confidence inter-
vals. A 2x2 repeated measures ANOVA found a significant interaction of modality x position,
F(1,15) = 5.80, p = 0.029, but no main effect of modality or position. T-tests were used to com-
pare PSE scores in each condition to true gravitational vertical (i.e., 0°). In the body tilt condi-
tion, both SVV and SHV were significantly tilted to the left t (15) = -4.31, p = 0.004 (SVV) and
t (15) = -2.81, p = 0.019 (SHV); in the head tilt position, only SVV showed a significant tilt, t
(15) = -2.79, p = 0.019. That is, while tilting the head or body left both evoked a leftward tilt in
SVV but only body tilt produced a bias in SHV. Curiously, this SHV bias was in the opposite
direction to the trend in SHV found in experiment 1 (Fig 2A) during whole body tilt. We per-
formed two correlation analyses between gravity estimates of SVV and SHV, one for the head
tilt, and one for the body tilt. Neither correlation was significant (p = 0.08 and p = 0.59,
respectively).

Discussion
The goal of this experiment was to identify whether the SVV and SHV were differentially
affected by tilts of just the head or just the body. Previously, Guerraz et al. [29] showed that
both head and body tilt drive SVV errors. Tarnutzer and colleagues [30] further showed that
SVV is likely coded in a head-fixed reference frame, and that SVV is most precise and accurate

Subjective Visual and Haptic Verticals Use Different Gravity Estimates
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when the head is upright. In our experiment, the SVV was significantly shifted to the left when
either the body or the head were independently tilted, suggesting contributions of perceived
relative body position to SVV, as well as the head. This does not contradict the claim that SVV
is coded in a head-fixed reference frame, but does suggest that perceived trunk orientation is
factored into this coding.

In contrast to SVV, the SHV was only biased by a tilt of the body and was unaffected by
head tilt. This agrees with [28]. The significant interaction between position and modality sug-
gests that the orientation of the head and body play different roles in the two tasks, although
this must be interpreted carefully as SHV errors in the body tilt condition were the opposite of
previously reported errors (errors tended towards the direction of tilt, not away from it). The
differential effects of position on SVV and SHV suggest these measures may rely on different
information sources for their internal gravity estimate. That is, the SHV seems to be less depen-
dent than SVV on changes to information coming from perceived head position. This differ-
ence between SVV and SHV measures indicates that the tasks may not be analogous as has
been suggested [2]. It further suggests that the two tasks may serve complementary roles in
measuring gravity perception, by probing different aspects of internal gravity estimates.

The model of gravity perception proposed by Clemens and colleagues [3] posits two internal
estimates of gravitational vertical, one based on an estimation of the head’s position in space,
and the other based on body position. Importantly, these two estimates may inform each other
via the “indirect pathway” (Fig 1), whereby the perceived position of the neck is used to convert
one estimate into the reference frame of the other. Previous work [3,29,30] has made a strong
case for SVV relying on a head-based estimate of gravity vertical, while our results suggest a
role for the indirect pathway in this task as well. Our data also support the theory that SHV
accesses a body-based estimate.

It has been argued that the bias driving SVV A-effects may be tied to a head-fixed reference
frame [30]. If this were true, and if SVV were to rely more heavily on head position information
than SHV, then introducing noise to the head-in-space estimate should have differential effects
on the two measures, exacerbating the effects of the head-in-space prior (see Fig 1), while leav-
ing SHV largely unaffected. To test this, we repeated experiment 2 while applying vestibular
noise using disruptive galvanic vestibular stimulation (dGVS).

Experiment 3: The Effect of Vestibular Noise on SVV and SHV
The otolith organs are the part of the vestibular system that senses linear acceleration, includ-
ing gravitational acceleration acting on the body. They are a primary source of information
about the direction of gravity, although not the only source. This sense can be disrupted by
using disruptive galvanic vestibular stimulation (dGVS), in which an unpredictable electrical
stimulation created by using a sum-of-sines stimulation pattern [31,32] is applied to the surface
of the skin behind the ears [33] (for an image of this apparatus see the left-hand photo in Fig 3
of [34]). Importantly, the alternating sum-of-sines signal promotes a sense of instability with-
out consistent illusory motion (such as illusory swaying or leaning, elicited by a sine wave or
unilateral stimulation, respectively), thus effectively serving as vestibular “noise” [32]. If SVV
relies on head-based information about gravitational vertical combined with a head-upright
prior (as has been suggested by [16], and is featured in Clemens et al.’s model, shown in Fig 1)
then we would expect the SVV to show a stronger bias towards that prior when the vestibular
signal is compromised. Conversely, if SHV were driven by characteristics of the body and
limbs then vestibular noise may not alter SHV estimates. In this study we repeated experiment
2 with the addition of vestibular noise via dGVS.

Subjective Visual and Haptic Verticals Use Different Gravity Estimates
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Methods
Participants. 15 participants (aged 18–36, 14 female) took part in this experiment. Two of

the participants had completed the previous experiment, while the rest were naïve. Two of the
participants identified themselves as left-handed and one identified as ambidextrous.

Galvanic Vestibular Stimulation. Vestibular noise was applied using a galvanic vestibular
stimulator (Good Vibrations Engineering Ltd., Nobleton, Ontario, Canada) connected via the
serial port to a computer through which it was controlled by a MATLAB program. Two elec-
trodes (1.25” dia, 9000 series, Empi Recovery Sciences, St. Paul, Minnesota, USA) were placed
on the mastoid process behind each ear and secured with tape. The stimulator was pro-
grammed to send an alternating sum-of-sines voltage with dominant frequencies at 0.16, 0.33,
0.43 and 0.61 Hz between electrodes (maximum current of 5 ma, sampling rate 25 ms). Stimu-
lation was bipolar such that one electrode emitted the inverse voltage of the other electrode.
The specific parameters and pattern of stimulation were taken from [31] and [32] and chosen
to be maximally disruptive.

Prior to testing in the dGVS condition, the dGVS was turned on briefly (for approximately
10 s) to familiarize participants with the sensation and ensure the electrodes were well attached.
During this initial phase one female participant became very disoriented and could not stand
unsupported. This individual was removed from the experiment immediately and did not com-
plete any testing.

Procedure. The procedure was as described in experiment 2. The dGVS current began
immediately when the test probe’s orientation had been reached. After a 1.5 s lag, a 400 Hz
beep indicated the trial had started. Participants were instructed to judge whether the rod was
tilted to the right or left of gravitational vertical (procedure described in detail above). The
dGVS current was stopped when a response was made, and a 2 s interval preceded the next
trial.

Results
Results of this experiment are shown in Fig 2C. Data from this experiment were compared to
those from experiment 2 (here serving as a control condition). A mixed model 2x2x2 ANOVA
found a main effect of modality (SVV or SHV), F(1, 26) = 12.75, p = 0.001, of position (head or
body tilt), F(1, 26) = 12.83, p = 0.001, and a main effect of dGVS, F(1,26) = 9.69, p = 0.004.
There was a significant interaction between modality x position, F(1,26) = 21.21, p<0.001, and
between modality x dGVS, F(1,26) = 7.08, p = 0.013. Of all of the tested conditions, only the
SHV + head tilt produced an estimate of gravity that was significantly biased away from veridi-
cal, t (14) = 5.04, p<0.001. Correlation analyses between gravity estimates of SVV and SHV
under dGVS were not significant for the head tilt position or for the body tilt position.

Discussion
Experiment 2 showed that both head and body tilt induced SVV errors, while only body tilt
evoked SHV errors. Here we disrupted the vestibular signal using a bipolar alternating sum-of-
sines waveform to generate a sense of instability or “noise” [32] in the head-based gravity esti-
mate. Clemens et al.’s model of gravity perception [3] (see Fig 1) predicts that this would pri-
marily impair SVV estimates, in line with the assumption that SVV accesses the head-based
estimate while we argue SHV accesses the body-based estimate. Surprisingly, dGVS eliminated
SVV biases in both the head tilt and body tilt condition altogether. These results do not support
the model, or the existence of a head-upright prior [16] that would be expected to dominate
SVV and create a bias towards the head’s position. It is possible that the dGVS led participants
to adopt a different strategy for judging head orientation, one that did not invoke a head-
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upright prior. A few participants reported seeing the visual probe sway erratically from side to
side while experiencing dGVS, which provides anecdotal evidence to suggest dGVS may have
triggered torsional movements of the eye [35,36]. It is possible that the brain adopts a different
strategy for judging the verticality of a probe in motion compared to a static probe; this is plau-
sible given that motion information and static object properties such as luminance and colour
are processed in different pathways in the brain [37,38], and may be incorporated differently
into verticality judgments. However, to our knowledge no study has systematically compared
SVV judgments of moving versus static visual probes. Further evidence is needed to support
this explanation.

Vestibular disruption evoked a strong SHV E-effect (away from tilt) when only the head
was tilted, and eliminated the A-effect (towards tilt) seen in experiment 2 during body tilt.
These results also do not support the reliance of SHV on a body-based estimate of gravity.
Rather, our results suggest that the vestibular signal may be important for SHV after all, despite
the lack of influence of head tilt on the SHV when the vestibular signal is functioning normally
(experiment 2). Does this dGVS-induced bias in SHV during body tilt reflect a true shift in the
corresponding underlying gravity estimate? Or might it reflect instead a shift in the perceived
position of the hands? Studies have shown that vestibular stimulation shifts the location of par-
ticipants’ drawings [39], induces reaching errors [40,41], leads to mislocalization of touches on
the hands [42] and creates elongation and widening of the perception of the hand compared to
controls [43]. The impact of dGVS on SHV might be due not to a distortion of the underlying
gravity estimate but to a change in the perceived location of the hand. Thus, the error would
stem from the judgment of stimulus orientation with respect to the body rather than to an
error in the perceived direction of gravity.

In summary, dGVS eliminated the SVV and SHV biases normally evoked by tilt (as reported
in experiment 2), but evoked a strong SHV bias when the body was upright and the head was
tilted. Though the underlying impact of dGVS on body perception and strategies for judging
visual verticality is still unclear, it is apparent that the addition of vestibular noise has a differ-
ent effect on SVV and SHV, further supporting the claim that the two measures are driven by
separate underlying mechanisms. Experiment 4 investigates whether these mechanisms are
separate enough that SVV and SHV can be integrated in a statistically optimal fashion.

Experiment 4: Do SVV and SHV Combine Optimally?
When the brain integrates two estimates of the same variable (e.g., depth or size), it often does
so according to the principles of optimizing the noise in the resulting estimate. It does this by
weighting the two contributing cues according to the inverse of their variance [23]. Critically,
cues can only be integrated optimally if the noise in those estimates is uncorrelated [24]. If SHV
and SVV were to access different underlying estimates of gravitational vertical, we would
expect minimal correlated noise between estimates, and thus would predict optimal integration
of the two measures; conversely, if the two estimates were to share a common representation of
gravity, we would expect integration to be less than optimal. To test this we had participants
estimate the orientation of a bar that they could simultaneously see and feel, and compared
their estimates to the predictions of maximum likelihood estimation (MLE) based on unimodal
performance. It quickly became apparent that when the rod was a thin, clear, internally illumi-
nated rod, it provided a highly reliable estimate of orientation and therefore would dominate
any contribution of the haptic cue. We therefore reduced the reliability of the visual cue before
proceeding.
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Predicting optimal bimodal performance
Optimal bimodal verticality estimates can be predicted from unimodal performance (i.e., SVV
and SHV). From these, the bimodal estimates and variances can be calculated from:

1

s2
bimodal

¼ 1

s2
SVV

þ 1

s2
SHV

ð1Þ

PSEbimodal ¼ wSVVPSESVV þ wSVVPSESVV ð2Þ

wSVV ¼
1

s2
SVV

1
s2
SVV

þ 1
s2
SHV

� � ð3Þ

wSHV ¼ 1� wSVV ð4Þ
where PSE indicates the subjective vertical, σ2 indicates the variance and w indicates the
weighting of each cue.

Methods
Participants. Sixteen participants (aged 21–60, 11 female) took part in this experiment.

One participant self-identified as left-handed, and one self-identified as ambidextrous.
Platform. Participants used the same platform described in experiment 1, tilted 45° left.

That is, participants completed all tasks while at a whole body roll-tilt of -45°.
Test rod. In order to reduce the reliability of judging the visual probe’s orientation, a plexi-

glass screen covered in a layer of vehicle window tinting with 5% visible light transmission
(Gila Basic Super Limo Black 5%Window Tint, http://www.gilafilms.com/en/Basic-Window-
Tints.aspx) was set 30 cm in front of the test rod to blur it. The edges of the screen were not vis-
ible in the dark room. The rod was also masked with opaque tape so that only the middle 5 cm
was visible. In all conditions the apparatus was arranged, as in the previous experiments, so
that participants were able to reach out and explore the rod by touch.

Procedure. Participants completed three test blocks: (1) judging orientation by touch with
the eyes closed (SHV), (2) judging orientation by sight with the blurred stimulus (SVV), and
(3) judging orientation with touch and the blurred stimulus simultaneously (bimodal). Blocks
were completed in a counterbalanced order for each participant. All blocks were completed in
a dark room. Procedures for SVV and SHV were the same as in experiment 1. In the bimodal
condition, participants were instructed to use both sight and touch to determine the orientation
of the probe with respect to gravity. When the rod was illuminated, participants were
instructed to reach out and feel its orientation as well as well as looking at it. Due to the pres-
ence of the blurring screen, participants could not see their own hands during haptic explora-
tion of the probe in this condition.

Test rod orientations were selected by a Bayesian adaptive staircase (the psi-method,
adapted for MATLAB from [44]), which estimated the point of subjective equivalence (PSE)
and the variance (squared inverse slope) of participants’ underlying psychometric functions.
The PSI method was chosen rather than the QUEST because it is optimized to accurately esti-
mate the slope of the psychometric curve, i.e. within-subject precision. The testing algorithm
was given an initial PSE estimate of 0° (no bias), a standard deviation of ±10°, a variance esti-
mate of ±5 degrees2 with a standard deviation of ±10 degrees2, and a step size of 0.1°. Each con-
dition yielded a PSE and a σ (standard deviation) score for each testing block. For each of the
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five testing blocks, the psi algorithm ran 150 trials, which took approximately 20 minutes. Par-
ticipants completed the blocks over a period of several days.

Results
PSEs. The mean PSEs for SHV, SVV, and the bimodal condition are plotted with 95% con-

fidence intervals in light grey in Fig 3A. All experiments were done with the body tilted 45° to
the left. A repeated-measures ANOVA comparing PSE across the three conditions found no
main effect of condition (p = 0.64). There was no correlation between SVV and SHV PSEs
(p = 0.88). Blurring the visual stimulus resulted in a bias away from the body in the unimodal
SVV condition, t(15) = 2.66, p = 0.018, in contrast to the SVV results from experiments 1 and
2. The bimodal PSE was also significantly biased opposite to body tilt, t(15) = 3.02, p = 0.009.
SHV PSEs did not statistically differ from 0°.

Fig 3. Results for experiments 4 and 5. A. Mean PSEs for SVV (with a blurry visual stimulus), SHV and bimodal measures for experiment 4 (dark grey
bars), and experiment 5 (with neck vibration, light grey bars). PSEs predicted by the maximum likelihood estimate (MLE) model for each experiment are
bolded. 0° corresponds to gravitational vertical. Asterisks indicate mean was significantly different from 0° at p<0.05. Error bars are 95% confidence intervals.
B. Mean variance for all three modalities, with and without neck vibration. Error bars are 95% confidence intervals. MLE-predicted values are outlined in bold.
C. Observed bimodal PSEs versus MLE predicted bimodal PSEs for each participant, for experiment 4 (open circles) and experiment 5 (filled circles). Solid
line indicates a slope of 1. D. Observed variances of the bimodal measure versus predicted variances, for experiment 4 (open circles) and experiment 5 (filled
circles). Solid line indicates a slope of 1.

doi:10.1371/journal.pone.0145528.g003
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The predicted value for the bimodal PSE is shown in bold (light grey) in Fig 3A, and
observed and predicted scores are plotted against each other in light grey in Fig 3C. A paired t-
test between the experimentally measured bimodal PSE scores and the MLE predicted scores
(as calculated by Eqs 1–4 above) found no difference. Observed and predicted scores were sig-
nificantly correlated, r(14) = 0.76, p = 0.001. (Note that the correct testing procedure for com-
paring model estimates to raw scores is an equivalence test, however, here we used standard
paired Student’s t-tests instead, to avoid setting an arbitrary boundary for ‘equivalence.’ Cribbie
et al. have shown that for small sample sizes, a t-test is just as or more effective at detecting sta-
tistical equivalence compared to equivalence tests [45].)

Variances. Mean variances (precision, σ2) for each condition are plotted with 95% confi-
dence intervals in Fig 3B in light grey. A repeated-measures ANOVA found a main effect of
modality on precision, F(2,30) = 8.59, p<0.001. Precision estimates for SVV and SHV were not
correlated across participants. T-tests (corrected for False Discovery Rate) found that bimodal
variances were significantly better than unimodal haptic variances, t(15) = 3.45, p = 0.004, but
were not different from unimodal visual-alone variances. Observed versus MLE predicted
bimodal variance scores are plotted in Fig 3D. Measured bimodal variance scores were signifi-
cantly greater than those predicted by the model (Eq 1), t(15) = 2.42, p = 0.029, thus integration
of haptic and visual estimates of gravitational vertical was not optimal. Furthermore, observed
and predicted variances were not significantly correlated.

Discussion
Measuring perceived vertical bimodally resulted in a PSE that was consistent with optimal inte-
gration as predicted by MLE, but did not show the optimal reduction of variance. The PSE
findings are difficult to interpret. On average, both SHV and SVV unimodal PSEs are in the
same direction and of a similar magnitude. Therefore, it would require a great deal of statistical
power to distinguish an optimal averaging of such PSEs from a non-optimal response (e.g.,
capture, non-optimal weighting of averages). Thus our PSE results must be considered care-
fully, and we suggest that variance scores may be a better indicator of potential optimal
integration.

In this case, the bimodal scores did not reflect optimal integration. Optimal integration
requires that SVV and SHV are uncorrelated (i.e., have access to independent measures of
gravitational vertical). A lack of integration between the SVV and SHV is compatible with
either the two probes accessing a common gravity estimate (and hence correlated noise), or an
otherwise failure of the brain to optimally combine the two cues.

One or two representations of gravity?. Bimodal estimates of gravity using a blurry visual
stimulus showed significantly worse precision (higher variances) than predicted by MLE. This
is consistent with a previous research finding that a bimodal (visual/haptic) estimate of a rod’s
orientation with respect to the head produced significantly greater variance than predicted by
MLE [46]. Braem et al. looked at integration of a bimodal visual/haptic vertical while partici-
pants were seated upright and reported that bimodal variance was consistent with MLE predic-
tions [47]. However, in their experiments the bimodal variance did not differ from unimodal
SVV variance, making it impossible to distinguish optimal integration from a total reliance on
visual information. Our results are compatible with optimal integration being made impossible
due to a common source of noise between the visual (SVV) and haptic (SHV) estimates of
gravitational vertical. This is consistent with the possibility of a single shared estimate of the
orientation of gravitational vertical. However, it is also possible that the two measures access
different estimates of verticality and the shared noise arises from other common task elements,
(for example a prior which influences both estimates in the same way, such as the idiotropic or
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body midline prior proposed by [15]). If such a prior did indeed have a common influence on
these separate measures we would anticipate a correlation between SVV and SHV errors. Such
a correlation was not found in the previous experiments (see above).

Another possibility is that the gravity estimates come primarily from separate sources, but
that information can be shared between the two pathways. In their model, Clemens et al. [3]
proposed an “indirect” pathway that converts body-based cues into head-based coordinates,
and vice versa. This pathway is mediated by knowledge of the position of the neck (see Fig 1).
By allowing for shared information between the head and the body, the indirect pathway could
result in both head-based and body-based estimates of gravity contributing to SVV and SHV,
thus constituting a source of shared noise. In experiment 5 we temporarily separated the func-
tional connection between the head and body by adding noise to the neck proprioceptors mak-
ing it possible for optimal integration to occur.

Sharp vs. blurry: a reversal of SVV errors?. Before we continue with our main theme, we
feel it is worthwhile to take a little detour to discuss the surprising differences we noted in the
SVV depending on whether a sharp or blurred line was used as the stimulus. The sharply visi-
ble rod used in experiments 1–3 generally evoked an SVV biased towards the body during a tilt
(Fig 2), whereas a blurred, degraded stimulus evoked a bias away from the tilt (Fig 3). Pilot data
collected using a sharply visible SVV task with the psi-function found similar SVV results to
experiment 1 (-2.6° ± 0.8°), suggesting this bias was driven by the change of stimulus, not the
change in testing paradigm. This observation raises further speculation about the prior that has
been suggested to shift estimates towards the body midline [16]. Such a prior would induce
consistent bias in estimates independent of the visual stimulus. Why might specific visual stim-
ulus characteristics promote different errors in visual verticality perception? Wade [48] and
Luyat et al. [49] tested SVV using different test line lengths and both studies found that longer
lines elicited biases towards the body while shorter lines evoked biases in the opposite direction.
This is consistent with our findings since the blurred line was also considerably shorter than
the sharply visible line used in experiments 1–3 (37° sharp, 7° blur). Luyat and colleagues [49]
suggest that this reversal of error may be due to additional eye movements evoked by a larger
stimulus (one expanding into the periphery) creating additional cortical activation. A compre-
hensive model of gravity perception must take such movements into account, and clarify what
stimulus characteristics invoke a head-upright prior when judging verticality. Further study on
this topic is needed.

Experiment 5: Do SVV and SHV Combine Optimally when the Head
and Body Cannot Share Gravity Information?
In experiment 4 we aimed to test the models of Schuler et al. [2] and Clemens et al. [3] by iden-
tifying whether there was shared noise in SVV and SHV. Our failure to optimally integrate
SVV and SHV could be due to shared noise between the two measures, possibly due to a shared
underlying gravity estimate in the two tasks. However, Clemens et al.’s [3] two-estimate model
states that head-based and body-based sensory information regarding gravity can in fact be
shared via an “indirect pathway”mediated by neck proprioception (i.e., the head-on-body esti-
mate, see Fig 1), which could also produce shared noise in the bimodal estimate. If this is the
case then degrading this proprioceptive neck information should lead to a degraded indirect
pathway, thus effectively ‘decoupling’ the two estimates. Here we tested SHV, blurry SVV, and
the bimodal combination of the two measures while mild vibration was applied to the dorsal
muscles of the upper neck (see Fig 4). This group of muscles has been implicated in head roll
[50] and vibration of one side of this area affects SVV as though the head were rolled toward
the side opposite the vibration, while vibration of other nearby areas did not [51]. We posited
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that vibration of both sets of these muscles would introduce noise into the afferent signal asso-
ciated with perception of head-on-body roll and that any tendency to evoke an actual head
movement percept would be cancelled out because of the bilateral application. This is, as far as
we are aware, a novel application of neck muscle vibration. During the experiment, participants
reported that the vibration was somewhat uncomfortable but not intolerable. If the bimodal
condition were to show suboptimal integration in the control, no-vibration conditions but
optimal integration in the neck vibration condition, this would be compatible with the idea
that Clemens et al.’s indirect pathway was the source of shared noise in the control data, thus
providing evidence for a two-estimate model of gravity perception. If suboptimal integration
were to persist in the presence of vibration, it would suggest that the common source of noise
preventing integration might be due to a shared underlying estimate of gravitational vertical.

Methods
Participants. Sixteen participants (9 female, aged 21–60) completed this experiment. One

participant self-identified as left handed, and an additional participant identified as
ambidextrous.

Neck Vibration. Vibration was applied to both sides of the upper dorsal neck via a pair of
commercial handheld battery-operated vibrators (http://www.trojanvibrations.com/product/-
vibrators-pulse-vibrator.do), which were embedded in foam blocks and held in place with a
tensor bandage tied securely around the participant’s neck (see Fig 4). The vibrators both had a
circular surface of contact approximately 2.5 cm in diameter and a vibration frequency of 30
Hz (measured using a strobe light). They were placed on the upper dorsal neck muscles,
approximately 2.5 cm below the base of the skull and 2.5 cm out to either side from the spine.
In order to ensure consistent vibration intensity over time, the batteries were changed after
every 2nd participant. The vibrators were used at their lowest continuous vibration setting and
were left on for the duration of each experimental block. The vibrators were turned off between
experimental blocks.

Procedure. Procedure was identical to experiment 4. Participants completed all blocks
over a period of several days.

Results
PSEs. The mean PSEs from the SHV, SVV, and bimodal conditions are plotted with 95%

confidence intervals in Fig 3A in dark gray. A repeated measures ANOVA found a significant
main effect of condition F(2,30) = 7.03, p = 0.003. There was no correlation between SVV and

Fig 4. An image of the vibration apparatus. Bilateral vibration of the dorsal neck muscles was applied
using two handheld vibrators embedded in foam blocks that were secured with a tensor bandage. The
individual photographed has given written informed consent (as outlined in PLOS consent form) to publish
this image.

doi:10.1371/journal.pone.0145528.g004
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SHV PSEs (p = 0.11). T-tests comparing PSEs to veridical found all three conditions produced
a significant bias opposite body tilt: t(15) = 4.65, p<0.001 (SHV); t(15) = 2.25, p = 0.040 (SVV);
and t(15) = 3.11, p = 0.007 (bimodal).

The predicted values for the bimodal PSE is shown in bold (dark grey) in Fig 3A. A paired t-
test found that the experimentally measured bimodal PSEs almost significantly differed from
MLE predicted scores (t(15) = -2.09, p = 0.053). Observed versus predicted scores are plotted
in Fig 3C; the two scores were significantly correlated, r(14) = 0.68, p = 0.004.

Variances. Mean variances (σ2) for each condition are plotted with 95% confidence inter-
vals in Fig 3B in dark grey. A repeated-measures ANOVA found a main effect of modality on
precision, F(2,30) = 5.78, p = 0.008. Precision for SVV and SHV was not correlated across
participants (p = 0.85). Corrected paired t-tests found that bimodal variances were significantly
more precise than both unimodal haptic and unimodal visual variances (t(15) = 3.37,
p = 0.004, and t(15) = 3.54, p = 0.003, respectively. A paired t-test found no difference between
MLE-predicted and actual bimodal variance (p = 0.33) thus suggesting optimal integration
of haptic and visual estimates of gravitational vertical. However, while MLE predicted and
observed variances in experiment 5 were more strongly related than in experiment 4, they were
not significantly correlated. The fan-shaped spread of the data (Fig 3D) suggests this insignifi-
cant finding might be due to insufficient statistical power.

Discussion
In the presence of neck vibration that disrupted proprioceptive information concerning the
head’s position on the body, the bimodal probe showed increased precision compared to that
of each of the unimodal levels and was consistent with MLE predictions. This suggests that, in
the absence of clear cues to neck position, SVV and SHV may indeed be optimally integrated.
Given this finding, it seems that the reason why SVV and SHV did not integrate optimally in
experiment 4 was because the two estimates had a correlated source of noise, mediated through
proprioception of the neck.

In experiment 4, SHV and SVV unimodal PSEs were so close together in direction and magni-
tude that our experiment likely did not have the statistical power to detect a difference between
optimal and non-optimal integration of the two probes. In this experiment, neck vibration gener-
ated a profound E-effect (bias away from tilt) in the SHV (Fig 3A) but did not change SVV
responses. We saw a similar profound SHV E-effect in experiment 3 when the body was tilted and
the vestibular signal was disrupted. We suggest that this E-effect during neck vibration may be
similarly due to the absence of vestibular information refining perception of the hands, this time
because head-based gravity information was dissociated from the SHV task via neck vibration.

The larger difference between the unimodal PSEs made the comparison between MLE pre-
dictions of bimodal PSEs and actual scores more statistically powerful. We found an almost-
significant difference between the model and observed scores (p = 0.053). The reason for this
difference may be related to visual feedback in the bimodal task regarding hand position. That
is, it was possible to see the hand as a dark, blurry blob if it fell in front of the illuminated line
while making the bimodal judgment. While this feedback likely did not change the perceived
orientation of gravity as sensed by the head or the trunk, it may have refined the sense of the
hand’s position in space, thus informing the haptic estimate of the orientation of the probe.
This refined orientation would then be compared to the sensed direction of gravity, yielding a
different PSE than one measured totally in the dark. Our results showing optimal integration
of bimodal variance suggests that this effect primarily shifted the haptic perception of the
probe’s position, and did not constitute a shared source of noise across SVV and SHV compo-
nents of the bimodal task.
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Our results of bimodal variance support the model proposed by Clemens and colleagues [3],
in which two independent estimates of gravitational vertical share information via information
about neck position. In the same article the authors provide evidence that SVV preferentially
accesses the estimate based on head position; results from our second and fifth experiments
suggest SHV is most likely to accesses the estimate based on body position.

General Discussion

A single estimate of gravity?
Could our results be compatible with a single, underlying estimate of gravity? Given that
decoupling head- and body-based reference frames led to a highly distorted SHV, perhaps it is
the case that the SHV does rely on the same, head-based representation of gravity as the SVV,
but is simply unable to access this estimate in our experimental task. However, we would expect
that such an inability to access a gravitational estimate would result in worse precision in the
haptic SHV task. As Fig 3B shows, no such increase in variability occurred when comparing
the SHV results of experiment 4 (no vibration) with experiment 5 (vibration) (see Fig 3B).
Thus our data are not consistent with SVV and SHV accessing a single internal estimate of
gravitational vertical. It seems more likely that there is a second, body-based representation of
gravity being accessed by SHV that is simply less accurate, or systematically biased, when parts
of the body (i.e., the trunk) are tilted.

Why two?
Why might two separate but interactive representations of gravity co-exist? It may be due to a
natural division in the sensory information transduced by the head (vestibular system) and by
the body (somatosensation, somatic graviception; [52]). Indeed, Bronstein et al. [53] report
that vestibular nuclear lesions lead to a distortion of SVV, but not SHV. Some researchers have
speculated there may be a corresponding division in cortical pathways: thalamo-parietal pro-
jections appear to be involved in somatic graviception [54], while insular regions play more of
a role in vestibular graviception [8]. The perception of gravity in body-centric and head-centric
coordinates thus appear to follow distinct neural pathways, although our findings suggest that
when a reliable vestibular cue is present, the two estimates share information from the relevant
sensory inputs.

A two-estimate model of gravity perception
In conclusion, our data support the existence of two internal estimates of gravitational vertical,
one head-based and body-based, similar to the model proposed by Clemens et al. [3] (see Fig
1). We provided further evidence that SVV may preferentially access the head-based estimate,
and make the novel assertion that SHV preferentially accesses the body-based estimate
(although much of its accuracy may come from the “indirect” pathway and head-based vestibu-
lar input). We also showed bilateral vibration of the neck can degrade the pathway sharing
information between these two estimates, providing a potential method for examining the two
in relative isolation.

Our data are not consistent with the priors laid out in the original model, priors that state
that head and body are usually upright, and thus shift the perceived orientation of gravity in
the same direction as the tilt. We would expect these priors to grow stronger in the presence of
sensory noise, and they do not (experiment 3); they also are not consistent across different
visual stimuli (compare experiments 1 and 4). We suggest that this may be due to different
strategies being adopted when judging the verticality of moving, or blurry, visual probes, as
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compared to static, sharply visible ones. The original priors outlined in the model may need to
be refined or re-characterized such that they reflect these possible differences in visual judg-
ment strategies.

The SVV has been used as a clinical diagnostic tool for measuring vestibular function
[55,56]. Our findings highlight a distinct but complementary role for SHV in testing somato-
graviceptive function, and provide a methodology (bilateral neck vibration) that might be used
to dissociate between head-based and body-based gravity estimates in patient populations.
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