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Subjects and Preparation.Extracellular recordings were made from
two male rhesus monkeys (Macaca mulatta), weighing 7–10 kg. The
monkeys were chronically implanted with a circular delrin ring for
head stabilization, as well as two scleral search coils for measuring
binocular eye position. Details have been described (1–5).

Apparatus and Vestibular Stimulus. Each animal was seated com-
fortably in a primate chair, and their head was fixed to the chair
via a light-weight plastic ring that was anchored to the skull using
titanium inverted T-bolts and dental acrylic. The primate chair
was secured on top of a computer-controlled yaw motor that
could be used to passively rotate the animal’s head and body
inside a cubic magnetic field coil frame (CNC Engineering; used
to measure eye movements). Attached to the front surface of the
coil frame was a rear-projection screen that was positioned
30 cm in front of the monkey and subtended 90° × 90° of visual
angle. The other sides of the coil frame were covered with black,
nonreflective material, such that the monkey’s field of view was
restricted to the visual display and the local environment within
the coil frame. The coil frame, display screen, and a stereoscopic
video projector (described below) were firmly mounted on top of
a six-degree-of-freedom motion platform (MOOG 6DOF2000E;
Moog) that allowed physical translation of the animal (3, 4).
Together, the motion platform and coil frame defined a vi-
sual allocentric reference frame. Rotations of the yaw motor
changed the orientation (angular position) of the body relative
to this allocentric reference frame, and movements of the
motion platform translated the entire allocentric frame relative
to the world.
A video projector (Christie Digital Mirage 2000; Christie) was

mounted on the motion platform and was used to rear-project a
fixation target onto the screen. No visual stimuli were presented
on the screen other than the fixation target, but the background
illumination from the projector allowed animals to register
multiple allocentric cues within the local environment on top of
themotion platform. As a result, when the yaw rotator was used to
change the orientation of the animal’s head and body relative to
the motion platform (see below), visual cues were informative
regarding body orientation relative to the allocentric frame de-
fined by the coil frame and motion platform.

Experimental Protocol. Translation of the animal by the motion
platform followed a Gaussian velocity profile with a duration of
1 s, a displacement of 13 cm, a peak acceleration of ≅0.1G
(0.98 m/s2), and a peak velocity of 0.30 m/s (4). Translation was
limited to the horizontal plane in this study, and 10 different
azimuth angles (relative to the world) were tested (0°, 45°, 70°,
90°, 110°, 135°, 180°, 225°, 270°, and 315°), where 0° corresponds
to rightward and 90° corresponds to forward. The directions 20°
to the left and right of straight ahead (70° and 110°) were in-
cluded to align with the directions of the eccentric eye targets.
At the start of each trial, the monkey’s body (together with the

monkey chair) was rotated by using the yaw motor to one of
three orientations (relative to the world): −20° (left), 0° (straight
ahead), or +20° (right). Then, 1,000 ms after the end of yaw
rotation, a fixation target appeared on the screen (orange square;
Fig. 1). The monkey was required to fixate the target, within a 2° × 2°
window, for 300 ms before stimulus onset and to maintain fixa-
tion throughout the 1-s translational motion stimulus, as well as for
an additional 0.5 s after translation ended. A juice reward was given
after each successful trial. At the end of each trial, the monkey chair

was rotated back to its original position (0°). Note that an eye
calibration process was performed for each of the three body-in-
world orientations (left, straight ahead, and right), and the corre-
sponding calibration parameters were used to calculate eye position
accurately for each body orientation.
To distinguish body- and world-centered reference frames,

body orientation relative to the world was varied randomly across
trials (−20°, 0°, or 20°) by rotating the monkey chair, while keeping
head position relative to the body fixed. However, by manipulating
the fixation target on the screen, we could compare a body-fixed
gaze condition (including three [body-in-world, eye-in-head] po-
sitions: [−20°, 0°], [0°, 0°], [20°, 0°]) and a world-fixed gaze con-
dition (including three [body-in-world, eye-in-head] positions:
[−20°, 20°], [0°, 0°], [20°, −20°]). Since [0°, 0°] appears in both
conditions, there were a total of five distinct combinations of
[body-in-world, eye-in-head] positions: [−20°, 0°], [−20°, 20°],
[0°, 0°], [20°, −20°], [20°, 0°], which were randomly interleaved
in a single block of trials.

Neural Recordings. A plastic grid made from Delrin (3.5 × 5.5 ×
0.5 cm), containing staggered rows of holes (0.8-mm spacing),
was stereotaxically attached to the inside of the head-restraint
ring by using dental acrylic and was positioned to overlay VIP in
both hemispheres. Area VIP was initially localized via structural
MRI scans (3, 6), and this localization was refined by the pat-
terns of white and gray matter transition, as well as neuronal
response properties, as described (1, 4, 5).
Recordings were made by using tungsten microelectrodes

(FHC) that were inserted into the brain via transdural guide
tubes. Each neuron was first tested, in complete darkness (pro-
jector off), with sinusoidal vestibular stimuli involving translation
(0.5 Hz, ±10 cm) along the lateral and forward/backward di-
rections. Only neurons with clear response modulations to si-
nusoidal vestibular stimuli were further tested with the heading
tuning protocol described above. Data were collected from four
hemispheres of two monkeys, F (n = 55) and X (n = 54). Results
were similar in the two monkeys; thus, data were pooled across
monkeys for all population analyses.

Data Analysis. All data analyses were done in Matlab (Math-
Works). Neurons included in population analyses were tested
with at least three repetitions of each of the 50 distinct stimulus
combinations (10 heading directions × 5 body/eye position
combinations) (n = 50 from monkey F, 52 from monkey X) and
five or more repetitions were obtained for most neurons
(84.3%). For each stimulus combination (Fig. 2A), peristimulus
time histograms were constructed by grouping spikes into 50-ms
time bins and then smoothed by a 100-ms boxcar filter. For each
body/eye position combination (Fig. 2 B and C), a heading
tuning curve was constructed by plotting firing rate as a function
of heading. Firing rates were computed in a 400-ms window
centered on the “peak time” (7). To identify peak time, firing
rates were computed in many different 400-ms time windows
spanning the range of the data in 25-ms steps. The peak time was
defined as the center of the 400-ms window for which the neural
response reached its maximum across all body/eye position
combinations. For each 400-ms window, a one-way ANOVA
(response by heading direction) was performed for each body/
eye position combination. Heading tuning was considered sta-
tistically significant if the one-way ANOVA passed the signifi-
cance test (P < 0.05) for five contiguous time points centered on
the peak time. Only neurons with significant tuning for at least
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two of the three body/eye position combinations in either the
body- or world-fixed gaze condition were included in the refer-
ence frame analyses described below.
DI computation. The shift of heading tuning curves relative to the
change in body orientation was assessed by using a DI, which was
computed by the following equation (2, 8):

ðDIÞij =
kmaxðcov½RiðθÞ,Rjðθ+kÞ�Þ

Pi −Pj
. [S1]

Tuning data were linearly interpolated to 1° resolution before the
computation of DI, and results were quite robust to the choice of
interpolation resolution as long as the data were interpolated to
a resolution of ∼10° or less (Fig. S5). Here, k (in degrees) is the
shift between a pair of tuning curves (denoted Ri and Rj), and the
superscript above k refers to the maximum covariance between
the tuning curves as a function of k (ranging from −180° to
+180°). The denominator represents the difference between
the body orientations (Pi and Pj) at which the tuning functions
were measured. DI ranges between 1 (when the tuning curve
shifts by an amount equal to the change in body orientation)
and 0 (when there is no shift with body orientation). In practice,
however, DI values could be <0 or >1 because of variability in
neural responses. A single average DI was computed for each
condition (body- and world-fixed gaze) if all three pairs of tuning
curves passed the significance criterion (such that the resulting
three DI values were averaged). If only one tuning curve passed
the significance criterion (as defined above), this neuron/condi-
tion was not included in the DI analysis. The numbers of neurons
that met these criteria and were included in the analysis were as
follows: body-fixed gaze condition: n = 60 (20 from monkey F,
40 from monkey X); world-fixed gaze condition: n = 61 (21 from
monkey F, 40 from monkey X).
A CI was computed for the DI in each condition using a

bootstrap method. Bootstrapped tuning curves were generated by
resampling (with replacement) the data for each heading and then
a DI value was computed for each bootstrapped tuning curve.
This was repeated 1,000 times to produce a distribution of
bootstrap DI values from which a 95% CI was derived (percentile
method). A DI value was considered significantly different from a
particular value (0 and/or 1) if its 95% CI did not include that
value. A neuron was classified as body-centered in the body- or
world-fixed gaze condition if the CI did not include 0 but included
1. A neuron was classified as world-centered in either condition if
the CI did not include 1 but included 0. Finally, neurons were
classified as having intermediate reference frames if the CI was
contained within the interval between 0 and 1, without including
0 or 1. All other cases were designated as unclassified (e.g.,
neurons for which the CI on DI included both 0 and 1).
Potential asymmetries in tuning shifts were evaluated by

comparing the DI value computed from the pairing of left and
center body orientations (DIl) with the DI value computed from
the pairing of right and center body orientations (DIr). For each
neuron, DIl and DIr were computed for each of 1,000 boot-
strapped tuning curves to generate two DI distributions. The
tuning shifts were considered asymmetric if 95% CIs for the
distributions of DIl and DIr did not overlap. To be included in
this analysis, all three tuning curves in each condition needed to
meet the significance test described above. This resulted in a
sample size of n = 57 (20 from monkey F and 37 from monkey
X) for the body-fixed gaze condition, and a sample size of n = 52
(18 from monkey F and 34 from monkey X) for the world-fixed
gaze condition.
Note that changes in eye position were not considered in the DI

computation for the world-fixed gaze condition, although eye-in-
head and body-in-world positions covaried in that condition. In
our previous study (4), vestibular heading signals were found to be

independent of gaze direction; thus, we expected that tuning
curves would not change with eye-in-head position. As a result,
the DI was computed only relative to the change in body-in-world
position in the world-fixed gaze condition.
Fitting tuning curves independently. Each tuning curve was fit in-
dependently with a von Mises function (2):

RðθÞ=A · e
−ð1−cosðθ−θpÞÞ

2σ2 + rb, [S2]

where A is the response amplitude, θp is the preferred heading, σ
is the tuning width, and rb is the baseline response level. von
Mises functions provide excellent fits to the heading data when
all parameters are free (median values of R2: 0.94, 0.94, 0.95,
0.95, and 0.95 for each of the five combinations of body/eye
positions).
Values of A were used to quantify gain field effects. Specifi-

cally, in each task condition (body- and world-fixed gaze) for
each neuron, gain ratios between left (−20°) and center (0°) body
positions (AL20/A0) and between right (20°) and center body
positions (AR20/A0) were computed. A bootstrap method was
used to evaluate the significance of gain field effects. Specifically,
bootstrapped tuning curves were generated by resampling (with
replacement) the data for each heading, and then each boot-
strapped tuning curve was fit independently with Eq. S2, and the
gain ratios were computed. This was repeated 1,000 times to
generate bootstrap distributions of AL20/A0 and AR20/A0. If the
95% CI on the gain ratio did not include 1 for either AL20/A0 or
AR20/A0, the gain field effect was considered significant. To be
included in this analysis, all three tuning curves in each condition
also needed to meet the two requirements described above. Only
significant gain fields for both conditions were used for com-
parisons between conditions (n = 50: 17 from monkey F and
33 from monkey X).
Fitting tuning curves with body- and world-centered models. For each
neuron, to determine to what extent the whole set of tuning curves
in each condition (body- and world-fixed gaze) was more con-
sistent with a body- or world-centered representation, the three
tuning curves in each condition were also fitted simultaneously
with a set of von Mises functions (2). Tuning curves from the
body- and world-fixed gaze conditions were fit with a body-
centered model and a world-centered model, in which A, σ,
and rb were free parameters for each body/eye position, and only
θp was controlled. Specifically, θp was constrained to shift by
exactly the amount of the body orientation change (i.e., θp for
straight forward, θp + 20° for leftward, and θp − 20° for rightward)
in the body-centered model, but was constrained to be constant
(θp) for all three tuning curves (no shift) in the world-centered
model. Thus, the total number of free parameters for each model
was 10 (three free parameters × three tuning curves +θp).
Neurons included in this model-fitting analysis needed to meet

two requirements: (i) All three tuning curves passed the signif-
icance criteria described above, and (ii) all three tuning curves
were well-fit separately (i.e., when all four parameters were free)
by the function of Eq. S2, as indicated by individual R2 val-
ues >0.6. The numbers of neurons that passed both criteria were
as follows: body-fixed gaze condition: n = 57 (20 from monkey F
and 37 from monkey X); world-fixed gaze condition: n = 52
(18 from monkey F and 34 from monkey X).
For each fit, the correlation between the best-fitting function

and the data were computed to measure the goodness-of-fit. To
remove the influence of correlations between the models
themselves, partial correlation coefficients were computed by the
Matlab function “partialcorr” and subsequently normalized by
using Fisher’s r-to-Z transform (2, 9, 10), such that Z scores from
the two models could be compared (Fig. 5). If the Z score for
one model was >2.326 and exceeded the Z score for the other
model by at least 2.326 (equivalent to a P value of 0.01), that
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model was considered a significantly better fit to the data than
the alternative model (2).
Average heading tuning curves. As another way to assess the shift of
vestibular heading tuning at the population level, tuning curves
for each body/eye position combination were normalized and
averaged. Specifically, for each neuron, the tuning curve mea-
sured at body/eye position = [0°, 0°] was shifted to make 0° the
preferred heading, and the other two curves were shifted by the
same amount to keep the relative positions of the curves con-
stant. Subsequently, the tuning curves were averaged across all
neurons for each combination of body/eye position, and DI

values were computed (as described above) for the average
normalized tuning curves in each stimulus condition (body- and
world-fixed gaze). This analysis was also performed on previous
data that distinguished eye-vs.-head and head-vs.-body refer-
ence frames (4). The numbers of neurons included were as
follows: body-fixed gaze condition, n = 57 (20 from monkey F
and 37 from monkey X); world-fixed gaze condition, n = 51
(17 from monkey F and 34 from monkey X); eye-vs.-head
condition, n = 70 (30 from monkey E and 40 from monkey Q);
and head-vs.-body condition, n = 68 (30 from monkey E and
38 from monkey Q).
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Fig. S1. Analysis of asymmetry in tuning shifts. (A and B) Body-fixed gaze condition. (C and D) World-fixed gaze condition. (A and C) DI values computed from
tuning curves for the left and center body orientations (DIl) are plotted against DI values computed for the right and center orientations (DIr ). Filled symbols
indicate DI values that are significantly different for left and right body orientations (body-fixed gaze condition: n = 1/57; world-fixed gaze condition: n = 1/52;
bootstrap; SI Methods); open symbols indicate DI values that are not significantly different. Circles and triangles denote data from monkeys F and X, respectively.
(B and D) Distributions of DIl and DIr for the body-fixed gaze condition (B: n = 57) and the world-fixed gaze condition (D: n = 52). The mean of the distributions was
slightly different in B (P = 0.04, t test), but not significantly different in D (P = 0.95). For both conditions, there were no significant differences between the
variances of the distributions (B: P = 0.78; D: P = 0.91, Levene’s test). In the body-fixed gaze condition (B), the mean value (arrowhead) was not significantly
different from 1 for DIl (mean = 1.04 ± 0.15, P = 0.62, t test), but was significantly different from 1 for DIr (mean = 0.81 ± 0.13, P = 0.004). In the world-fixed gaze
condition (D), both mean values were significantly different from both 0 and 1 (DIl: mean = 0.45 ± 0.16, P < 0.001; DIr: mean = 0.44 ± 0.17, P < 0.001, t tests).

Fig. S2. Comparison of tuning curve shifts across task conditions, separately for left and right body orientations. DI values for the world-fixed gaze condition
are plotted against DI values for the body-fixed gaze condition. Black and gray symbols show DI values computed for leftward (DIl) and rightward (DIr) body
orientations; filled and open symbols indicate data with significant (sig) and insignificant (insig) asymmetric tuning shifts, respectively (n = 50). The DIl and DIr
values in the two task conditions are significantly correlated, and the slopes are not significantly different from unity (type II regression; DIl : R = 0.33, P = 1.83 ×
10−2, slope = 0.89, 95% CI = [0.27, 3.05]; DIr: R = 0.31, P = 2.68 × 10−2, slope = 2.73, 95% CI = [1.0, 11.75]). Circles and triangles denote data from monkeys F and
X, respectively.
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Fig. S3. Summary of gain fields. (A and B) Body-fixed gaze condition (n = 57). (C and D) World-fixed gaze condition (n = 52). (A and C) The gain ratio for
leftward and center body orientations (AL20/A0) is plotted against the corresponding gain ratio for rightward and center body orientations (AR20/A0). Filled
symbols indicate data with gain ratios that are significantly different from unity for either left or right body orientations; open symbols indicate insignificant
gain fields for both body orientations (bootstrap; SI Methods). Circles and triangles denote data from monkeys F and X, respectively. Most cells had in-
significant gain fields, and only a small percentage of cells had significant gain fields for leftward or rightward body orientations (A: 10.5%, 6/57; C: 26.9%, 14/
52). There was no significant correlation between gain fields for leftward and rightward body orientations (A: R = 0.13, P = 0.31; C: R = 0.01, P = 0.93, type II
regression). (B and D) Distribution of gain fields. For both task conditions, there were no significant differences between the mean values of AL20/A0 and AR20/
A0 (B: P = 0.20; D: P = 0.89, paired t tests) or between the variances of the distributions (B: P = 0.48; D: P = 0.21, Levene’s test). Black and gray bars illustrate gain
fields for leftward and rightward body orientations, respectively. The mean values (arrowheads) are not significantly different from 1 (B: mean = 1.00 ± 0.08,
P = 0.99, for left; mean = 1.07 ± 0.09, P = 0.12, for right; D: mean = 0.99 ± 0.10, P = 0.86, for left; mean = 0.98 ± 0.08, P = 0.65, for right; t test).
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Fig. S4. Comparison of gain fields across task conditions. Gain fields in the world-fixed gaze condition are plotted against gain fields in the body-fixed gaze
condition (n = 50). Colors show gain fields for leftward (black: AL20/A0) and rightward (gray: AR20/A0) body orientations; filled and open symbols indicate data
with significant (sig) and insignificant (insig) gain fields, respectively. The gain fields in the two conditions are significantly correlated, and the slopes are not
significantly different from unity (type II regression; AL20/A0: R = 0.37, P = 8.61 × 10−3, slope = 2.0, 95% CI = [0.43, 6.83]; AR20/A0: R = 0.45, P = 1.16 × 10−3,
slope = 0.85, 95% CI = [0.47, 2.79]). Circles and triangles denote data from monkeys F and X, respectively.
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Fig. S5. Distributions of mean DI values across the population for different interpolation step sizes in the DI computation. Colors indicate data for the body-
fixed gaze (blue) and world-fixed gaze (red) conditions. Each circle represents the mean DI value across neurons for a particular interpolation step size. “no
interp” means that the DI values were computed without any interpolation. Color bands indicate 95% CIs.

Table S1. Comparison of spatial reference frames across the two task conditions of Fig. 3

Body-fixed gaze

World-fixed gaze, n (%)

Body-centered Intermediate Unclassified World-centered Total

Body-centered 11 (35.5) 5 (16.1) 10 (32.3) 5 (16.1) 31 (51.7)
Intermediate 0 (0.0) 2 (66.7) 0 (0.0) 1 (33.3) 3 (5.0)
Unclassified 2 (7.7) 0 (0.0) 21 (80.8) 3 (11.5) 26 (43.3)
World-centered 0 (0) 0 (0) 0 (0) 0 (0) 0 (0.0)
Total 13 (21.7) 7 (11.7) 31 (51.7) 9 (15.0) 60

Table S2. Comparison of spatial reference frames across the two task conditions
in Fig. 5

Body-fixed gaze

World-fixed gaze, n (%)

Body-centered Unclassified World-centered Total

Body-centered 7 (20.6) 21 (61.8) 3 (8.8) 34 (58.6)
Unclassified 1 (4.3) 8 (34.8) 9 (39.1) 23 (39.7)
World-centered 1 (100.0) 0 (0.0) 0 (0.0) 1 (1.7)
Total 9 (15.5) 31 (53.4) 12 (20.7) 52
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