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ABSTRACT 45 

Multisensory plasticity enables our senses to dynamically adapt to each other and the 46 

external environment, a fundamental operation that our brain performs continuously. We 47 

searched for neural correlates of adult multisensory plasticity in the dorsal medial 48 

superior temporal area (MSTd) and the ventral intraparietal area (VIP) in two male 49 

rhesus macaques using a paradigm of supervised calibration. We report little plasticity 50 

in neural responses in the relatively low-level multisensory cortical area MSTd. In 51 

contrast, neural correlates of plasticity are found in higher level multisensory VIP, an 52 

area with strong decision-related activity. Accordingly, we observed systematic shifts of 53 

VIP tuning curves, which were reflected in the choice-related component of the 54 

population response. This is the first demonstration of neuronal calibration, together 55 

with behavioral calibration, in single sessions. These results lay the foundation for 56 

understanding multisensory neural plasticity, applicable broadly to maintaining accuracy 57 

for sensorimotor tasks. 58 

 59 

SIGNIFICANCE STATEMENT 60 

Multisensory plasticity is a fundamental and continual function of the brain that enables 61 

our senses to adapt dynamically to each other and to the external environment. Yet, 62 

very little is known about the neuronal mechanisms of multisensory plasticity. In this 63 

study we searched for neural correlates of adult multisensory plasticity in the dorsal 64 

medial superior temporal area (MSTd) and the ventral intraparietal area (VIP) using a 65 

paradigm of supervised calibration. We found little plasticity in neural responses in the 66 

relatively low-level multisensory cortical area MSTd. By contrast, neural correlates of 67 

plasticity were found in VIP, a higher-level multisensory area with strong decision-68 

related activity. This is the first demonstration of neuronal calibration, together with 69 

behavioural calibration, in single sessions.  70 
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INTRODUCTION 71 

When executing actions, like throwing darts, we want to be both accurate (unbiased, 72 

darts centered on target) and precise (darts tightly clustered). If only one of these two 73 

properties were attainable, it might be better to choose accuracy over precision – this is 74 

because precision is advantageous only when behavior is accurate. Yet, whereas 75 

multiple studies have explored how combining cues from different sensory modalities 76 

leads to improved precision (Ernst and Banks, 2002; van Beers et al., 2002; Alais and 77 

Burr, 2004; Knill and Pouget, 2004; Fetsch et al., 2009; Butler et al., 2010), perceptual 78 

accuracy, which is perhaps more important functionally, has received relatively little 79 

attention.  80 

Behavioral adaptation and plasticity are normal capacities of the brain throughout the 81 

lifespan (Pascual-Leone et al., 2005; Shams and Seitz, 2008). Intriguingly, sensory 82 

cortices can functionally change to process other modalities (Pascual-Leone and 83 

Hamilton, 2001; Merabet et al., 2005), with multisensory regions demonstrating the 84 

greatest capacity for plasticity (Fine, 2008). Sensory substitution devices and neuro-85 

prostheses aim to harness this intrinsic capability of the brain to restore lost function 86 

(Bubic et al., 2010). In addition to lesion or pathology, perturbation of environmental 87 

dynamics, such as in space or at sea, also results in multisensory adaptation (Black et 88 

al., 1995; Nachum et al., 2004; Shupak and Gordon, 2006). However, despite its 89 

importance in normal and abnormal brain function, the neural basis of adult 90 

multisensory plasticity remains a mystery. 91 

Past studies that presented discrepant visual and vestibular stimuli have established 92 

robust changes in heading perception when the directions of optic flow and platform 93 

motion are not aligned (Zaidel et al., 2011, 2013). When spatially conflicting cues are 94 

presented without external feedback, we and others have shown that an unsupervised 95 

(perceptual) plasticity mechanism reduces the experimentally imposed conflict by 96 

shifting single-cue perceptual estimates toward each other (Burge et al., 2010; Zaidel et 97 

al., 2011). When feedback on accuracy is provided, a supervised (cognitive) plasticity 98 

mechanism acts to correct the multisensory percept, thereby shifting the single cues 99 

together in the same direction according to the combined cue error (Zaidel et al., 2013). 100 

These two plasticity mechanisms superimpose during tasks with feedback, and together 101 

ultimately achieve both internal consistency and external accuracy. The supervised 102 

mechanism operates more rapidly than the unsupervised mechanism. Therefore, when 103 

feedback is present, supervised calibration initially dominates, leading to an overall 104 

behavioral shift of both cues in the same direction (Zaidel et al., 2013). 105 

Here we explore the neural basis of this plasticity. Neural correlates of multisensory 106 

heading perception have been found in several cortical regions, including the dorsal 107 

medial superior temporal (MSTd) and ventral intraparietal (VIP) areas (Britten and Van 108 

Wezel, 1998; Bremmer et al., 2002; Page and Duffy, 2003; Gu et al., 2006, 2008; Zhang 109 

and Britten, 2010, 2011; Chen et al., 2013). Although the basic visual-vestibular 110 

response properties of VIP and MSTd appear similar (Maciokas and Britten, 2010; Chen 111 

et al., 2011a, 2011b), VIP shows stronger correlations with behavioral choice than 112 

MSTd (Chen et al., 2013; Zaidel et al., 2017). We test the hypothesis that VIP cells 113 

show shifts in their response tuning in a direction consistent with the superposition of 114 

both plasticity mechanisms, thus, directly proportional to simultaneously recorded 115 
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behavioral changes. This hypothesis is motivated by the high prevalence of choice 116 

related signals in VIP (Chen et al., 2013; Zaidel et al., 2017). In contrast, we 117 

hypothesize that MSTd neuron activity, which shows limited choice related signals (Gu 118 

et al., 2008; Zaidel et al., 2017), lacks this property.  119 

 120 

METHODS 121 

Experimental design and setup 122 

Two male rhesus monkeys (Macaca mulatta; monkeys Y and A) were chronically 123 

implanted with a circular plastic ring for head restraint and a scleral coil for monitoring 124 

eye movements in a magnetic field (CNC Engineering, Seattle, WA). All experimental 125 

procedures complied with national guidelines and were approved by Institutional review 126 

boards. 127 

During experiments, the monkeys were head fixed and seated in a primate chair, which 128 

was anchored onto a six degree-of-freedom motion platform (6DOF2000E; Moog, East 129 

Aurora, NY). A stereoscopic projector (Mirage 2000; Christie Digital Systems, Cypress, 130 

CA) and rear-projection screen were also mounted on the platform, in front of the 131 

monkey. The projection screen was located ~30 cm in front of the monkey’s eyes and 132 

spanned 60  60 cm, subtending a visual angle of ~90°  90°. The monkeys wore red-133 

green stereo glasses custom made from Wratten filters (red #29 and green #61, Kodak) 134 

through which they viewed the visual stimulus, rendered in 3D. 135 

Self-motion stimuli were vestibular-only (inertial motion generated by the motion 136 

platform, without visual optic flow), visual-only (optic flow simulating self-motion through 137 

a 3D star field, without inertial motion) or combined vestibular and visual self-motion 138 

cues. Visual stimuli were presented with 100% motion coherence (i.e., all stars in the 139 

star field simulated coherent self-motion, without the addition of visual noise). Each 140 

stimulus comprised a single-interval linear trajectory of self-motion, with 1s duration and 141 

a total displacement of 0.13m (Gaussian velocity profile with peak velocity 0.35 m/s and 142 

peak acceleration 1.4 m/s2). Self-motion stimuli were primarily in a forward direction, 143 

with varying deviations to the right or to the left of straight ahead, in the horizontal plane. 144 

Heading was varied in log-spaced steps around straight ahead. 145 

The monkeys’ task was to discriminate whether their self-motion was to the right or to 146 

the left of straight ahead (two-alternative forced choice) after each stimulus 147 

presentation. During stimulus presentation, the monkeys were required to maintain 148 

fixation on a central target. After the fixation point was extinguished, they reported their 149 

choice by making a saccade to one of two choice targets (located 7° to the right and left 150 

of the fixation target). A random delay, uniformly distributed between 0.3-0.7s, was 151 

added after stimulus offset before the fixation point was extinguished in order to jitter the 152 

monkeys’ responses in relation to the motion stimuli. If the monkeys broke fixation 153 

during the stimulus or before the fixation point was extinguished the trial was aborted. 154 

Monkeys were rewarded for correct heading selections (or rewarded statistically, as 155 

described below) with a portion of water or juice.  156 

Calibration protocol  157 
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To elicit calibration, we used the same supervised calibration protocol previously tested 158 

behaviorally in humans and monkeys (Zaidel et al., 2011, 2013), with minor alterations 159 

for neuronal recording. Each experimental session comprised three main consecutive 160 

blocks: pre-calibration, calibration and post-calibration (blocks #1, 2 and 3, 161 

respectively). When the monkey was willing to continue performing the task beyond 162 

these three main blocks, recordings of the same cells continued as the calibration 163 

stimulus switched to the reverse direction (block #4 reverse-calibration and block #5 164 

post-reverse-calibration). 165 

The pre-calibration block (block #1) comprised visual-only, vestibular-only and 166 

combined (visual-vestibular) cues, interleaved. Straight ahead was defined as 0° 167 

heading with positive headings to the right and negative headings to the left. Heading 168 

values were ±12°, ±6°, ±1.5° and 0° (0° was an ambiguous condition). The stimulus set 169 

was presented according to the method of constant stimuli. This block comprised: 10 170 

repetitions  3 cues (visual-only/vestibular-only/combined)  7 headings = 210 trials. 171 

The monkey was rewarded for correct choices 95% of the time and not rewarded for 172 

incorrect choices. This reward rate gets the monkey accustomed to not being rewarded 173 

all the time, as occurs in the post-adaptation block described below. Data from this 174 

block were used to deduce the baseline behavioral and neuronal responses, per cue. 175 

In the calibration block (block #2) only combined (visual-vestibular) cues were 176 

presented, with a consistent discrepancy of Δ = +10° or -10° introduced between the 177 

visual and vestibular headings for the entire duration of the block. Positive Δ represents 178 

an offset of the vestibular heading to the right and visual heading to the left; negative Δ 179 

represents the reverse arrangement. During this block, reward was consistently 180 

contingent on one of the cues (either visual or vestibular). The reward-contingent cue 181 

was considered “externally accurate” (the other, “inaccurate”) in that it was consistent 182 

with external feedback. Only one sign of discrepancy (positive or negative Δ, pseudo-183 

randomly counterbalanced across sessions) and one reward contingency (visual or 184 

vestibular, primarily vestibular since that condition elicits larger shifts) was used for 185 

block 2 in each session. For most sessions (104/155 ~67%), this block comprised 30 186 

repetitions  7 headings (210 trials). The remaining sessions had between 20 and 40 187 

repetitions (apart from one, which had 50 repetitions). 188 

During the post-calibration block (block #3) individual (visual and vestibular) cue 189 

performance was measured by single-cue trials, interleaved with combined-cue trials 190 

(with Δ = +10° or -10°, as in the calibration block). For the single-cue trials, the identical 191 

headings as pre-calibration were presented. The combined-cue trials were run in the 192 

same way as in the calibration block, and included here in order to retain calibration, 193 

while it was measured. For this block, the reward for single-cue trials worked slightly 194 

differently from the pre-calibration block, in order not to perturb the calibration: when the 195 

single-cue trial heading lay within ±Δ of 0° (symmetrically), a reward was always given. 196 

When the single-cue trial heading lay outside this range (i.e., clearly to the right or left), 197 

the monkey was rewarded for making a correct choice (and not rewarded for incorrect). 198 

This block typically comprised: 10 repetitions  3 cues (visual-only/vestibular-199 

only/combined)  7 headings = 210 trials. Some blocks with less than 10 repetitions 200 

were also included (minimum 5), however the vast majority (> 95% for both VIP and 201 

MSTd cells) had 10 or more repetitions. Data from the single-cue trials in this block 202 
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were compared to the baseline behavioral and neuronal responses from the pre-203 

calibration block. 204 

After the post-calibration block, if the monkey was still willing to perform the task, a 205 

reverse-calibration block (block #4) was run, followed by a post-reverse-calibration 206 

block (block #5). These followed the same protocol as the calibration and post-207 

calibration blocks (with the same number of repetitions), but with Δ having the opposite 208 

sign.  209 

We found previously that when the less reliable cue is ‘accurate’ (i.e., in accordance 210 

with external feedback) and the more reliable cue ‘inaccurate’, the difference between 211 

the multisensory percept and feedback is largest, and thus multisensory calibration (and 212 

the phenomenon of yoking) is best revealed (Zaidel et al., 2013). The data in this study 213 

were collected with 100% visual coherence (a highly reliable cue). Thus, to best expose 214 

multisensory calibration, neural activity was mostly monitored during the ‘vestibular 215 

accurate’ condition (144 sessions; 97 and 47 for monkeys Y and A, respectively). For 216 

comparison, 11 sessions were also gathered under the ‘visual accurate’ reward 217 

contingency (7 and 4 for monkeys Y and A, respectively). Reverse calibration blocks 218 

were run in 70 (out of 144) and 7 (out of 11) sessions for vestibular and visual accurate 219 

(reward) conditions, respectively. 220 

Electrophysiology 221 

Single-units were recorded extracellularly from areas VIP and MSTd in monkeys Y and 222 

A during calibration (and reverse calibration). An electrode array (Plexon; 16-channel U-223 

probe, 100 µm electrode spacing), or a single tungsten electrode (Frederick Haer; 224 

impedance ~1–2 MΩ at 1 kHz) was advanced into the cortex through a custom 225 

transdural guide-tube using a micromanipulator (Frederick Haer) mounted on top of the 226 

head restraint ring. Recording locations were targeted using magnetic resonance 227 

imaging scans, and were initially mapped along a stereotaxic grid (using single 228 

electrodes) to identify cortical gyri and sulci (according to white/gray matter transitions) 229 

and neurophysiological response properties, as described previously (Gu et al., 2008; 230 

Chen et al., 2013).  231 

When recording with the microelectrode array, it was slowly inserted until all contacts 232 

were in the target region (according to prior mapping and online neurophysiological 233 

identification). Next, the array was retracted slightly (50~100µm) and left to settle for 234 

~20-30 minutes, to improve stability before starting the recording session. Neuronal 235 

data was displayed online but neurons were not specifically pre-screened for visual or 236 

vestibular tuning, in order to reduce any selection biases. Rather, the data from all 237 

channels was saved using a Plexon multichannel data acquisition system (Plexon Inc, 238 

Dallas, TX), and later sorted offline using the Plexon Offline Sorter.  239 

In offline sorting, each neuron’s isolation was confirmed to be stable across blocks, by 240 

consistency of its spike shape, inter spike interval histogram, and firing properties. If the 241 

baseline firing rate (FR) changed by a factor of more than two across calibration blocks 242 

#1-3 (or reverse calibration blocks #3-5) the cell was excluded from that comparison. 243 

Baseline FR was defined as the median FR in the 1s interval before stimulus onset 244 

(computed across the block). In total, the sample consisted of N = 223 cells from VIP 245 
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and N = 147 cells from MSTd. Among the VIP cells, 206 were stable across the first 246 

three blocks of calibration (182 and 24 recorded during vestibular and visual accurate 247 

conditions, respectively), 118 were stable across reverse calibration (106 and 12 during 248 

vestibular and visual accurate conditions, respectively), and 101 were stable across all 249 

five blocks. Among the MSTd cells, 127 were stable across the first three blocks of 250 

calibration (all in the vestibular accurate condition), 76 across reverse calibration, and 251 

56 were stable across all five blocks. Most of the cells (177/223 in VIP and 142/147 in 252 

MSTd) were recorded using linear electrode arrays. The remainder were collected using 253 

standard tungsten microelectrodes.  254 

Data and statistical analyses 255 

Behavioral and neuronal data analyses were performed using custom scripts in Matlab 256 

R2014b (The MathWorks, Natick, MA). Psychometric functions were constructed (per 257 

block and cue) by calculating the proportion of rightward choices as a function of 258 

heading, and fitting these data with a cumulative Gaussian distribution using the psignifit 259 

toolbox for Matlab (version 2.5.6) (Wichmann and Hill, 2001). The bias (PSE; point of 260 

subjective equality) and psychophysical threshold were defined by the mean (µ) and 261 

standard deviation (SD, σ) of the fitted cumulative Gaussian distribution, respectively. 262 

We quantified the goodness-of-fit for the psychometric functions using McFadden's 263 

pseudo-R2. The median pseudo-R2 for the psychometric fits (pooling across pre- and 264 

post-calibration blocks, visual and vestibular cues, and conditions) was 0.97. 98% of the 265 

psychometric fits had pseudo-R2 > 0.80, and the minimum value was 0.69. 266 

Neuronal heading tuning curves were constructed (per block and cue) by computing the 267 

average FR (in units of spikes/s) for each heading, over a time period from t = 0.2s after 268 

stimulus onset until the end of the stimulus (t = 1s). This time period was determined by 269 

cutting off 100ms from the beginning and the end of the stimulus epoch (where stimulus 270 

motion is close to zero) and shifting by 100ms to approximately account for response 271 

latency. Since stimulus intensity and neuronal responses are strongest during the 272 

middle of the stimulus time-course, average FRs calculated in this manner are fairly 273 

robust to modest variations in exactly how much time is excluded at the beginning and 274 

end of the stimulus epoch.  275 

Heading tuning curves were constructed from neural responses measured during 276 

successfully completed trials of the discrimination task. A neuron was considered tuned 277 

to a specific cue if the linear regression of FR vs. heading (over the narrow range -12° 278 

to 12°) had a slope significantly different from zero (p < 0.05). We confirmed that this 279 

method indeed sorted the cells into two groups (tuned and not tuned) adequately, by 280 

looking at the Bayes Factors (BFs) of the cells’ tuning. BF10 values >1 support the 281 

hypothesis that the cell is tuned (H1) and BF10 values <1 support the null hypothesis 282 

(H0) that the cell is not tuned, with a factor of 3 (i.e., > 3 or < ⅓) providing substantial 283 

evidence (Raftery, 1995; Wagenmakers, 2007; Jarosz and Wiley, 2014). The median 284 

BF10 for the significantly (and non-significantly) tuned cells from the pre-calibration block 285 

was: 161 (0.14) and 25 (0.13) for VIP visual and vestibular responses, respectively, and 286 

1732 (0.14) and 5.4 (0.12) for MSTd visual and vestibular responses, respectively. 287 

These values indicate that p < 0.05 was a suitable threshold for determining significant 288 

neuronal tuning. Shifts in neuronal tuning associated with calibration were calculated 289 
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only if both the pre- and post-calibration tuning curves had significant tuning. This 290 

resulted in 87 and 58 VIP neurons tuned to visual and vestibular cues, respectively (42 291 

of which were tuned to both). Of these, most were from the vestibular accurate condition 292 

(78 and 50 tuned to visual and vestibular cues, respectively, 37 tuned to both), with the 293 

remainder from the visual accurate condition. In MSTd, only the vestibular accurate 294 

condition was tested, resulting in 56  and 19 MSTd neurons tuned to visual and 295 

vestibular cues, respectively (14 of which were tuned to both).  296 

Similarly, reverse calibration shifts in neuronal tuning were calculated only if both the 297 

post-calibration and post-reverse-calibration tuning curves had significant tuning. This 298 

resulted in 51 and 35 VIP neurons tuned to visual and vestibular headings, respectively 299 

(26 of which were tuned to both). Of these, most were from the vestibular accurate 300 

(reverse calibration) condition (46 and 31 tuned to visual and vestibular headings, 301 

respectively, and 23 tuned to both). For reverse calibration there were 35 and 12 MSTd 302 

neurons tuned to visual and vestibular headings, respectively (9 of which were tuned to 303 

both).  304 

Changes in perceptual bias were calculated as the change in PSE of the fitted 305 

psychometric curves from pre-calibration to post-calibration. Shifts in neuronal tuning 306 

were calculated by the shift in the corresponding tuning curves, as follows: first, 307 

baseline FRs were subtracted (per block, as described above). Then, the neuronal shift 308 

(along the heading axis) was estimated by dividing the difference between the y-309 

intercepts of the two linear regression fits of FR (at x = 0° heading) by the average slope 310 

of the two fits. This provides an estimate of the shift of straight ahead for the post-311 

calibration (relative to pre-calibration) neuronal tuning. Similarly, reverse calibration 312 

shifts (behavior and neuronal) were calculated from post-calibration to post-reverse-313 

calibration. The use of linear fits here does not imply that neuronal tuning for heading 314 

was linear, although it was commonly monotonic. Rather, linear fits provided a simple 315 

and adequate measure (i.e., relatively robust to noise) of tuning shifts.  316 

Because heading tuning curves can deviate from being linear, we assessed the 317 

robustness of our findings by also calculating neuronal biases as shifts in neurometric 318 

functions (Fetsch et al., 2011). Specifically, we fit separate neurometric functions 319 

(cumulative Gaussian distributions) to the pre- and post-calibration data (baseline 320 

subtracted FRs). Pre- and post-calibration responses were z-scored using the pre-321 

calibration mean and SD (for both) and neurometric curves were calculated from the z-322 

scored responses. We then calculated the difference in PSE between pre- and post-323 

calibration neurometric curves. To reduce the influence of neurometric shift outliers, the 324 

PSE shifts were capped at ±20°. This was less of an issue for the linear tuning curve 325 

fits, which did not have large outliers. In addition, the linear fits were also more robust 326 

when computed in short time windows. Thus, we present the data for both methods 327 

(linear and neurometric fits) for the main analysis window, and used the linear fits for 328 

shorter time-step analyses. 329 

Analyses that examined response metrics as a function of time relied on calculations of 330 

instantaneous FRs (IFRs) in a range of smaller time windows. IFRs were calculated as 331 

the average FR within a 0.2 s rectangular window that was stepped through the data in 332 

intervals of 0.1s. Thus, the time index (which was taken from the center of the window) 333 

ranged from t = 0.1s to t = 1.2s. This time range extended beyond the end of the 334 
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stimulus (t = 1.0s) but did not include the saccade, which could only take place after t = 335 

1.3s, due to the random delay period (0.3s - 0.7s) that was inserted after the end of the 336 

stimulus. Permutation-based cluster analysis was used to test for significance of 337 

neuronal shifts over time. This was calculated by performing a t-test at each time step, 338 

and then searching for a cluster of significant t-values (at the 5% significance level). 339 

The cluster 'mass' was calculated by the sum of t-values above this threshold, and a 340 

permutation test (5000 bootstrap samples) was used to determine if this mass was 341 

significant. 342 

Targeted dimensionality reduction 343 

In order to visualize population responses, and to test how these changed after 344 

multisensory calibration, we projected the responses of the 182 VIP neurons recorded 345 

during the vestibular accurate condition (those that were stable from block #1 through 346 

block #3) onto a low-dimensional subspace. All stable neurons were included in this 347 

analysis (i.e., they were not screened for significant tuning). For this analysis, we used 348 

the targeted dimensionality reduction method developed by Mante et al. (2013) that 349 

captures the variance associated with specific task variables of interest (in our case, 350 

‘heading’ and ‘choice’). The advantage of this technique (over standard principal 351 

component analysis) is the ability to attribute meaning to the axes in the low-352 

dimensional subspace. Here, we applied the methodology to examine the neural 353 

representation for the heading (stimulus) and choice parameters, and to assess how 354 

these representations changed after multisensory calibration. We performed the 355 

targeted dimensionality reduction using the responses from block #1, and then 356 

projected the responses of both blocks #1 and #3 (using the same projection axes) in 357 

order to see how the population responses changed after multisensory calibration. This 358 

allowed us to probe whether the change in responses was primarily in the heading or 359 

choice dimensions.   360 

The data were prepared for the dimensionality reduction analysis by calculating a spike 361 

density function (SDF) per trial for each single unit (sorted offline, as described above); 362 

this was done by convolving the spike raster with a Gaussian kernel (σ = 30ms). SDFs 363 

were then down-sampled to 10ms time steps for the rest of the analysis. For each unit, 364 

we sorted trials into different stimulus conditions by cue (visual or vestibular stimulus) 365 

and heading, and then averaged the responses within each condition. We define the 366 

population response for a given condition c, at time t, as a vector xc,t of length Nunit (the 367 

number of units in the population). We found that we did not need the denoising step 368 

described in Mante et al. (2013), as it made little difference for our data, and we 369 

subtracted the mean SDF from each cell rather than having a constant term in the 370 

regression (these two options are equivalent). The specifics of the procedure are 371 

described below, with similar notation to that used by Mante et al. (2013). 372 

First, linear regression was used to determine how specific variables relate to the 373 

responses of each recorded unit at specific times. We used two task variables, which 374 

were indexed by 𝑣, as follows: heading (𝑣 = 1) and choice (𝑣 = 2). Our goal was to find a 375 

vector of coefficients 𝛽i,t that describes how much the firing rate of unit i at time t 376 

depends on the corresponding task variables (i.e., a column vector 𝛽i,t for each i and t, 377 

has elements 𝛽i,t(𝑣), and is of length Ncoeff =2). To achieve this, we first define a matrix 378 
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Fi for each unit i, of size Ncoeff ×Ntrial (where k =1 to Ntrial represents the trial number) as 379 

follows:  380 

𝑭𝒊  = [
⋯ ℎ𝑒𝑎𝑑𝑖𝑛𝑔 (𝑘) ⋯
⋯ 𝑐ℎ𝑜𝑖𝑐𝑒 (𝑘) ⋯

]  (Eq. 1), 381 

where heading(k) represents the stimulus heading (normalized to range from -1 to +1, 382 

where negative and positive values reflect leftward and rightward headings, 383 

respectively) and choice(k) represents the monkey’s choice (-1 and +1, for leftward and 384 

rightward choices, respectively) on trial k. The responses of unit i at time t are then 385 

represented by the linear combination: 386 

𝒓𝒊,𝒕 = 𝑭𝒊
𝑻 ∙ 𝛃𝒊,𝒕  (Eq. 2), 387 

where 𝒓𝒊,𝒕 is a column vector specific to unit i and time t (of length Ntrial), taken from the 388 

SDFs described above (using the responses from block #1). Accordingly, the regression 389 

coefficients can be estimated by: 390 

𝛃𝒊,𝒕 = (𝑭𝒊𝑭𝒊
𝑻)

−1
𝑭𝒊𝒓𝒊,𝒕  (Eq. 3). 391 

As described by Mante et al. (2013), the regression coefficients can then be rearranged 392 

to identify the dimensions in state space containing variance related to the variables of 393 

interest. Namely, vector 𝛽i,t (with elements 𝛽i,t(𝑣), defined above) was rearranged to 394 

form vector 𝛽𝑣,t, with elements 𝛽𝑣,t(i). This rearrangement corresponds to the 395 

fundamental step of viewing the regression coefficients as the directions in state space 396 

along which the underlying task variables are represented at the level of the population 397 

(rather than properties of individual units). Each vector, 𝛽𝑣,t, thus corresponds to a 398 

direction in state space that accounts for population response variance at time t, due to 399 

variation in task variable 𝑣. 400 

Next, for each task variable 𝑣, we collapsed 𝛽𝑣,t over time, by taking the vector at the 401 

time which gave the maximum vector norm, to get 𝛃𝒗
𝒎𝒂𝒙 . The vectors were then 402 

orthogonalized using QR-decomposition (to form 𝛃𝒗
⊥) such that each vector explains 403 

distinct portions of the variance in the response. The orthogonalization process starts 404 

with one axis and then orthogonalizes the second axis with respect to the first. The 405 

resulting interpretation is that whatever variance is plotted along the second axis is 406 

specific to that axis, since it is not accounted for by the first. Here choice was 407 

orthogonalized secondary to heading, indicating that whatever variance is accounted for 408 

by the choice axis is independent of that explained by the heading axis. The fraction of 409 

variance explained was calculated as the amount of variance accounted for by each 410 

targeted axis divided by the variance of the original data. Finally, the average population 411 

responses (for both blocks #1 and #3) were projected onto these orthogonal axes, 412 

resulting in the trajectories and time courses in Figures 5 and 6 (for the visual and 413 

vestibular conditions, respectively). 414 

 415 

RESULTS 416 

The monkeys were trained to discriminate heading around the straight-ahead direction 417 

after presentation of a single-interval stimulus (Gu et al., 2008; Fetsch et al., 2011). 418 
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They were required to fixate on a central target during stimulus presentation and then to 419 

report their choice by making a saccade to one of two choice targets (right or left, see 420 

Methods for details). The self-motion stimulus contained vestibular cues only, visual 421 

cues only, or a simultaneous combination of vestibular and visual cues.  422 

Each experiment comprised at least 3 consecutive blocks of trials (Zaidel et al., 2011, 423 

2013). The pre-adaptation (control) block consisted of interleaved vestibular-only, 424 

visual-only and combined heading stimuli, with no cue conflict (Δ=0). In the adaptation 425 

block, only combined visual-vestibular cues were presented with a discrepancy of 426 

Δ=+10° (vestibular heading offset to the right) or -10° (visual heading offset to the right). 427 

In the post-adaptation block, shifts of individual (visual and vestibular) percepts were 428 

measured by presenting single-cue trials, which were interleaved with combined-cue 429 

trials having same Δ as in the adaptation block, to retain plasticity while calibration 430 

effects were measured.  431 

We previously found that in the presence of external feedback, discrepant sensory cues 432 

were calibrated according to the multisensory (combined) percept (Zaidel et al., 2013). 433 

This supervised calibration leads to an interesting phenomenon of cue ‘yoking’. Namely, 434 

both cues are calibrated together, in the same direction. This leads to a striking 435 

outcome in which the initially ‘accurate’ cue (consistent with external feedback) shifts 436 

away from feedback, becoming less accurate in the process (Fig. 1). Note that we 437 

present the data in Figure 1 with headings (x-values) offset in accordance to external 438 

feedback (i.e., the ‘inaccurate’ cue’s heading is shifted by Δ). Accordingly, the 439 

“inaccurate” cue would be expected to calibrate towards zero heading (and for both 440 

cues to ultimately converge on PSE ~ 0°). 441 

In the vestibular accurate condition (for which most data were collected) both cues 442 

demonstrated significant shifts (Fig. 1, left column, 144 sessions). The visual PSEs (red 443 

curves) shifted to be better aligned with feedback (p = 4.5∙10-18 and 1.2∙10-13 for 444 

Monkeys Y and A, respectively; paired t-test), while the vestibular PSEs (blue curves) 445 

were yoked, shifting away from external feedback (marked by ‘X’ symbols; p = 2.8∙10-16 446 

and 1.9∙10-7 for Monkeys Y and A, respectively; paired t-test). Note that these average 447 

data were computed by normalizing to the condition Δ = +10° (i.e., for Δ = -10°, PSE 448 

values were flipped for pooling).  449 

In the visual accurate condition (Fig. 1, right column; 11 sessions), the vestibular PSEs 450 

shifted significantly to be aligned with external feedback (p = 1∙10-6, paired t-test pooled 451 

across animals). The visual PSEs shifted (more moderately) away from feedback (p = 452 

2.7∙10-2, pooled across animals).  453 
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Figure 1. Behavioral shifts during multisensory calibration. Behavioral responses from the 
recording sessions are presented for monkey Y (A) and monkey A (B), for the ‘vestibular accurate’ 
and ‘visual accurate’ conditions (left and right columns, respectively). All data are presented as 
though Δ = +10°, and data collected with Δ = -10° were flipped prior to pooling. Blue and red colors 
represent the vestibular and visual responses, respectively. Dark hues represent pre-calibration 
(baseline) behavior, whereas lighter hues represent post-calibration data. The psychometric plots 
(Gaussian cumulative distribution functions) represent the proportion of rightward choices as a 
function of heading, adjusted according to external feedback, i.e., the visual ‘inaccurate’ plots (left 
column) were shifted by +10°, and the vestibular ‘inaccurate’ plots (right column) were shifted by -
10°. Here, these represent the average behavior (per condition, cue, block and monkey). 
Intersection of each psychometric function with the horizontal dashed line (y = 0.5) marks the point 
of subjective equality (PSE, perceptual estimate of straight ahead). Vertical dotted lines represent 
the expected PSE for “accurate” perception, according to external feedback. PSE histograms 
present the data from all sessions. Horizontal bars above the PSE histograms mark the mean ± 
SEM intervals. Significant shifts (p < 0.05) are marked by ‘*’ symbols above the histograms, and by 
horizontal arrows on the psychometrics (with the shift size presented, in degrees). ‘X’ symbols mark 
significant shifts away from feedback (becoming less accurate). 

 
Over the long experimental sessions involved in this study, performance could 454 
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Figure 2. Example VIP recording during multisensory calibration. 
Behavior (A) and neuronal responses (B) for an example neuron from a single 
session. Vestibular responses are presented in blue and visual responses in 
red. Darkest hues mark pre-calibration, medium hues mark post-calibration, 
and the lightest hues (cyan and magenta) mark the responses after reverse 
calibration. For behavior (panel A), circles represent the proportion of rightward 
choices (fit by cumulative Gaussian psychometric curves). For the neuronal 
responses (panel B), circles and error bars represent mean firing rate (FR, 
baseline subtracted) ± SEM. The inset presents one hundred (randomly 
selected) overlaid spikes from each block. Note that the tuning curves are 
presented in relation to the original (veridical) headings (not adjusted according 
to external feedback as in Fig. 1). (C) Reverse vs. primary calibration shifts for 
vestibular (left) and visual (right) cues. Behavioral shifts in gray and neuronal 
shifts in blue and red (vestibular and visual, respectively). Solid lines reflect 
type-II regressions (excluding the ‘+’ outlier on the bottom left of the left plot). 

deteriorate, thus 455 

potentially complicating 456 

comparisons across 457 

calibration conditions. 458 

We tested this by 459 

comparing pre- to post-460 

calibration thresholds. 461 

For Monkey Y there 462 

were no significant 463 

differences: visual 464 

thresholds pre- and 465 

post-calibration were 466 

1.85 ± 0.18° and 1.89 ± 467 

0.18°, respectively 468 

(geometric means ± 469 

SEM, pooled across 470 

visual and vestibular 471 

‘accurate’ conditions; p 472 

= 0.99, paired t-test); 473 

vestibular thresholds 474 

pre- and post-475 

calibration were 3.19 ± 476 

0.14° and 3.27 ± 0.14°, 477 

respectively (p = 0.46, 478 

paired t-test). 479 

Thresholds did 480 

increase somewhat for 481 

Monkey A: visual 482 

thresholds pre- and 483 

post-calibration were 484 

1.96 ± 0.21° and 2.55 ± 485 

0.21°, respectively (p = 486 

0.001, paired t-test); 487 

vestibular thresholds 488 

pre- and post-489 

calibration were 2.02 ± 490 

0.20° and 2.49 ± 0.20°, 491 

respectively (p = 0.001, 492 

paired t-test). However, 493 

performance was still 494 

good across all blocks 495 

of trials, and 496 

importantly, calibration 497 

was measured by the 498 

shift of the 499 

psychometric curve 500 
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PSEs (µ of the Gaussian fits), not by changes in slope (σ) which is an independent 501 

parameter. Thus, modest changes in threshold should have little effect on estimates of 502 

biases. Also, due to the balanced study design (Δ = +10° and Δ = -10°) it is unlikely that 503 

any changes in threshold would affect measures of calibration. 504 

VIP, but not MSTd, neuronal tuning shifts in accordance with the behavioral shifts 505 

Figure 2B presents the responses of an example VIP neuron (taken from a ‘vestibular 506 

accurate’ session with Δ = +10°; behavior in Fig. 2A), showing a shift of its tuning curve 507 

for both visual and vestibular cues in accordance with the behavioral shifts. Pre-508 

calibration, the monkey’s vestibular and visual PSEs were close to zero (dark blue and 509 

red psychometric curves, respectively, Fig. 2A). Post-calibration, they both shifted 510 

leftwards (medium blue and red dashed lines, respectively, Fig. 2A). After reverse-511 

calibration, they both shifted rightward (light blue and red dashed lines, respectively, 512 

Fig. 2A) – overshooting the baseline (pre-calibration) PSE. 513 

This example neuron was tuned for both visual and vestibular cues to self-motion and 514 

preferred rightward headings for both modalities (FRs were increased for rightward vs. 515 

leftward headings; Fig. 2B). Pre-calibration, both the vestibular and visual tuning curves 516 

demonstrate a sharp slope at ~0° heading (dark blue and dark red, respectively, Fig. 517 

2B). Post calibration, both the vestibular and visual tuning curves shifted leftward 518 

(medium blue and red dashed lines, respectively) together with the behavioral shifts. 519 

Similarly, after reverse-calibration, both tuning curves shifted rightward (light blue and 520 

red dashed lines, respectively), also in parallel with the behavioral shifts. Therefore, the 521 

tuning of this neuron shifted in accordance with the behavioral (PSE) shifts. 522 

To compare neuronal and behavioral shifts across the population of neurons, the 523 

neuronal responses for each cue were fit with a linear regression (across the narrow 524 

heading range from -12° to 12°), pre- and post-calibration, as well as after reverse-525 

calibration. The shift in a neuron’s tuning curve was estimated by the shift in the 526 

regression line (see Methods). Only cells with significant (p < 0.05) regression fits, both 527 

pre- and post-calibration (blocks #1 and 3), and with significant regression fits, both 528 

post-calibration and after reverse-calibration (blocks #3 and #5), were used to estimate 529 

neuronal shifts across the respective blocks. We also estimated the neuronal shifts 530 

using neurometric curves, referenced to the pre-calibration condition (see Methods). 531 

The main findings were similar using both approaches, but the linear fits were more 532 

robust in short time windows. Hence we focus on results from the linear fits, but 533 

corresponding main results from the neurometric curve analysis are also presented in 534 

Figure 3. 535 

In the example of Figure 2A-B, responses were plotted in relation to veridical heading. 536 

Therefore, the reverse calibration shifts (calculated between the ‘post’ and ‘reverse’ 537 

curves: light blue to cyan for vestibular, and light red to magenta for visual) were larger 538 

than the primary calibration shifts (which were calculated between the ‘pre’ and ‘post’ 539 

curves: dark blue to light blue for vestibular, and dark red to light red for visual). Namely, 540 

reverse calibration shifts not only returned to, but extended beyond the initial pre-541 

calibration baseline. This is expected because the Δ (systematic heading discrepancy) 542 

jumped from +10° to –10° (or vice-versa) for reverse calibration (a larger change vs. the 543 
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primary calibration stage, which went from Δ = 0° pre-calibration to Δ = ±10°). Figure 2C 544 

presents a scatter plot of reverse vs. primary calibration shifts for the vestibular and 545 

visual cues (left and right plots, respectively). If reverse calibration were to simply ‘undo’ 546 

the calibration shift, the data would lie along the negative diagonal y = –x (dashed line; 547 

i.e., equal in magnitude but opposite in direction). If reverse calibration were to calibrate 548 

beyond (in the reverse direction) to a similar extent as the primary calibration shift (like 549 

the example in Fig. 2A-B) the data would lie along the line y = –2x (dotted line). The 550 

data (behavioral in gray and neuronal in color) generally lay between these two options.  551 

Across the population of VIP neurons, there was a significant correlation between the 552 

neuronal and behavioral shifts (computed across sessions and animals) for both visual 553 

and vestibular cues (Fig. 3A, C). This was highly significant in the vestibular accurate 554 

condition (Fig. 3, left column) for which most of the data were collected (p = 3.7∙10-5 and 555 

1.5∙10-15 for the vestibular and visual cue shifts, respectively). In the visual accurate 556 

condition, a significant correlation was seen for the vestibular shifts (p = 1.4∙10-4), but 557 

not for the visual shifts (p = 0.109; however, the visual shifts were smaller, and there 558 

was less data for this condition). Linear regression fits largely lay superimposed on the 559 

diagonal lines (for the vestibular accurate condition, the regression slopes were 0.69 560 

and 0.96 for the vestibular and visual cues, respectively; for the visual accurate 561 

condition, the slopes were 1.13 and 1.06 respectively). These slopes were calculated 562 

with type-I regressions, using the neuronal and behavioral shifts as the dependent and 563 

independent variables, respectively. Type-I regressions were used because i) type-II 564 

regressions are sensitive to differences in variability, i.e., the larger variability 565 

associated with neuronal (vs. behavioral) shifts could itself ‘pull’ the regression to be 566 

more vertical, and ii) neuronal shifts were unique, whereas behavioral shifts could be 567 

repeated (for neurons recorded in the same session) and type-I regressions minimize 568 

only the y-axis (i.e., neuronal) mean squared error. (This was not an issue in Fig. 2C, 569 

where each data point reflects a unique combination of calibration and reverse-570 

calibration values).  571 

When testing the two monkeys separately, significant correlations were observed 572 

individually for both Monkey Y (R = 0.54, p = 3.9∙10-6 for vestibular and R = 0.58, p = 573 

9.1∙10-10 for visual cues) and for Monkey A (R = 0.53, p = 0.0036 for vestibular and R = 574 

0.69, p = 1.0∙10-6 for visual cues). For these individual monkey analyses, we pooled the 575 

data from the vestibular accurate and visual accurate conditions. Although the shifts are 576 

expected to differ for the conditions, correlations between behavioral and neuronal shifts 577 

are not expected to differ (i.e., they are expected to shift together; Fig. 3), hence the 578 

data were pooled. Also, when testing calibration and reverse calibration separately 579 

(pooling across monkeys and conditions) significant correlations were observed for both 580 

calibration (R = 0.50, p = 0.00007 for vestibular and R = 0.60, p = 8.5∙10-10 for visual 581 

cues) and for reverse calibration (R = 0.58, p = 0.0004 for vestibular and R = 0.67, p = 582 

3.7∙10-7 for visual cues). 583 
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Figure 3. VIP neuronal shifts correlate with behavioral shifts. Correlations between neuronal shifts 
(calculated using linear fits in panels A-B, and neurometric fits in panels C-D) and behavioral shifts, are 
presented for VIP (panels A and C; both vestibular and visual accurate conditions) and MSTd (panels B 
and D; vestibular accurate condition; the visual accurate condition was not tested in MSTd). Vestibular 
data are presented in blue and visual data in red. Darker hues represent the primary calibration 
sequence (blocks #1 to #3). Lighter hues represent the reverse calibration sequence (blocks #3 to #5). 
Monkeys A and Y are represented by ‘+’ and ‘o’ symbols, respectively. The black diagonal lines mark 
the diagonal (y = x) and solid lines mark regression lines of the data.  

 By stark contrast, the neuronal shifts in MSTd, for which only the vestibular accurate 584 
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Figure 4. Calibration of VIP responses as a function of time. (A) 
Average visual and vestibular neuronal shifts (red and blue lines, 
respectively) as a function of time for the primary calibration (top row) 
and reverse calibration (second row). Red and blue bars show the 
number of visual and vestibular neurons, respectively, with significant 
tuning (per time step) used to calculate the shifts. Stimulus onset was 
at x = 0s, and stimulus offset at x= 1s. All data are presented as though 
Δ = +10° (data collected with Δ = -10° were flipped for pooling). Positive 
values reflect rightward shifts. Circle markers represent mean ± SEM 
shifts for the regular time window (0.2-1s; ‘All’). ‘*’ symbols mark 
significant clusters. (B) Correlation of VIP neuronal vs. behavioral shifts 
over time (pooling the primary and reverse calibration data). ‘*’ symbols 
mark significant correlations (p < 0.05). 

 

condition was tested, did not follow the behavioral shifts (Fig. 3, right column) – the 585 

correlations between neuronal and behavioral shifts were small and not significant (p = 586 

0.83 and p = 0.36 for the vestibular and visual cues, respectively). Therefore, the tight 587 

relationship between neuronal and behavioral shifts was specific to VIP.  588 

We tested whether there was a difference between VIP multisensory and unisensory 589 

neurons in terms of their correlations with behavioral shifts. For this analysis, we 590 

analyzed multisensory and unisensory (visual-only and vestibular-only) neurons 591 

separately (pooling across visual and vestibular ‘accurate’ conditions, and calibration 592 

and reverse calibration). We found that multisensory neurons’ shifts were significantly 593 

correlated with the behavioral shifts (R = 0.79, p = 5.0∙10-15, slope = 1.00 for visual 594 

responses and R = 0.66, p = 1.2∙10-9, slope = 0.75 for vestibular responses, N=66). 595 

Visual-only neurons’ 596 

shifts were also 597 

significantly correlated 598 

with the behavioral 599 

shifts (R = 0.42, p = 600 

3.4∙10-4, slope = 0.87, 601 

N = 67), with 602 

vestibular-only neurons 603 

showing a similar trend 604 

(R = 0.38, p = 0.06, 605 

slope = 0.98, N = 25). 606 

Thus, the correlations 607 

were robust and 608 

evident separately for 609 

multisensory, and 610 

visual-only neurons, 611 

with a similar, but not 612 

robust, trend for 613 

vestibular-only 614 

neurons. 615 

VIP tuning shifts as a 616 

function of time 617 

To assess at which 618 

times (within and 619 

beyond the stimulus 620 

period) the neuronal 621 

responses to the 622 

stimuli reflected the 623 

behavioral shifts, we 624 

calculated 625 

instantaneous FRs 626 

(IFRs, using a 200ms 627 

time-window, shifted in 628 
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increments of 100ms) and assessed how tuning curves based on IFR shifted at different 629 

time points relative to stimulus onset (Fig 4A, shifts for the primary and reverse 630 

calibration blocks are presented in the top and bottom rows, respectively). For the 631 

vestibular accurate condition (left column) the visual cue showed significant shifts 632 

throughout the stimulus response (red and magenta ‘*’ markers for the primary and 633 

reverse calibration shifts, respectively), while the vestibular cue showed significant shifts 634 

for a shorter duration (mainly around the middle of the stimulus; blue and cyan ‘*’ 635 

markers).  Permutation-based cluster analysis found that each of these clusters (visual/ 636 

vestibular × primary/ reverse calibration) was significant (p < 0.003). 637 

For the visual accurate condition (right column), only the vestibular shifts were 638 

significant (blue and cyan ‘*’ markers, permutation based cluster tests p < 0.002); visual 639 

shifts were not significant (p > 0.26). This is in accordance with larger vestibular vs. 640 

visual behavioral shifts (and the smaller N) in this condition (Fig. 1). The neuronal shifts 641 

were largely commensurate with the sizes of the behavioral shifts. Because relatively 642 

few neurons were significantly tuned at the beginning and towards the end of the 643 

stimulus (vs. the middle, Fig. 4A histograms) we did not test for differences in shift size 644 

over time. Rather, we only compared the shifts at each time step vs. zero, and identified 645 

significant clusters (with the permutation test). 646 

Correlating the neuronal shifts (computed from IFRs over time) vs. the behavioral shifts 647 

(Fig. 4B) demonstrates that correlations are maximal near peak stimulus velocity 648 

(around the middle of the stimulus epoch). For this analysis, the same cells were used 649 

for the calculations at each time point. Specifically, we included all neurons that were 650 

significantly tuned when using the whole time window (i.e., all cells from Figure 3A and 651 

C). Significant correlations are marked by ‘*’s (p < 0.05, after Bonferroni correction for 652 

12 comparisons). Although these correlations are reduced towards the end of the 653 

stimulus period, significant correlations persist beyond the end of the stimulus (> 1s) – 654 

especially evident for the visual cues. Thus, the correlates of multisensory calibration 655 

are seen throughout the stimulus-driven responses.  656 

Population shifts 657 

To test the hypothesis that these tuning curve shifts reflect response modulations 658 

related to choice rather than heading, we visualized dynamics of population tuning (for 659 

the ‘vestibular accurate’ condition) by plotting neuronal responses in a 2-dimensional 660 

state-space (Figs. 5 & 6). The state-space was found using a method of targeted 661 

dimensionality reduction that is able to dissociate the effects of specific task variables 662 

(Mante et al., 2013). For this analysis, the data gathered with Δ= -10° were flipped along 663 

the stimulus axis. Namely, the neuronal responses to positive and negative headings 664 

were switched symmetrically (for all blocks), such that post-calibration shifts were 665 

expected in the same direction (in accordance with Δ= +10°). Before calibration, the VIP 666 

population responses to the visual stimulus (Fig. 5A, left) can be seen first extending 667 

along the heading axis, which is most easily seen for the 12° heading stimulus (dark 668 

blue line, which moves upwards initially) and the -12° heading stimulus (brown line, 669 

which moves downwards). At later time points, the trajectories move substantially along 670 

the choice axis as well, such that they become separated both horizontally and 671 

vertically. Headings closer to zero follow a shorter path. The projections of VIP 672 
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population activity onto the heading and choice axes can also be seen as a function of 673 

time in Fig. 5B (left).  674 
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Post-calibration, the heading-related responses of the VIP population are similar to pre-675 

calibration (compare the top two plots in Fig. 5B). By contrast, the choice-related 676 

responses were changed post-calibration (compare the bottom two plots in Fig. 5B). To 677 

assess these changes, we generated 100 surrogate datasets of the pre-calibration data 678 

using the 'corrected Fisher randomization' (CFR; surrogate-TNC) method from Elsayed 679 

and Cunningham (2017), and calculated 95% distribution intervals (±1.96 × SD) for the 680 

0° heading condition (green shaded regions). While the choice trajectory for the 0° 681 

condition (green curve) lay within the 95% distribution interval pre-calibration (Fig. 5B 682 

bottom left), it lay above this interval post-calibration (bottom right), reflecting a 683 

significant shift towards more rightward choices. Also, choice trajectories for the 684 

negative heading conditions (red, light and dark brown) which lay below the 95% 685 
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Figure 5. Multisensory calibration of visual responses in state space.  (A) VIP and (C) MSTd 
population responses for each heading direction are projected onto a 2-dimensional state-space that 
captures variance related to heading (stimulus) and choice. Time is embedded within the state space 
trajectories (these start around the origin, and arrows mark the end of each trajectory). (B and D) State-
space projections for VIP and MSTd (respectively) as a function of time. The state-space axes were 
constructed from the pre-calibration responses (using only neurons that were stable both pre- and post-
calibration). Responses of these same neurons were projected both pre- and post-calibration onto the 
same axes (left and right columns, respectively, in each subplot). All data are presented as Δ = +10° (data 
collected with Δ = -10° were flipped). The green shaded regions reflect 95% distribution intervals (from 
surrogate data) for the 0° heading condition. The choice axis was orthogonalized relative to the heading 
axis. Therefore, the percentage of explained variance (presented in parenthesis in A and C) represents the 
unique variance explained by choice (whereas the heading value represents its unique component plus 
any overlap between the two). Multisensory calibration is seen for VIP primarily in the choice domain as 
the projections shift towards more rightward choices. This is best seen for the 0° heading condition (green) 
and the near central headings (-1.5° and 1.5°). N = 182 for VIP, and N = 127 for MSTd. 

interval for 0° heading pre-calibration, became more positive post-calibration (the -1.5° 686 

condition trajectory even crossed into positive values). This result of a rightward choice 687 

bias (normalized to Δ= +10°) is in accordance with the leftward shifts of the neuronal 688 

tuning curves described above (Fig. 4A, top left). Finally, projecting error trials for the 689 

smallest headings (-1.5° to 1.5°) confirmed that there were strong choice signals when 690 

the heading information was weak (choice projections for error trials split from the 691 

correct trials; data not shown). Similar results are seen for the vestibular response 692 

dynamics in VIP (Fig. 6). Post-calibration, the choice trajectory for the 0° condition 693 

(green curve) straddled the upper edge of the 95% distribution interval, and lay in 694 

proximity of the rightward heading conditions (blue curves; Fig. 6 bottom right).  695 

   696 
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Figure 6. Multisensory calibration of vestibular 
responses from VIP in state space. Conventions are the 
same as Figure 5. 

By contrast, the visual population responses from MSTd show little choice-related 697 

response projection and no clear differences between the pre- and post-calibration data 698 

(Fig. 5, C and D). Thus, the population trajectories in state space summarize the main 699 

conclusions: (i) Behavioral effects of calibration are reflected in VIP, but not MSTd, 700 

neuronal activity; (ii) The observed shifts in tuning curves of VIP neurons reflect 701 

modulations related to choice, rather than the stimulus heading.  702 

 703 

 704 

 705 
  706 



 

23 
 

DISCUSSION 707 

Proficiency of sensory perception can be assessed by two complementary (but 708 

independent) properties: reliability (or precision) is defined by the inverse-variance of 709 

the underlying perceptual estimate (reflected by the steepness of the psychometric 710 

function), whereas accuracy is defined by the bias of the percept in relation to the actual 711 

stimulus (mean of psychometric function). An ideal percept is both precise (low 712 

variance) and accurate (unbiased). However, a precise estimate could still be 713 

inaccurate (because the two properties are independent). Many model-based studies 714 

have shown that multisensory integration can lead to small improvements in precision 715 

through statistically optimal cue combination, brought about by cue-weighting (Ernst and 716 

Banks, 2002; van Beers et al., 2002; Alais and Burr, 2004; Knill and Pouget, 2004; 717 

Fetsch et al., 2009; Butler et al., 2010). However, it is often not appreciated that 718 

reliability-based multisensory integration can lead to compromised accuracy if the more 719 

reliable cue is inaccurate, because the combination rule (Ernst and Banks, 2002) 720 

pushes the combined estimate closer to the most reliable cue, even if it is inaccurate. In 721 

general, we know little about how the brain maintains multisensory accuracy, which 722 

could be more important than reliability for behavioral success in everyday life. 723 

One solution to avoid inaccurate behavior would be for robust calibration mechanisms 724 

to maintain and ensure accuracy in multisensory perception. Indeed, such plasticity 725 

mechanisms have been shown to maintain the accuracy of sensory perception during 726 

development (Gori et al., 2008, 2010, 2011, 2012a, 2012b; Nardini et al., 2008; Burr et 727 

al., 2011; Stein and Rowland, 2011) and in adulthood (Burge et al., 2010; Ernst and Di 728 

Luca, 2011; Zaidel et al., 2011, 2013).  729 

Thus, for multisensory perception to be accurate, it must maintain both ‘internal 730 

consistency’ (estimates from different sensory modalities must agree with one another) 731 

and ‘external accuracy’ (perception must represent the real world). Behavioral studies 732 

have indeed demonstrated multisensory plasticity at the level of perception (Canon, 733 

1970; Radeau and Bertelson, 1974; Zwiers et al., 2003; Burge et al., 2010; Bruns et al., 734 

2011; Wozny and Shams, 2011; Zaidel et al., 2011, 2013; Frissen et al., 2012; Badde et 735 

al., 2020). Specifically, Zaidel et al (2011, 2013) identified two plasticity mechanisms for 736 

multisensory heading discrimination: unsupervised plasticity, which can be isolated 737 

during no-feedback tasks, and supervised plasticity, which is also recruited during 738 

feedback tasks. Kramer et al. (2020) also recently showed that cross-modal (audio-739 

visual) recalibration is changed by top-down influences. Based on these studies, 740 

multisensory plasticity has been categorized into two types—supervised and 741 

unsupervised—which serve different purposes. The goal of unsupervised plasticity is 742 

internal consistency, which is achieved by comparing cues to one another and 743 

calibrating them individually. The goal of supervised plasticity is external accuracy, 744 

which is achieved by comparing the combined estimate to feedback from the 745 

environment.  746 

While unsupervised plasticity is more implicit and thus likely to represent a sensory or 747 

perceptual shift, supervised plasticity is a more explicit, cognitive process, possibly 748 

targeting the mapping between perception and action. In combination, these two 749 

plasticity mechanisms can achieve both internal consistency and external accuracy 750 

(Adams et al., 2001; but see Knudsen and Knudsen, 1989a, 1989b). A similar 751 
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distinction between implicit and explicit components is found in studies of sensorimotor 752 

plasticity (Mazzoni and Krakauer, 2006; Simani et al., 2007; Haith et al., 2008; Taylor 753 

and Ivry, 2011).  754 

To explore neural correlates of this plasticity, we recorded from both MSTd and VIP, as 755 

these areas are known to contain a large proportion of multisensory visual-vestibular 756 

cells, and are heavily interconnected with each other anatomically (Gu et al., 2007, 757 

2008; Chen et al., 2013). The two areas have generally similar stimulus-driven 758 

responses (Colby et al., 1993; Bremmer et al., 1997, 2002; Duffy, 1998; Page and 759 

Duffy, 2003; Zhang et al., 2004; Gu et al., 2006, 2007; Takahashi et al., 2007; Zhang 760 

and Britten, 2010; Maciokas and Britten, 2010; Chen et al., 2011b), but show major 761 

differences in choice-related activity: while the choice-related signals in MSTd are 762 

modest, VIP shows large choice-related activity (Chen et al., 2013; Zaidel et al., 2017). 763 

We found that changes in behavior associated with calibration are reflected in neuronal 764 

activity in VIP, but not MSTd. One caveat is that the analyses used relied on monotonic 765 

tuning (linear as well as sigmoid neurometric analysis). Thus, we cannot rule out the 766 

possibility that other (nonlinear) decoding of MSTd activity might show calibration 767 

effects. Applying non-linear decoding here would be complex because the data come 768 

from separate blocks of trials, and are thus sensitive to slow fluctuations in neural 769 

activity over time. In addition, we found that the observed shifts in tuning curves of VIP 770 

neurons mainly reflect response components related to the choice, rather than stimulus 771 

heading. Given its explicit, cognitive nature, we have speculated previously that 772 

supervised plasticity is mediated by choice signals, which presumably arises from areas 773 

that transform sensory cues into a perceptual decision (Zaidel et al., 2013). VIP is thus 774 

a more likely candidate to play a role in supervised plasticity by analogy to the lateral 775 

intraparietal area (LIP), where neurons are thought to represent task-related decision 776 

variables (Katz et al., 2016). 777 

One interpretation of our findings is that VIP responses reflect behavioral calibration 778 

simply because VIP activity is strongly modulated by choice.  In this interpretation, VIP 779 

might not play a specific role in the calibration process itself. In a recent study, Sasaki et 780 

al. (2020) found that VIP activity was modulated by task reference frame, and that these 781 

modulations were independent of choice-related modulations from trial to trial. This 782 

raises the possibility that VIP population activity might represent signals that drive 783 

calibration (such as the visual-vestibular cue conflict or expected reward) as well as 784 

choices.  However, it is difficult to apply the analyses of Sasaki et al. (2020) to our data 785 

since responses during the different calibration conditions were, by necessity, measured 786 

in different blocks of trials. Thus, our findings leave open the question of whether VIP 787 

plays a role in the calibration process itself or simply reflects the behavioral 788 

consequences of calibration due to strong modulations by choice (or other cognitive 789 

factors). 790 

Because supervised calibration operates more rapidly than unsupervised calibration 791 

(Zaidel et al., 2013), and the overall shifts for both visual and vestibular cues were 792 

‘yoked’ in the same direction (a signature of supervised calibration), the results here 793 

predominantly reflect supervised calibration. To identify neural correlates of 794 

unsupervised plasticity is more difficult, given that their magnitude is small, they build-up 795 

slowly, and are overwhelmed by the larger and faster supervised plasticity (Zaidel et al., 796 
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2013). It was not viable in this study to separate these two components in the (limited) 797 

neuronal data. Nevertheless, it is tempting to speculate that unsupervised plasticity 798 

reflects sensory-driven signals, thus possibly present in MSTd. This would be in line 799 

with findings of audiovisual recalibration in auditory cortices with concurrent decisional 800 

recalibration in fronto-parietal cortices (Aller et al., 2021). To further explore this 801 

hypothesis and to isolate the unsupervised component, one could use calibration 802 

protocols without performance feedback (as in Burge et al., 2010; Zaidel et al., 2011) 803 

and perhaps chronically-implanted electrodes, which would allow long recordings (given 804 

that unsupervised plasticity is slow). 805 
  806 
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