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MRI stereoscope: a miniature stereoscope for human neuroimaging                       39 

                         40 

Abstract: 41 
Stereoscopic vision enables the perception of depth. To study the brain mechanisms behind 42 
stereoscopic vision using non-invasive brain imaging (‘MRI’), scientists need to reproduce the 43 
independent views of the left and right eyes in the brain scanner using ‘dichoptic’ displays. 44 
However, high quality dichoptic displays are technically challenging and costly to implement in the 45 
MRI scanner.  The novel miniature stereoscope system (‘MRI stereoscope’) is an affordable and 46 
open-source tool that displays high-quality dichoptic images inside the MRI scanner. The MRI 47 
stereoscope takes advantage of commonly used display equipment, the MRI head coil, and a 48 
display screen. To validate the MRI stereoscope, binocular disparity stimuli were presented in a 3T 49 
MRI scanner while neural activation was recorded using functional MRI in six human participants. 50 
The comparison of large binocular disparities compared to disparities close to zero evoked strong 51 
responses across dorsal and ventral extra-striate visual cortex. In contrast, binocularly anti-52 
correlated stimuli, which are not perceived in depth, did not evoke comparable activation.  These 53 
results are the proof-of-concept that the MRI stereoscope can deliver dichoptic images that 54 
produce the perception of stereoscopic depth during acquisition of MR responses. Application of 55 
the MRI stereoscope to neuroscience can help to address important questions in perception and 56 
consciousness. 57 
 58 
Significance Statement: 59 
Independent stimulation of the left and right eye is a prerequisite to studying perception and 60 
consciousness through the binocular visual system. Yet, such ‘dichoptic’ displays are not widely 61 
used in neuroimaging due to the technical challenges of delivering high-quality dichoptic displays in 62 
the MRI scanner.  We present a demonstration of a novel, miniature MRI stereoscope, produced in 63 
a mechanical workshop using commonly available materials that overcomes these challenges. Our 64 
device can accelerate research into the biological basis of binocular vision by providing a low-cost, 65 
high quality device to display dichoptic images for neuroscientific research. 66 
 67 
Keywords: Dichoptic presentation, binocular disparity, MRI, visual display, mirror stereoscope, 68 
affordable, open-source 69 
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1. Introduction 70 

1.1 Binocular vision 71 

The two forward-facing eyes of humans allow us to perceive the world in solid depth, with 72 

the small differences between the images arriving at the left and right eyes supporting the 73 

perception of the third dimension. Binocular stereopsis makes our interaction with the world 74 

precise and vivid. For example, the precision of binocular stereopsis enhances clinical medicine, 75 

from visual detection of abnormalities in radiology images, to improving hand-eye-coordination in 76 

the surgical theatre 1. For neuroscience, the binocular visual system is an ideal model system to 77 

investigate neuronal computation in the neocortex, since the information from the two eyes is 78 

combined for the first time in the primary visual cortex. Full experimental control over binocular 79 

input is critical for research into binocular depth perception, as well as studies of consciousness and 80 

binocular processing using binocular rivalry2,3 and continuous flash-suppression4,5. While much of 81 

the investigation of the binocular visual system has been performed in animals using 82 

neurophysiology, brain imaging has allowed researchers to investigate neural processing across the 83 

visual hierarchy in the human brain.  84 

One of the most widely used methods is non-invasive magnetic resonance brain imaging (MRI), 85 

for which separate and independent visual inputs to each eye (‘dichoptic’) inside the scanner room 86 

are necessary to study the binocular visual system. Displaying visual images within the MRI 87 

environment is technically challenging: hardware inside the scanner room needs to (i) be non-88 

ferromagnetic to ensure the safety of participants and radiographers; (ii) cause no distortions of the 89 

magnetic fields to avoid affecting data quality; (iii) remain fully functional within an extremely high 90 

magnetic field environment, and (iv) must also be compact enough to fit within the severely 91 

restricted space around the participant’s eyes and the MRI head coil that is used to record signals 92 

from the brain6. Because the human binocular disparity system is sensitive to extremely small 93 

differences in the images from left and right eye, it is of key importance to optimise for 94 

independence and precision of stereoscopic images in dichoptic displays. 95 

 96 

1.2 Existing approaches for dichoptic display in the MRI scanner 97 

All dichoptic displays need to provide precise and independent control over the images seen 98 

by each eye, such that one eye can only see the image presented to that eye alone. The manner in 99 

which various approaches achieve this separation differ and can be broadly categorized into 100 

‘overlapping’ and ‘non-overlapping’ stereo-displays7. The main approaches used for MRI 101 
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experiments are mentioned below. In overlapping stereo-displays, images for the left and right eye 102 

occupy the same pixel positions on the display screen, but the information presented to each eye is 103 

separated into segregated channels via spectral banding, polarised light or through flicker at 104 

different temporal frequencies. Although overlapping stereo-displays take advantage of the entire 105 

display screen size and afford excellent visual field coverage, there is an important trade-off with 106 

image crosstalk8. Crosstalk is the appearance of the image intended for viewing by one eye leaking 107 

to the other eye as a ‘ghost’ image. Crosstalk not only decreases image quality and is non-108 

naturalistic, but can also impair binocular depth perception9, as well as affect viewer comfort 109 

during viewing of binocular displays10. In anaglyph stereo that uses colour to separate monocular  110 

images, crosstalk is created by insufficient separation of the colour channels.  111 

 112 

Table 1| Main advantages and disadvantages of dichoptic display approaches in the MRI scanner.  113 
Rows 1-2 are ‘overlapping’ stereo-displays. Rows 3-5 are ‘non-overlapping’ stereo-displays that work using spatial 114 
separation. Cost estimates are in USD and approximate. 115 
 116 

The problem of crosstalk is eliminated in non-overlapping stereo-displays, in which the left and 117 

right eye’s images are separated by spatial location. Non-overlapping stereo displays include mirror 118 

stereoscopes and prism goggles. However, spatial separation comes at the expense of visual field 119 

coverage, as each eye’s image occupies one half of the visual display. Because of the complete 120 

spatial separation, these methods need to ensure that proper binocular alignment is achieved 121 

before the experiment commences. The above mentioned dichoptic display approaches take 122 

advantage of an existing MRI compatible front-or back-projection system. Further pros/cons for 123 

	

 Type Separation Main Pros Main Cons Cost 

1 Anaglyph 

 

Spectral – Coloured filters are used 

to separate input to each eye: for 

example, the red filter passes red 

image and the green filter passes 

the green image 

• Affordable and easy to use 

• Independent of head position 

• Full size image 

• Images can only be grayscale, not 

suitable for images in colour 

• Non-naturalistic 

• Prone to cross-talk 

• Limited in luminance range 

$ 1.00 

2 Passive polarising 

glasses 

Polarised light – Orthogonal 

polarisation of light going to left 

and right eyes 

• Full colour display 

• Full size image 

• Can be used concurrently with eye 

tracking 

• May affect colour display (circular 

polarisation) 

• Dependent on optimal head position 

(linear polarisation) 

• Flicker artefact caused by temporal 

asynchrony 

• Prone to cross-talk 

$ 7,000
11

 

3 Mirror 

stereoscope 

Spatial – Angled mirrors are used 

to display one half of the screen to 

each eye 

• Independent display to each eye 

• Zero cross talk 

• Full colour 

• Duplicates screen properties - no 

distortion of visual display properties 

• Precise 

• Visual field is halved  

• Needs stationary head position 

• Needs calibration for each participant 

• Difficult to use with concurrent eye 

tracking 

$ 4,260 

4 Prism lenses Spatial – The optical path is 

diverted using prisms so each eye 

fixates one half of the screen 

• Affordable 

• Independent display to each eye 

• Zero cross talk 

• Full colour 

• Distortion at periphery of visual field
12

 

• Limited field of view 

• Needs stationary head position 

• Cannot be used for very large disparities 

• Difficult with concurrent eye-tracking 

$ 300 
12

 

5 Head mounted 

display 

Spatial – Small display screens are 

presented in front of each eye in a 

goggle system 

• Full colour 

• No distortion of visual display properties 

• Full display size 

• Integrated eye-tracking 

• High cost 

• Requires continuous external support and 

technical assistance 

$ 100,000 
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each of these display approaches are listed in Table 1 and are discussed in greater detail in the 124 

following reviews 2,3,7. The cost of a dichoptic display system is another important consideration2, 125 

and has led to a number of alternative solutions using polarised light 11 and prism goggles 12 At the 126 

upper end of the price range are commercially available head-mounted displays (‘HMD’) that use 127 

small monitors to display images independently to each eye. HMDs overcome both the problems of 128 

crosstalk and reduction in visual field, but are costly, and are not always easy to align well enough 129 

to simulate natural viewing conditions. Because of MR-safety requirements, head mounted displays 130 

rely on fibre optic technology to show externally presented images inside the scanner13. Fibre optic 131 

cables are made of thin, transparent strands of plastic or glass that do not cause radiofrequency 132 

disturbances. However, fibre optic cables are delicate and prone to damage, which leads to image 133 

artefacts that are difficult to repair, such as light spray and dead pixels. The ongoing requirement 134 

for external technical support is another caveat for head mounted displays. 135 

Real objects are defined by multiple binocular and monocular depth cues. This natural relationship 136 

is broken by any kind of dichoptic display, which artificially recreates specific depth cues on a flat 137 

screen. The displayed dichoptic images conflict with static depth cues from the flat screen, because 138 

accommodation and blur of the images, as well as vergence eye movements during scene 139 

exploration, are related to a display screen rather than the 3D image. The discrepancy causes well 140 

documented instances of visual discomfort and fatigue 14.  Certain depth cues remain difficult to 141 

reproduce by dichoptic displays in the MRI-scanner, including depth from focus, accommodation 142 

cues that depend on the viewing distance to objects, and retinal blur, which relies on the gradient 143 

of blur of real objects in space. Motion parallax, a monocular depth cue that is created by head 144 

motion or object motion, can only be visually simulated as a stable head position is necessary for 145 

MRI-scanning. These limitations, common to all dichoptic displays in the MRI-scanner, can be more 146 

readily studied and overcome in the psychophysical laboratory15. 147 

 148 

1.3 Mirror stereoscopes for the MRI 149 

Mirror stereoscopes, invented by Charles Wheatstone16,17, use mirrors to achieve physical 150 

separation of the images to the two eyes for dichoptic presentation. They provide precise and 151 

accurate dichoptic displays with flawless reproduction of the image in the psychophysical 152 

laboratory, but are thought to be incompatible with the MRI-environment because stereoscopes 153 

usually contain ferromagnetic materials and are relatively large in size3 . While previous fMRI 154 

studies have used stereoscopes 18-23, the methodological descriptions did not contain sufficient 155 
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detail to reproduce the instruments. We are the first to provide a detailed description of a 156 

miniature MRI compatible stereoscope, complete with in vivo validation of the device.  157 

 158 

1.4 Our system 159 

We designed a novel MRI stereoscope system (RRID:SCR_021655) by attaching two pairs of 160 

small, angled mirrors via a custom-made mirror holder, on a 64-channel head coil of a 3T Siemens 161 

Prisma scanner. We validated the capacity of the MRI stereoscope for dichoptic display using 162 

dynamic random dot stimuli (RDS) defined by binocular disparity. In RDS, the perception of depth 163 

arises solely by fusing the left and right eye’s image and extracting the small differences as 164 

binocular disparity depth cues. If an RDS with non-zero binocular disparity is viewed with one eye 165 

only, it will appear as a flat field of dots.  The main limitations of the instrument are the reduced 166 

field-of-view, effectively halving a display screen, and the lack of support for concurrent eye-167 

tracking, due to mechanical limitations in capturing images of the eyes through the stereoscope 168 

with a long-distance infrared eye tracker. 169 

 170 

2. Materials and Methods 171 

2.1 Description of the MRI stereoscope  172 

The principle of the MRI stereoscope is shown in Fig. 1a. Images are presented side-by-side on the 173 

LCD screen, and viewed through small, angled mirrors positioned close to the eyes. Viewed through 174 

the mirrors, the left half of the screen is seen by the left eye and the right half of the screen by the 175 

right eye. The size of the LCD screen active area was 698 x 393 mm (resolution 1920 x 1200, aspect 176 

ratio = 8:5, refresh rate = 60 Hz) and the viewing distance for the participant was 127 cm. The 177 

binocularly-fused display thus subtended 10.23° x 12.88° of visual angle. The size of the projection 178 

bore (60 cm radius) set a limit on the size of the visible screen, which in turn set a limit on the size 179 

of stimuli that could be displayed in a side-by-side stereo mode. We used ‘stereo mode’ from 180 

MATLAB (v8.0, Mathworks Inc., Natick, MA, USA) Psychtoolbox-324,25 (v3.0, 181 

http://psychtoolbox.org) to display visual stimuli in side-by-side stereo. In our validation 182 

experiment, we used dynamic random-dot-stereograms to measure responses to binocular 183 

disparity in the MRI scanner.  184 

The entire stereoscope system is schematically presented in Fig. 1b. It was installed on a 3T 185 

Siemens Prisma scanner (Siemens Healthcare, Erlangen, Germany) using a Siemens 64-channel 186 

head coil with a modified 64-channel Head/Neck coil rear-view mirror holder, and all components 187 
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were inside the scanner room. A MRI compatible LCD screen (BOLDscreen 32, Cambridge Research 188 

Systems, Cambridge, UK) was positioned as close as possible to the scanner at the back of the bore 189 

and a blackout curtain was draped over the back of the LCD screen. The curtain was made of black 190 

cotton cloth that was fixed to the back of the scanner using adhesive tape. The purpose of the 191 

curtain was to prevent the images surrounding the screen being seen, which would lead to double 192 

vision.  A septum made of rigid plastic ran from the LCD screen to the top of the head coil, dividing 193 

the visual field in two and preventing reflections from one side of the bore affecting the other. 194 

Small brackets running along the length of the bore were added to hold the septum in place. The 195 

standard rear-silvered mirror that presented images at a 45° angle was replaced by a custom-made 196 

front-silvered mirror to prevent ghosting of the image through two reflective surfaces. The MRI 197 

stereoscope was mounted between the head coil mirror and the 64-channel head coil. In the final 198 

design stage, black paper baffles were constructed around the mirror images to prevent images 199 

from other regions from interfering with binocular viewing.            200 

 201 

Figure 1 | Concept diagrams of MRI stereoscope system  202 
(a) Bird’s eye view of the MRI stereoscope. When viewed from behind the LCD screen, the left half of the LCD screen 203 
(red) is seen by the left eye, and the right half (blue) by the right eye. The head coil is indicated with the grey box. By 204 
viewing the images through the stereoscope, the participant fuses the left and right half images to perceive a unitary 205 
image. (b) Schematic diagram for whole set-up installed in the scanner as seen from the right side of the participant, 206 
including LCD screen (1), head coil mirror (2) and MRI stereoscope (3), as well as septum and a blackout curtain.  207 
 208 

2.2 Construction of the MRI stereoscope  209 



 

 8 

The MRI stereoscope (construction plans available on: 210 

https://github.com/betinaip/MRIstereoscope.git) was made of two parts which are joined firmly 211 

together using nylon screws: the ‘mirror holder’ held the stereoscope mirrors (Fig. 2a, ‘mirror 212 

holder’) and the ‘clamp’ attached the mirror holder tightly to the 64-channel head coil by clamping 213 

onto the Siemens mirror holder. Both parts were machine cut from transparent acrylic glass (Fig. 214 

2b). The clamp was further stabilised by an acrylic rod fit behind the rear-view mirror. Two nylon 215 

screws on each side held the mirror frame, which was shaped to allow closer positioning of the 216 

mirrors to each eye by curving downwards towards the eye and arching over the nasal piece of the 217 

head coil. Two mirrors on each side are attached using double sided tape after the stereoscope has 218 

been assembled. The mirrors delivered the monocular images: the medial and the lateral mirror 219 

(Fig. 2c). The medial mirrors were tilted at 45 relative to the monocular line of sight. The lateral 220 

mirrors could be finely adjusted using a small level on the side of the mounts, and were roughly 221 

parallel to the medial mirrors. The ability to adjust the lateral mirrors allowed participants to tweak 222 

the stereoscope until binocular fusion was achieved inside the scanner. The medial mirrors were 223 

fixed at an inter-pupillary distance of 6.2 cm. A list of suggested materials for construction of the 224 

MRI stereoscope system is shown in Table 2. 225 

 226 

 227 

 228 

Figure 2 | Technical drawing of MRI stereoscope and photograph of prototype 229 
(a) Technical drawing of the MRI stereoscope with mirrors drawn as diagrams. A rod is used to fix the device behind the 230 
Siemen’s mirror holder. The stereoscope mirror holder is curved downwards to lower mirrors towards the participants’ 231 



 

 9 

eyes through the eye pieces of the head coil. The vertical position of the mirror holder can be adjusted using a slider 232 
that attaches to the clamp. Mirrors are glued to the lateral and medial mirror stands. The position of lateral mirrors can 233 
be finely adjusted using a small handle to facilitate fusion. Medial mirrors are fixed at 45. (b) Prototype of the MRI 234 
stereoscope mounted onto a Siemens 64-channel head coil, (c) with close-up image showing stereoscope with attached 235 
mirrors in lateral and medial positions.  236 

 237 

Table 2 | Suggested item list and representative costs for construction of MRI stereoscope.  238 
Materials ordered for construction of stereoscope system, item description, estimated cost in USD. Final costs will 239 
vary depending on region and manufacturing choices. 240 
 241 

2.3 Set-up  242 

The stereoscope system was completed by adding the septum, which vertically split the 243 

visual space from the horizontal centre of the head coil mirror to the horizontal centre of the LCD 244 

screen.  Blackout curtains were added to eliminate undesired illumination not coming directly from 245 

the LCD screen. The installation and dismantling could be achieved within 5 min. The participant 246 

was asked to settle into the head coil wearing acrylic goggles as a protective barrier between the 247 

participant’s eyes and the stereoscope mirrors. If the participant required visual correction in the 248 

scanner, the MRI-safe prescription glasses were used instead of protective goggles. Additional head 249 

cushions were used to prop the participant closer to the mirrors if necessary. Once the participant 250 

was comfortably settled, the top part of the head coil, together with the MRI stereoscope, was 251 

clamped onto the bottom part.  252 

 253 

2.4 MRI-stereoscope calibration 254 

Participants performed a brief 2-step calibration procedure using the button box to achieve 255 

fusion in the scanner (Figure 3). Step 1 of the calibration commenced with naturalistic images 256 

containing binocular disparity. Participants were instructed to view the display with each eye alone. 257 

They then used a button box to shift the horizontal position of left or right half of the image until it 258 

was aligned with the centre of view.  Upon opening both eyes, the two visual axes should be in 259 

alignment and a single fused image with clearly reportable stereoscopic depth perceived. If 260 

participants perceived a double image they were instructed to adjust the calibration until a single 261 

image was perceived.  In step 2, a 4-alternative forced choice task using four RDS squares rendered 262 
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at a fixed binocular disparity (± 0.15°) was used to evaluate the perception of stereoscopic depth in 263 

RDS. Participants were asked which two out of four squares ‘popped out’. After a series of 3 trials 264 

with verbally delivered correct answers, the main experiment commenced. Calibrations usually 265 

took around 5 minutes and, once achieved, binocular fusion was stable throughout the scan time 266 

and was verbally confirmed before each stimulus run. More extensive and frequent calibration 267 

procedures could be applied as necessary in populations with abnormal stereovision (see 268 

‘Discussions’). 269 

 270 
Figure 3 | Diagram of 2-step calibration procedure. Step 1 establishes alignment of visual axes and binocular single 271 
vision. Step 2 aims to evaluate the perception of depth in disparity defined RDS. If the participant incorrectly identifies 272 
the depth in step 2, step 1 is repeated to allow re-adjustment until step 2 allows correct report of binocular depth. The 273 
calibration procedure takes ~ 5 min/participant. 274 

 275 

2.4 Training requirements for users  276 

The manipulation of the lateral mirrors is usually not required, as the image calibration procedure 277 

by the participant is sufficient to allow fusion. If necessary, manipulation of lateral mirrors should 278 

always be done by the experimenter and not the participant. This is because handling of the lateral 279 

mirrors requires fine adjustments.  Poor adjustment of lateral mirrors can cause extreme vergence 280 

positions that are avoided by confirming fusion and comfort levels with the participant. Although 281 

no instances of visual discomfort occurred during the validation scans, it is generally recommended 282 

that the participants should be asked about their visual comfort level during the experiment, and 283 

given opportunity to rest between scans in case they feel tired.   284 
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 285 

3. Experimental validation of device 286 

3.1 Participants 287 

Data were extracted from a larger data set to study binocular disparity organisation in the 288 

human visual cortex that used the MRI stereoscope.  As reported here, six volunteers with normal 289 

or corrected-to-normal vision participated in an experiment designed to assess the representation 290 

of binocular disparity in the human visual cortex (age range 19-39 years, mean age 31 years, 4 291 

females). All participants had normal visual acuity and stereoscopic depth perception (TNO test <60 292 

arcsec, Frisby stereotest <40 arcsec). The study received ethical approval from the University of 293 

Oxford Central University Research Ethics Committee (R53110/RE002) and experimental 294 

procedures were consistent with the Declaration of Helsinki (2013 revision). 295 

 296 

3.2 Visual stimulation protocol 297 

 Stimuli were dynamic random dot stereograms that varied in disparity magnitude over time 298 

with a sinusoidal profile (Fig. 4a). Each participant completed eight experimental runs of 6 min 299 

each. Four runs presented correlated disparity, and four runs anti-correlated disparity. The anti-300 

correlated disparity condition presents disparity that does not generate depth perception. It 301 

controlled for stimulus properties (dot position, stimulus envelopes) by inverting the contrast of 302 

dots between eyes. Within each run, the number of trials with positive and negative disparities 303 

were matched. Stimuli were composed of 5000 dynamically rendered black and white dots (dot size 304 

= 0.05°, dot density = 38 dot/°, refresh rate = 30 Hz, 50% white and 50% black dots on any given 305 

frame) displayed on a binocularly fused area of 10.23° x 12.88°. Stimuli appeared as a field of 306 

random dots, where four rectangular regions (each 3.32° x 4.64°) moving near and far in depth over 307 

time. The disparity modulations were created by plotting RDS with disparity, which varied smoothly 308 

over time from -0.3° to +0.3°, crossing zero:  0°, ± 0.002°. ± 0.005°, ± 0.011°, ± 0.020°, ± 0.036°, ± 309 

0.062°, ± 0.106°, ± 0.179°, ± 0.300°. The appearance of disparity defined depth on a display screen 310 

may elicit vergence eye movements. To mitigate this possibility, the fixation dot (0.2° radius) was at 311 

zero disparity and was surrounded by a zero disparity region (0.4° radius). RDS squares of equal 312 

disparity sign were always placed at diagonal positions to each other, such that vergence cues were 313 

balanced across the top and bottom, as well as left and right halves of the screen.  For the purpose 314 

of the analysis, binocular disparity conditions were averaged across an equal number of ‘near’ and 315 

‘far’ disparity presentations, and binned into small (0° - 0.005°), and large disparities (0.011° - 0.3°). 316 
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Participants performed a global contrast detection task to ensure even allocation of spatial 317 

attention across the whole screen and to keep them awake. Participants were asked to keep their 318 

eyes on the fixation dot and press a button on the button box whenever a global change in stimuli 319 

contrast was apparent. These were 72 pseudo-randomly timed events distributed across the run. 320 

Each of the target events was 1 sec long and was composed of a 20% drop in contrast, introduced 321 

gradually to prevent eye blinks caused by sudden changes. 322 

 323 

3.3 MRI acquisition 324 

 Data were acquired using a 3T Siemens Prisma scanner, with a 64-channel head and neck 325 

coil.  Functional images were collected using a gradient echo EPI sequence (TR = 1355 ms, TE = 326 

32.40 ms, flip angle = 70°, 72 slices, resolution = 2 mm isotropic) with parallel multiband 327 

acceleration (MB factor = 4)26. T1-weighted anatomical images were acquired for registration and 328 

visualisation purposes (MPRAGE, TR = 1900 ms, TE = 3.97 ms, TI = 904 ms, flip angle = 8°, slices = 329 

192, resolution = 1 mm isotropic).  In addition, B0 field maps were collected to estimate and correct 330 

distortions due to field inhomogeneity (TR = 482 ms, TE1 =4.92 ms, TE2 = 7.38 ms, resolution = 2 mm 331 

isotropic). 332 

 333 

3.4 MRI analysis 334 

fMRI data analysis was performed using FEAT (FMRI Expert Analysis Tool) v6.00, part of the 335 

FSL software distribution (FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl). Data were pre-336 

processed using motion correction MCFLIRT 27; non-brain tissue extraction 28; spatial smoothing 337 

using Gaussian kernel of FWHM = 5 mm, grand-mean intensity normalization and high pass 338 

temporal filtering (Gaussian-weighted least squares straight line fitting, main experiment = 100 s.  339 

Functional images were registered to the 1 mm isotropic T1-weighted structural image using 340 

boundary-based registration (BBR) in FLIRT 27,29. The group activation map was derived using FLAME 341 

1 + 2 (FMRIB’s Local Analysis of Mixed Effects).  Z-scored statistical images of gaussianised T-score 342 

and F-score statistical images were thresholded using clusters determined by Z>3.1 and a 343 

(corrected) cluster significance threshold of P=0.05 30. 344 

 345 

4. Results 346 

4.1 Seeing large binocular disparities through the MRI stereoscope activated brain regions sensitive 347 

to binocular depth  348 
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We have demonstrated the capacity of the MRI stereoscope system to display dichoptic 349 

information in the MRI scanner by collecting data from 6 participants during viewing of dynamic 350 

random dot stimuli rendered with binocular disparity. Four disparity-defined squares moved near 351 

and far over time (Fig. 4a), with the same changes in disparity magnitude over time. For the 352 

purpose of our validation, we averaged across near and far disparities and visual field locations and 353 

analysed the data solely using the disparity magnitude. Small and large disparities generated 354 

binocular depth perception, but differed in the perceived depth magnitude (Fig. 4b). By comparing 355 

large binocular disparities (‘Large’, 0.01 - 0.3°) to a baseline of disparities near zero (‘Small’, 0 – 356 

0.005 °), we aimed to identify regions in the visual brain that are sensitive to larger binocular 357 

disparities while controlling for activation due to monocular cues and small binocular disparities. 358 

These precise binocular cues would only evoke responses in regions that are sensitive to an 359 

increase in disparity if the device accurately presented this information. No difference in cortical 360 

responses would be present if the device failed to provide accurate dichoptic information.  361 

The comparison of large with small binocular disparities revealed strong bilateral activation 362 

in extra-striate visual cortex associated with depth perception across individual participants, 363 

including lateral occipital regions and intraparietal cortical regions. The results are displayed for 364 

each individual participant on the MNI-standard brain in coronal (top) and axial (bottom) 365 

orientation in Fig. 4c.   366 
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 367 

Figure 4 | Proof-of-concept experiment shows strong and consistent activation in visual cortex when participants 368 
viewed large compared to small binocular disparities using the MRI stereoscope 369 
(a) Binocular disparity stimuli were squares of dynamic random dot that moved far and near relative to a zero-disparity 370 
frame over time. (b) Comparison of correlated (‘corr’) large binocular disparities (0.01 – 0.3 °) to small disparities (0 – 371 
0.005 °) controlled for monocular and small binocular disparity cues while isolating regions sensitive to larger 372 
disparities. In a control experiment, participants viewed stimuli that were identical, except that the contrast of dots was 373 
inversed (‘anti’) between left and right eye (i.e. white dots in right eye are black dots in left eye and vice versa). Anti-374 
correlated stimuli provide binocular disparity that do not result in depth perception.  (c) The contrast between large > 375 
small disparities in correlated stimuli evoked statistically significant activation in dorsal and ventral extra-striate regions 376 
of the visual cortex across all six participants. Activation maps were thresholded at Z > 3.1 and cluster-corrected at p < 377 
0.05. 378 
 379 
 380 
4.2 Anti-correlated stimuli that do not evoke depth perception also do not activate binocular depth 381 

sensitive visual areas 382 

Large binocular disparity evoked strong activation across intra-parietal regions and lateral occipital 383 

cortex across participants (Fig. 5a). As a stringent control condition, participants also viewed 384 

binocularly anti-correlated RDS, which provide identical visual information but are known not to 385 

evoke any perception of depth31 (Fig. 4b, see diagram). No significant group activation was present 386 

for anti-correlated visual stimuli (Fig. 5a), and there was significantly greater activity to correlated 387 

disparity when the two conditions were compared directly using a paired t-test (Fig. 5b).  The 388 
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pattern of greater activity to correlated disparity reflects the same areas evident in the individual 389 

participants, namely the lateral occipital cortex and intra-parietal regions.  390 

 391 
 392 
Figure 5 | Control experiment shows no activation in cortical areas modulated by large binocular disparities when 393 
participants the same stimuli were binocularly anti-correlated  394 
(a) Group activation maps show that correlated disparity (Large > Small) evoked large regions of activation across 395 
participants. In contrast, anti-correlated disparity stimuli (Large > Small), averaged across identical number of 396 
participants, same number of runs and collected in the same experimental session, did not evoke any significant group 397 
responses. (b) Significant differences between correlated and anti-correlated disparity were shown across 398 
corresponding regions in the visual cortex (paired t-test). All activation maps were thresholded at Z > 3.1 and cluster-399 
corrected at p < 0.05. 400 
 401 

5. Discussion 402 

Our MRI stereoscope system allowed for affordable, high quality dichoptic display in the MRI-403 

environment with zero crosstalk, while duplicating the display properties of the projector screen in 404 

spatial and temporal resolution. The system thus meets essential criteria for researchers interested 405 

in binocular (3D) vision to investigate depth perception, interocular suppression, continuous flash 406 

suppression or binocular rivalry. It takes advantage of widely available commercial devices with 407 

minor modifications, and with most components constructed from low-cost materials. Results 408 

replicated known properties of binocular visual processing in the human brain. The system is safe 409 

and rapid to deploy, and available at a manufacturing cost far below that of commercially available 410 

dichoptic display systems, while providing excellent quality stereoscopic stimulation in the scanner.  411 

The viewing arrangements allow for standard spectacle correction lenses to be inserted within the 412 

optical path. Unlike an alternative low-cost solution using prism glasses, there is no distortion of the 413 



 

 16 

viewed image when the mirrors are perfectly aligned 12. Even if the mirrors are not perfectly 414 

aligned, the distortions are relatively small.   415 

 416 

5.1 Proof-of-concept experiment 417 

As a proof-of-concept, we analysed fMRI data from 6 participants, who viewed random dot 418 

stimuli rendered in binocular disparity that changed in magnitude of disparity-defined depth over 419 

time. Results showed highly significant activation across multiple regions of the extrastriate visual 420 

cortex in all participants. The sensitivity of dorsal and ventral extrastriate areas to binocular 421 

disparity are well documented in the fMRI literature 32-36. Our results largely confirm these previous 422 

findings, supporting the view that binocular disparity is involves a network of areas that serve 423 

computation of higher level visual information. These results provide clear evidence that the MRI 424 

stereoscope accurately presented dichoptic information in the MRI scanner.  425 

 426 

5.2 Potential for development 427 

 The system was developed to work with a 64-channel head and neck coil for a 3T-Prisma 428 

scanner, with an LCD screen positioned at the back of the scanner bore. There are obvious 429 

limitations in the size of the visual field. Due to the side-by-side stereo presentation, the dichoptic 430 

visual field is half the visual field of the normal display screen. Our setup achieved a maximum 431 

dichoptic visual field coverage of 10°. While the display screen size is essentially limited by the 432 

diameter of the scanner bore (in this case 60 cm), a larger visual field could be achieved by 433 

decreasing the distance between the participant’s eyes and the display screen or by optically 434 

extending the screen size. Greater visual field size will be achieved in wide-bore scanners with a 435 

bore dimension of 70 cm. The optical quality of the display image is true to the MRI compatible LCD 436 

screen. For experiments needing higher pixel resolution, ultra-high definition MRI-safe displays, 437 

such as the 3840 x 2160 pixel resolution BOLD-screen 32 UHD by Cambridge Research Systems, can 438 

be used.    439 

In cases where self-calibration is not successful, angular calibration of the lateral mirrors can 440 

be used to facilitate alignment and fusion of dichoptic images. However, angling the lateral mirrors 441 

away from parallel with the medial mirrors will introduce image skewing that induce vertical 442 

disparities and changes in horizontal disparity. Although relatively small, such distortions can be 443 

estimated mathematically36.  444 
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Because we are currently unable to perform binocular eye tracking in the MR scanner with 445 

this version of the stereoscope, we cannot guarantee that there is a complete absence of vergence 446 

eye movements. A further point is that if the subjects had succeeded in tracking the depth changes 447 

in one of the four RDS stimuli with vergence eye movements, this would result in a nearly constant 448 

stereoscopic depth for that RDS stimulus, while the other three would be varying over time. In this 449 

case, one would expect to see considerable asymmetry in the strength of fMRI activation across 450 

different positions in the visual field and between cortical hemispheres. These asymmetries were 451 

not seen, suggesting that participants did succeed in maintaining stable binocular fixation and 452 

steady vergence on the static fixation point, as requested by the experimental instructions.  In our 453 

setup, eye tracking is made more challenging due to the limited view of the eye when the MRI 454 

stereoscope is mounted. The instrument also partially obscures the illumination from the infra-red 455 

(IR) illuminator. This issue may be overcome by replacing the stereoscope mirrors with cold-456 

mirrors37, which reflect visible light and let infra-red light from the eye tracker illuminator pass 457 

through. Additional illuminators can also be placed inside the bore to increase the IR illumination, 458 

and therefore the ability to track the eye.  While the system is fitted for a back-projection system, 459 

minor modifications will allow a front-projection arrangement.  460 

                 The MRI-stereoscope has been validated in a normally sighted adult population. It can be 461 

used in adult populations with visual impairments, provided participants are able to perceive the 462 

stimuli well enough for the calibration. The calibration procedure requires seeing the dichoptic 463 

images, and fine adjustment of the horizontal position of the monocular images. For participants 464 

with abnormal binocular vision, a more rigorous and frequent calibration procedure, such as used 465 

in the psychophysical laboratory38, can be applied to ensure fusion. The current MRI-stereoscope is 466 

not suited for paediatric populations due to the fixed inter-pupillary distance (IPD).  467 

 468 

6. Conclusion 469 

The MRI stereoscope is a cost-effective instrument that delivers precise, high-quality and 470 

comfortable dichoptic stimulation inside the MRI scanner. Due to the spatial separation of 471 

monocular images, there is zero crosstalk. The system does not require additional polarising 472 

goggles or prism lenses for stereo delivery, and is therefore more comfortable to use for 473 

participants, in particular those who needed MRI-safe glasses for visual correction. The display 474 

properties are true to that of the native display system, and the dichoptic experience is easily 475 

adapted when better LCD-monitors or projectors become available for the MRI scanning 476 
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environment. The main limitations are the small field-of-view, and the lack of integrated eye 477 

tracking in the current set-up. The system will be attractive for scientists investigating binocular 478 

depth perception, binocular rivalry and continuous flash suppression, amongst other dichoptic 479 

psychophysical paradigms. Our MRI stereoscope system substantially improves the options for 480 

achieving high quality dichoptic displays in the MRI scanner, and can lead to accelerated insights 481 

into the brain mechanisms of stereoscopic perception and consciousness. We provide open-source 482 

materials such that the MRI stereoscope can be used as a basis for future research and innovation 483 

in perceptual neuroscience. 484 

 485 
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