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SUMMARY:
The goal was to design, build, and pilot a novel virtual reality task to detect and characterize unilateral spatial neglect, a syndrome affecting 23-46% of acute stroke survivors, expanding the role of virtual reality in the study and management of neurologic disease.

ABSTRACT:
Unilateral spatial neglect (USN) is a syndrome characterized by inattention to or inaction in one side of space and affects between 23-46% of acute stroke survivors. The diagnosis and characterization of these symptoms in individual patients can be challenging and often requires skilled clinical staff. Virtual reality (VR) presents an opportunity to develop novel assessment tools for patients with USN.

We aimed to design and build a VR tool to detect and characterize subtle USN symptoms, and to test the tool on subjects treated with inhibitory repetitive transcranial magnetic stimulation (TMS) of cortical regions associated with USN.

We created three experimental conditions by applying TMS to two distinct regions of cortex associated with visuospatial processing- the superior temporal gyrus (STG) and the supramarginal gyrus (SMG) - and applied sham TMS as a control. We then placed subjects in a virtual reality environment in which they were asked to identify the flowers with lateral asymmetries of flowers distributed across bushes in both hemispaces, with dynamic difficulty adjustment based on each subject’s performance. 

We found significant differences in average head yaw between subjects stimulated at the STG and those stimulated at the SMG and marginally significant effects in the average visual axis.

VR technology is becoming more accessible, affordable, and robust, presenting an exciting opportunity to create useful and novel game-like tools. In conjunction with TMS, these tools could be used to study specific, isolated, artificial neurological deficits in healthy subjects, informing the creation of VR-based diagnostic tools for patients with deficits due to acquired brain injury. This study is the first to our knowledge in which artificially generated USN symptoms have been evaluated with a VR task.

INTRODUCTION: 
Unilateral spatial neglect (USN) is a syndrome characterized by inattention to or inaction in one side of space that affects between 23-46% of acute stroke survivors, most commonly involving injury to the right cerebral hemisphere and resulting in a tendency to ignore the left side of space and/or the survivor’s body1,2. Although the majority of patients with USN experience significant recovery in the short term, subtle USN symptoms often persist3. USN can increase patient risk for falls and impede activities of daily living2,4 It has also been shown to negatively impact both motor and global functional outcomes5,6. 

Deficits in USN can be conceptualized as existing across multiple dimensions, such as whether a person ignores one side of space with respect to their own body (egocentric) or with respect to an external stimulus (allocentric)7-9, or whether a person is unable to direct their attention (attentional) or actions (intentional) toward one side of space10. Patients often exhibit a complex constellation of symptoms that can be characterized along more than one of these dimensions. This variability of USN syndromes is thought to result from varying degrees of injury to specific neuroanatomical structures and neuronal networks, which are complex11. Allocentric neglect has been associated with lesions of the angular gyrus (AG) and superior temporal gyrus (STG), while the posterior parietal cortex (PPC) including the supramarginal gyrus (SMG) has been implicated in egocentric processing12-15. Attentional neglect is thought to involve lesions in the right IPL16, while intentional neglect is thought to be secondary to damage of the right frontal lobe17 or basal ganglia18. 

Clinical assessment of USN currently relies on pen-and-paper neuropsychological instruments. These conventional assessment tools may be less sensitive than more technologically sophisticated tools, resulting in misdiagnosing or under-diagnosing some patients with USN19. Better characterization of residual deficits could facilitate the delivery of therapy to patients with milder USN and potentially improve their overall recovery, but such characterization would require very sensitive diagnostic tools. USN poses similar challenges in the laboratory setting, where it can be difficult to isolate from the motor and visual impairments that commonly accompany USN among stroke patients. 

Virtual reality (VR) presents a unique opportunity to develop new tools for the diagnosis and characterization of USN. VR is a multisensory 3D environment presented in the first person with real time interactions in which individuals are able to perform tasks involving ecologically valid objects20. It is a promising tool for assessing USN; the ability to precisely control what the user sees and hears allows developers to present a wide variety of virtual tasks to the user. In addition, the sophisticated hardware and software packages currently available allow for real-time collection of a wealth of data about the user’s actions, including eye, head, and limb movements, far exceeding the metrics offered by traditional diagnostic tests21. These data streams are instantaneously available, opening up the possibility for real-time adjustment of diagnostic tasks based on user performance (e.g. targeting the ideal difficulty level for a given task). This feature can facilitate task adaptation to the wide range of severity seen in USN, which is regarded as a priority in the development of new diagnostic tools for USN22. In addition, immersive VR tasks may impose an increased burden on the patients’ attentional resources23,24, resulting in increased errors which can facilitate the detection of neglect symptoms; indeed, some VR tasks have been shown to have increased sensitivity when compared to conventional paper-and-pencil measures of USN24,25.

In this study, the goal was to create an assessment tool that requires no expertise in neurology to operate and that can reliably detect and characterize even subtle cases of USN. We built a virtual reality-based, game-like task. We then induced a USN-like syndrome in healthy subjects with transcranial magnetic stimulation (TMS), a noninvasive brain stimulation technique that utilizes electromagnetic pulses emitted from a handheld stimulation coil, which pass through the scalp and skull of the subject and induce electric currents in the subject’s brain that stimulate neurons26,27. This technique has been utilized in the study of USN by others13,17,28-30, though to our knowledge never in conjunction with a VR-based assessment tool.

Many researchers are already working on diagnostic and therapeutic applications of VR systems. Recent reviews31,32 explored a number of projects aimed at the assessment of USN with VR-based techniques, and a number of other studies with this aim have been published33-41. The majority of these studies do not utilize the full complement of VR technology that is currently available to the consumer market (e.g., a head-mounted display (HMD) and eye-tracking inserts), limiting their datasets to a smaller number of easily-quantifiable metrics. In addition, all of these studies were performed on patients with acquired brain injury leading to USN, requiring screening methods to assure that patients could at least participate in the assessment tasks (e.g., excluding patients with large visual field deficits or cognitive impairment). It is possible that more subtle cognitive, motor, or visual deficits passed under the threshold of these screening methods, possibly confounding the results of these studies. It is also possible that such screening biased the samples of participants in these studies toward a particular subtype of USN.	

To avoid the screening biases of prior studies, we recruited healthy subjects and artificially simulated USN symptoms with a standard TMS protocol that is well-described in a recent manuscript15, with the goal of inducing allocentric USN-like symptoms by targeting the STG and egocentric USN-like symptoms by targeting the SMG. We designed the task to actively adjust its difficulty trial to trial and to differentiate between different subtypes of USN, specifically allocentric vs. egocentric symptoms. We also used standard paper & pencil assessments of USN to formally demonstrate that the deficits we induced with rTMS are USN-like. We believe the method will be useful to other researchers who want to test novel VR tools for the assessment and rehabilitation of USN.

PROTOCOL: 
 	 	 						
This study was approved by the local Institutional Review Board and meets all criteria set forth by Good Clinical Practice Guidelines. All participants provided informed consent before any study procedures began. Study participants were expected to participate in three separate sessions (outlined in Table 1). The elements of the experiment are described in stepwise fashion below. Session order was randomized. 

[place Table 1 here]

1. [bookmark: _Hlk55897634]Paper & pencil behavioral tasks

1.1. Have the subject complete the line bisection task (LBT).

1.1.1. Have the subject sit at a table directly across from the tester. Provide the subject with a writing utensil. Provide the subject with the stimulus sheet (Figure 1), ensuring it is placed directly in front of the subject. 

NOTE: Although not performed in this experiment, it would be ideal to present each line to be bisected individually on separate sheets of paper to avoid biasing subject with additional context (See Ricci and Chaterjee, 200142).

1.1.2. Instruct the subject to bisect (divide into halves) each line printed on the stimulus sheet and get as close to the middle as possible.

1.1.3. Tell the subject to keep their head and shoulders centered as best as possible, to complete the task as quickly and accurately as possible, and to notify the tester when they are finished. Monitor the subject to ensure they are not leaning or tilting their head excessively.

1.1.4. Collect the sheet from the subject when the subjects say they are done.

1.2. Have the subject complete the Bell’s Test.

1.2.1. Provide the subject with the Bell’s test stimuli sheet (Figure 2).

1.2.2. Instruct the subject to circle or cross out all of the bells on the stimulus sheet, to do so as quickly and accurately as possible, to keep their head and shoulders as centered as possible, and to notify the tester when they are finished.

1.2.3. Monitor the subject to ensure they are not leaning or tilting their head excessively. When the subject says they are finished, ask the subject if they are sure, and allow them to double check their work.

1.2.4. Collect the sheet from the subject when the subjects say they are done a second time.

1.3. Have the subject complete the star cancellation task.

1.3.1. Present the subject with the stimulus sheet (Figure 3), ensuring it is directly in front of them.

1.3.2. Instruct the subject to circle or cross out all of the stars on the stimulus sheet, to do so as quickly and accurately as possible, to keep their head and shoulders as centered as possible, and to notify the tester when they are finished.

1.3.3. Monitor the subject to ensure they are not leaning or tilting their head excessively.

1.3.4. Collect the sheet from the subject when the subjects say they are done.

1.4. Have the subject complete the Ota’s circle cancellation task.

1.4.1. Provide the subject with the Ota’s circle cancellation stimulus sheet (Figure 4), ensuring it is placed directly in front of the subject.

1.4.2. Instruct the subject to cross out or circle all of the open/incomplete circles, to do so as quickly and accurately as possible, to keep their shoulders as centered as possible, and to notify the tester when they are finished. 

1.4.3. Monitor the subject to ensure they are not leaning or tilting their head excessively.

1.4.4. Collect the sheet from the subject when the subjects say they are done.

1.4.5. Repeat this task (steps 1.4.1 through 1.4.4) with another copy of the stimulus sheet, but this time the stimulus sheet should be rotated 180 degrees from the orientation it was originally presented.

2. TMS procedures

2.1. Create a model for neuronavigation prior to the first session.

2.1.1. Obtain the subject’s 3T T1 MRI scan in a NIFTI or dicom file type.

2.1.2. Upload that MRI scan into the neuronavigational software to create a 3D representation of the subject’s brain.

2.1.2.1. Select New Empty Project within the software. Drag the subject’s MRI scan onto the field labeled “File:”.

2.1.2.2. Go to the Reconstructions tab.

2.1.2.3. Select New Skin and on the next screen, drag the green boundary lines to encompass the entire image of the brain. Select compute skin. Adjust the Skin/Air Threshold accordingly to get an optimal reconstruction.

2.1.2.4. Go back to the Reconstructions tab and select New Full Brain Curvilinear and drag the green boundary lines to encompass the entire image of the brain. Set slice spacing to 1 mm and set end depth to 18 mm. Select Compute Curvilinear.

2.1.2.5. Go to Landmarks tab and select Configure Landmarks. Select New to create a landmark on the reconstruction. Place landmarks on the tip of the nose, bridge of the nose, left tragus, and right tragus.

2.1.2.6. Go to the Targets tab and select Configure Targets. Select the Curvilinear Brain & Targets view. Using the inspector, peel to a depth of 5-7 mm.

2.1.2.7. Follow guidelines of Shah-Basak et al. (2018)14, Neggers et al. (2006)11 and Oliveri and Vallar (2009)39 to locate the superior temporal gyrus or the supramarginal gyrus, and place a marker at those sites.

2.1.2.8. Place a marker where the two central sulci meet along the median longitudinal fissure for sham stimulation at the vertex.

2.2. During the first session, find the subject’s Resting Motor Threshold (may be completed before or after behavioral task).

2.2.1. Have the subject seated in front of an optical tracking camera and place a tracker on the subject using a headband or glasses.

2.2.2. Attach three disposable electrodes on the subject’s right hand and wrist.

2.2.2.1. Attach one disk electrode to the subject’s first dorsal interosseous. Attach a second disk electrode to the subject’s second knuckle on their right pointer finger. Attach a ground electrode to the subject’s right wrist.

2.2.3. Plug these electrodes into an electrode adaptor, which inputs into an MEP tracking software.

2.2.4. Open the subject’s project within the neuronavigational software by selecting New Online Session.

2.2.5. Select the targets to be stimulated in this session (Vertex, SMG, STG).

2.2.6. Go to the Polaris tab and ensure the subject tracker is within view of the camera.

2.2.7. Go to Registration tab.

2.2.8. Using a pointer registered to the neuronavigational software, touch the subjects’ face in the same locations that the landmarks were placed in step 2.1.2.5.

2.2.8.1. Click Sample and go to Next Landmark when the pointer is positioned properly on the subject’s head for each landmark.

2.2.9. Go to Validation tab.

2.2.10. Using the pointer, touch the subject in various spots on their head and ensure the crosshairs on the screen line up with the spot being pointed to on the subject.

2.2.10.1. If they do not line up, redo step 2.2.8 and make sure the pointer is as precisely placed on the landmarks as possible.

2.2.11. Go to Perform tab and ensure the Full Brain Curvilinear View is selected so the experimenter can precisely locate brain regions to target.

2.2.12. Set driver to be the TMS coil that will be used.

2.2.13. Plug handheld TMS coil into TMS machine.

2.2.14. Turn on the TMS Machine and set to single pulse. Set stimulation intensity appropriately; in this experiment, 65% of machine output was used as a starting point.

2.2.15. Place the handheld TMS coil on the left side of the subject's head and stimulate within the motor cortex using single pulses of TMS to identify the location that stimulates the FDI. It may be helpful to have an assistant to watch the subject’s finger to identify when the FDI muscle twitches due to stimulation.

2.2.16. Alter the stimulation intensity until stimulation elicits MEP of at least 50 mV exactly 5/10 times, and this will be the resting motor threshold (rMT).

2.3. Stimulation in between tasks

2.3.1. Repeat steps 2.2.1 through 2.2.13, substituting an air-cooled TMS coil for the handheld coil.

2.3.2. Set stimulation parameters to repetitive TMS at a rate of 1 Hz for 20 minutes (1200 pulses total) with an intensity of 110% of rMT in accordance with parameters set by Shah-Basak et al. (2018)15.

2.3.3. Place an air-cooled TMS coil with a built-in cooling system on the subject’s head targeting the SMG or STG for active sessions or the Vertex for sham sessions (Figure 5).

2.3.4. Proceed with stimulation.

3. VR behavioral task

3.1. Install supporting software.

3.1.1. Download and install Pupil core software from the Pupil Labs website.

3.1.2. Download and install Unity 3D 2018.3 from the Unity website.

3.1.3. Download and install OpenVR tool through Unity Asset Store or through Steam.

3.2. Set up the VR hardware (e.g., HTC Vive Pro).

3.2.1. Place base stations on opposite sides of the room, ensuring a clear line of sight, and plug them in.

3.2.2. Press the Channel/Mode button on the back of each sensor to cycle through channels until one of them is set to channel “b” and one is set to “c.” Both status LEDs should be white.

3.2.3. Install Pupil Labs Binocular insert into HTC Vive Pro. Connect the Link Box to the computer (Power, USB-A, and HDMI or Mini DisplayPort).

3.2.4. Connect the headset to the Link Box. Adjust top and side straps on headset. Adjust the lens distance.

3.3. Launch SteamVR.

3.3.1. Launch SteamVR by clicking on the VR icon in the top right corner of Steam.

3.3.1.1. Turn on controllers with the power button.

3.3.1.2. On SteamVR, click Settings | Pair New Device to pair each controller by following on-screen instructions.

3.3.1.3. Click Room Setup from the SteamVR menu and follow on-screen instructions.

3.4. Launch Pupil Core Software.

3.5. Place headset on the seated subject’s head and give them both controllers. Ensure the straps are tight but comfortable. Ensure both eyes are visible by visually confirming they are centered in the Pupil Core Software’s camera feeds.

3.6. Open the VR task in the Unity Editor and hit the Play button.

3.7. Run the experiment.

3.7.1. Ask the subject to look straight ahead and click the Tare Camera button on the screen.

3.7.2. Click the Begin Tutorial button and wait for the subject to complete the tutorial. The tutorial consists of audio instruction about the operation of the VR system controller, descriptions and examples of symmetrical (decoy) and asymmetrical (target) flowers, and a 1-minute practice session with a small number of decoy and target flowers. The tutorial lasts 75-100 seconds and tutorial performance data is not collected. 

3.7.3. When subject is finished, click the Calibrate Eye Tracking button.

3.7.3.1. If the calibration is successful, the subject will automatically begin the task. Otherwise, repeat step 3.7.3.

3.7.4. Begin the first trial by clicking the Next Trial button.

NOTE: During the VR task, subjects are placed in a virtual forest (Figure 6). Three curved box hedges formed a semi circle within reaching distance in front of the subject. Each trial consisted of a varying number of flowers, each with 16 petals, distributed among the hedges at a direct line of sight (Figure 7). Subjects were instructed to “pick” (hold their controller over a flower so that the flower would highlight, then depress the trigger button with their index finger) all asymmetrical “target” flowers and leave alone all symmetrical “decoy” flowers. Each trial would end when the subject successfully picks all of the asymmetrical target flowers, but also would end if the subject ran out of time (2-minute time limit) or if the subject inadvertently picked all of the symmetrical decoy flower. In all of these cases the remaining flowers on the bushes would be cleared, and the experimenter would be prompted to begin the next trial.

3.7.5. Wait until the subject is no longer actively completing a trial and then repeat step 3.7.4 unless at least 12 trials have been completed.

3.7.6. Click the Play button again to end the task.

REPRESENTATIVE RESULTS: 
Data were collected from healthy individuals using the protocol outlined above to demonstrate how the different variables that can be extracted from the virtual reality task can be analyzed to detect subtle differences between groups.

In this study, 7 individuals (2 male) with an average age of 25.6 and an average of 16.8 years of education each underwent three separate sessions of TMS. These subjects were broken into two groups: four participants received repetitive TMS at the supramarginal gyrus (SMG), while three other participants received TMS stimulation at the superior temporal gyrus (STG). All participants received sham TMS during a separate session, which was used as a covariate in analyses to account for individual variability in response to TMS. During each session, participants were administered the virtual reality task before and after TMS stimulation to examine change in performance.

First, the average head angle (Figure 8) was examined to determine whether the virtual reality task was sensitive enough to identify a difference between the SMG and STG groups. Head angle change scores were calculated by subtracting pre-TMS scores from the post-TMS scores. An ANCOVA was run to determine whether there was a difference between groups in head angle following TMS stimulation. Sham TMS head angle change scores were used as a covariate to account for individual differences. While keeping in mind that the analyses were conducted using a small pilot sample, a significant difference was found in head angle change scores between the two groups, F(1,4) = 10.25, p = 0.03, where the SMG group had an average change score directed more towards the right side of space compared to the STG group (Figure 9). 

A similar pattern was found using the line bisection test, in which the SMG group placed the line significantly more towards the right in the post-TMS administration compared to pre-TMS, t(4) = 2.78, p = 0.04. This finding was not found in the STG group, t(3) = 3.18, p = 0.56. While there was no significant difference in head angle before and after TMS in the virtual reality task in either the SMG or STG groups, the finding that the SMG group had an average head angle change score directed significantly more to the right compared to the STG group demonstrates a similar finding. This finding from the virtual reality task is consistent with the results of the traditional paper-and-pencil task, as both demonstrated a pattern in which the SMG group may have had a subtle neglect and looked more towards the right compared to the STG group. Data gathered from the virtual reality task can be visualized on an individual participant level to examine performance before and after the TMS stimulation, as can be seen in Figure 9.

Next, flowers were separated by which side of the flower contained the defective flower petal (i.e., right petal vs. left petal, see Figure 10) to specifically assess for signs of allocentric neglect on an individual target level. While there was no difference in head angle change scores between the two groups for flowers with shorter petals on the left side, F(1,4) = 0.09, p = 0.78, there was a significant difference in head angle change scores between the two groups for flowers with a smaller petal on the right side, F(1,4) = 9.52, p = 0.04. Specifically, participants in the SMG group had a tendency to look further to the right (higher flower-to-head angle, see Figure 11) when searching for the short petal on the right side of the flower. The angle of the subject’s head with respect to the bush (bush angle, see Figure 12) is also available for analysis, allowing for the detection of allocentric neglect with respect to the bush. These analyses demonstrate how variables can be made more specific to capture subtle, specific aspects of neglect. 

There are a number of other ways the data may be analyzed. We examined the average number of seconds that participants looked at each flower to determine whether one group had more difficulty identifying defective flowers (as characterized by more seconds spent looking at the flower). In this example, data were extracted from flowers that had a defective petal that was 95% the size of the rest of the petals, as this scale was hypothesized to be the most sensitive. A mixed ANCOVA was run to compare group (SMG vs. STG) and flower visual field (right vs. left). Pre- and post-TMS change scores were calculated and used as the outcome variable to examine whether either group showed an increase in time spent looking at flowers following TMS. The sham TMS condition for both left and right flowers were once again used as covariates to account for individual variability. While there was no significant difference between groups, F(1,3) = 0.12, p = 0.76, there was a marginally significant difference in flower visual field, F(1,3) = 5.62, p = 0.098 (Figure 13). The effect does not reach statistical significance; and more subjects should be assessed moving forward. Despite this, these data serve as an example of how data can be limited to specific flower types and visual field within the virtual reality environment. As these analyses demonstrate, comparing participants’ performance can provide researchers with a sensitive and dynamic way to measure the effects of TMS or neglect more generally depending on the examiners’ specific research question. 

FIGURE AND TABLE LEGENDS: 

Table 1. Structure for each study session. Session order was randomized. Estimated time for each item in italics. MEP=motor evoked potential;rTMS=Repetitive Transcranial Magnetic Stimulation; P&P=Paper and Pencil Stroke Diagnostic Tests; RMT=Resting Motor Threshold

Figure 1: Line bisection task stimulus sheet

Figure 2: Bell’s test stimulus sheet

Figure 3: Star cancellation test stimulus sheet

Figure 4: Ota circle cancellation stimulus sheet

Figure 5: Repetitive TMS stimulation; neuronavigational software (left), magnetic stimulation unit (center), and air-cooled coil in position over author CH (right).

Figure 6: Virtual forest environment seen by the subject during the VR task

Figure 7: Layout of three curvedbox hedges with target and decoy flowers distributed across

Figure 8: Head angle - angle between anterior axis of the head and torso

Figure 9. This figure demonstrates two analyses using head angle during task performance.
(left) SMG vs. STG group head angle change scoresOn this scale, a score of 0 indicates that they looked at the center of each flower, while positive scores indicate that they looked towards the right, and negative scores indicate that they looked towards the left. The SMG group had positive scores, indicating that they looked more to the right on average following stimulation, whereas the STG group had negative scores, indicating that they looked more to the left following stimulation. SMG and STG group had significantly different head angle change scores. (right). Mean head angle plotted for each participant pre-TMS and post-TMS. The STG group did not show strong differences before and after TMS stimulation, unlike the SMG participants who appeared to look more towards the right visual field following stimulation (as represented by positive numbers).

Figure 10: Asymmetric target flowers, with smaller petals on the left (left) and smaller petals on the right (right).

Figure 11: Flower to head angle - angle subtended by the head’s anterior axis and the flower from the head at the instant in which the flower was picked/identified

Figure 12: Bush angle - angle subtended by the flower and the center of the flower’s bush from the head at the instant in which the flower was picked/identified

Figure 13. Mean change score for seconds spent looking at each flower before and after TMS. Negative scores indicate that participants spent less time looking at flowers in the post-TMS administration compared to the pre-TMS administration, whereas positive numbers indicate more time spent looking at flowers post-TMS. Data are separated by whether flowers were located in the left vs. right visual field within the virtual environment. Data were also separated by group (SMG vs. STG). Flowers were restricted to those with a defective petal at a scale of 0.95. Though not statistically significant, there was a marginal effect of flower visual field. Qualitatively, there appears to be greater variability for flowers in the left visual field compared to the right. 

DISCUSSION: 
We successfully induced and measured USN symptoms with TMS and VR, respectively. While we did not have significant results when compared to sham trials, we were able to compare multiple metrics of egocentric neglect (average head angle, time spent looking at flowers in either hemispace) and allocentric neglect (performance in selecting flowers with asymmetric petals on the left vs. the right side) between the different experimental groups, and found significant differences in average head angle between subjects stimulated at the STG and those stimulated at the SMG and marginally significant effects in the average visual axis. Of interest, there is still debate concerning the proportional contribution of temporal (STG) and parietal (PPC) contribution to USN-relevant spatial processing12,43, and the increased rightward head angle we detected in the SMG-stimulated group may provide some support for the implication of PPC of the egocentric variety of USN.

There were multiple critical steps in this protocol. This method is limited by the subtle clinical effects achieved with rTMS, so proper stimulation parameters and cortical region targeting is critical - TMS stimulation intensity should always be based on the rMT and TMS coil targeting should always be precisely determined with high-resolution MRI images and proper targeting software like Brainsight. The method is also limited by the relatively short duration of the inhibitory effect created by rTMS stimulation (~20 minutes, or roughly the duration of stimulation26), so rapid transition from rTMS stimulation back to the VR or paper & pencil tasks is of paramount importance to detect this effect. Assuring that the VR equipment is set up and the software is properly calibrated during the pre-TMS VR sessions helps maximize the proportion of post-stimulation time spent collecting data. 

As enumerated in the introduction, a number of groups have developed novel VR-based tools for the assessment of USN. Many of these systems also utilize the distinct measurement advantages of computerized tasks, and some groups have attempted to differentiate the various subtypes of USN including extrapersonal vs. peripersonal neglect symptoms and egocentric vs. allocentric symptoms37,40. We believe that the method adds two novel contributions to this existing work. First, we provide a broader array of datasets (head position, eye tracking, etc.) that can be analyzed to detect and characterize even subtle cases of USN. Second, we induced USN symptoms in healthy volunteers using TMS, helping assure that the VR-based diagnostic tool was isolating induced USN symptoms and avoiding the possible confounding effects of visual, motor, and cognitive comorbidities seen in acquired brain injury patients. In addition, the task contrasts with a trend in recent studies that focuses on navigation tasks. We contend that a task that demands interaction with a number of distributed objects across both left and right hemispaces is potentially more demanding and may increase the sensitivity of the VR task as a diagnostic tool. In addition, this format allows for more of a game-like task with multiple trials, which in turn allows for titration of the task’s difficulty level from round to round. This type of titration helps the task avoid ceiling and floor effects (i.e., the task being too hard for those with significant deficits or too easy for those with subtle deficits). 

There are many possible future applications of the method. With regard to the study of USN, we believe that the addition of eye-tracking data will enable VR tasks to differentiate between attentional and intentional symptoms by separating data measuring asymmetry of search pattern from data measuring asymmetry of motor action. Furthermore, TMS can be used to isolate specific neurologic deficits beyond USN, creating a means by which investigators can design and validate a wide variety of novel VR tools to help diagnose and characterize these deficits in patients who suffer from acquired brain injury. Although the technique involves healthy participants and artificial neurologic deficits in an effort to reliably isolate and characterize USN specifically, we believe that VR tools that are validated by the method can then be applied in populations of patients with mixed neurologic deficits (motor, visual, etc.) by way of user interface innovations such as EEG- or EMG-based brain-computer interfaces44,45. In addition, VR-based tasks like the one we present here can also be modified to serve as cognitive rehabilitation tools, a growing area of research and development31,46.

We faced a number of frustrating issues in testing. The eye tracking became uncalibrated upon small shifts in the HMD’s position and the software sometimes failed. The application needed more development and suffered from correctable issues like subject starting position and range of flower placement (some flowers were placed outside of the subject’s field of view and invalidated some trials). We had too few subjects. Nevertheless, we were still able to detect the subtle perturbations of two neural networks associated with USN with the novel VR tool. While the ambitious experiment yielded marginal results, we believe many of the challenges it faced will be ameliorated as the technology continues to improve. We argue that the promise of the results, in combination with other encouraging trends within the field, support the idea that VR systems are an excellent substrate for the development of novel diagnostic tools for USN.
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