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A B S T R A C T   

Augmented reality (AR) has been found to be advantageous in enhancing visualization of complex neuroanatomy 
intraoperatively and in neurosurgical education. Another key tool that allows neurosurgeons to have enhanced 
visualization, namely of white matter tracts, is diffusion tensor imaging (DTI) that is processed with high- 
definition fiber tractography (HDFT). There remains an enduring challenge in the structural–functional corre
lation of white matter tracts that centers on the difficulty in clearly assigning function to any given fiber tract 
when evaluating them through separated as opposed to integrated modalities. Combining the technologies of AR 
with fiber tractography shows promise in helping to fill in this gap between structural–functional correlation of 
white matter tracts. This novel study demonstrates through a series of three cases of awake craniotomies for 
glioma resections a technique that allows the first and most direct evidence of fiber tract stimulation and 
assignment of function or deficit in vivo through the intraoperative, real-time fusion of electrical cortical 
stimulation, AR, and HDFT. This novel technique has qualitatively shown to be helpful in guiding intraoperative 
decision making on extent of resection of gliomas. Future studies could focus on larger, prospective cohorts of 
glioma patients who undergo this methodology and further correlate the post-operative imaging results to pa
tient functional outcomes.   

1. Introduction 

Augmented reality (AR) has gained significant traction in the 
neurosurgical community as a novel adjunct not only for surgical and 
medical training but also for clinical use pre-operatively and intra
operatively. Although there remains a need for prospective randomized 
trials and there are still several technical challenges to be addressed with 
its deployment, AR has been found to be advantageous in enhancing 
visualization of complex neuroanatomy intraoperatively.1–8 Another 
important tool that allows neurosurgeons to have an in vivo visualiza
tion of white matter tracts is diffusion tensor imaging (DTI)-based 
tractography, particularly when processed as high-definition fiber 
tractography (HDFT). HDFT is one of several advanced tractography 
processing approaches that permits visualization of crossing white 
matter trajectories at high resolutions.9,10 HDFT has evolved into an 
important neurosurgical tool with key applications especially in glioma 

surgery that are propelled by its ability to enhance the surgeon’s visu
alization of the white matter effects of tumor pathologies.11 In presur
gical planning applications, HDFT has shown promise in enabling 
accurate depictions of perilesional tracts in a 3-dimensional manner 
around gliomas to help plan for maximal extent of resections and even in 
identifying fiber tract infiltration in unprecedented detail to aid with 
surgical planning.12–14 Nevertheless, there remains an enduring chal
lenge in the structural–functional correlation of these white matter 
tracts that hinges on the difficulty in clearly assigning function to any 
given fiber tract when evaluating them through separated as opposed to 
integrated modalities. Combining the technologies of AR with fiber 
tractography shows promise in helping to fill in this gap between 
structural–functional correlation of white matter tracts.15–17 Recent 
studies have explored whether fiber tract data can be reliably integrated 
through AR into standard neuro-navigation systems allowing for intra
operative visualization of major white matter tracts.15,18,19 In this study, 

Abbreviations: AR, Augmented reality; HDFT, high-definition fiber tractography; DTI, diffusion tensor imaging; ROI, regions of interest; SyncAR, 360 VR/AR 
surgical guidance platform; SMA, supplementary motor area; MRI, magnetic resonance imaging. 

* Corresponding author. Department of Neurological Surgery, Stanford University, 213 Quarry Rd, Rm 2851MC 5957, Palo Alto, CA, 94304, USA. 
E-mail address: drjfm@stanford.edu (J.C. Fernandez Miranda).  

Contents lists available at ScienceDirect 

World Neurosurgery: X 

journal homepage: www.journals.elsevier.com/world-neurosurgery-x 

https://doi.org/10.1016/j.wnsx.2023.100226 
Received 11 November 2022; Accepted 12 June 2023   

mailto:drjfm@stanford.edu
www.sciencedirect.com/science/journal/25901397
https://www.journals.elsevier.com/world-neurosurgery-x
https://doi.org/10.1016/j.wnsx.2023.100226
https://doi.org/10.1016/j.wnsx.2023.100226
https://doi.org/10.1016/j.wnsx.2023.100226
http://crossmark.crossref.org/dialog/?doi=10.1016/j.wnsx.2023.100226&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


World Neurosurgery: X 20 (2023) 100226

2

we take these prior research efforts to the next level by demonstrating 
through a series of three cases of awake craniotomies for glioma re
sections a technique that allows the first and most direct evidence of 
fiber tract stimulation and assignment of function or deficit in vivo 
through the intraoperative, real-time fusion of electrical cortical stim
ulation, AR, and HDFT. 

2. Methods 

To generate the HDFT files for each patient model that would be used 
during surgical navigation, an AI algorithm was applied to a set of 
diagnostic magnetic resonance imaging (MRI) scans (DTI and a struc
tural T1 pre-contrast). Alignment of the MRI scans is done automatically 
in the algorithm, and the bundles themselves are generated by a com
bination of seeding regions of interest (ROI) and manual refinement. 
Manual selection of the ROI and refining of the bundle is especially 
important for large tumors because the tracts are often significantly 
displaced, and the AI algorithm isn’t as successful in locating the bundle. 

Once the HDFT files have been generated, they are loaded into 
Surgical Theater’s 360 V R/AR surgical guidance platform (SyncAR). 
The SyncAR is connected intraoperatively to the navigation system and 
surgical microscope to register the patient specific 360 V R model, 
including the HDFT files, to the stereoscopic imaging. Using augmented 
reality, the SyncAR shares the 3D images of the fiber tracts with the 
microscope and overlays this image on top of the field of view in the 
microscope. Alignment can be fine-tuned based on the parenchyma 
(sulci and gyri) and vascular landmarks (major cortical veins and 
arteries). 

With the ability to choose which fiber bundles to see, and to turn this 
projection on and off, the surgeon can stereoscopically overlay these 
fiber tract images with their view of the cortex and white matter during 
awake surgery stimulation, providing a way to directly correlate func
tional information (electrical mapping results) with visualized fiber 
tracts via AR. In the following sections, this paper discusses the results of 
this surgical technique in conjunction with electrical cortical mapping 
across three different cases of awake craniotomies for tumor removal. 

3. Results 

The following three operative cases illustrate the utility of the novel 
approach of combining traditional intraoperative cortical and subcor
tical stimulation with augmented reality and HDFT to facilitate direct 
visualization of the fiber tracts that are being stimulated at both the 
cortical termination and at deeper levels within white matter. 

Case 1. Left SMA low grade glioma: AR correlation of frontal aslant 
tract with speech arrest. 

This patient was a 57-year-old who presented with sudden onset of 
seizures and imaging findings compatible with a low-grade glioma of the 
left supplementary motor area (SMA) (Fig. 1). Through a large frontal 
convexity craniotomy adjacent to the sagittal sinus, the cortex was 
exposed, and the origin of the tumor was identified at the left SMA’s 
superior frontal gyrus anterior to a venous complex at the precentral 
sulcus. Direct electrical mapping of the cortex identified an area of 
speech arrest at the posterior-most aspect of our exposure in the SMA 
without a motor response. Starting at the posterior edge, the resection 
continued deeper into the white matter (Video 1). Subcortical stimula
tion in the deeper white matter yielded speech arrest again. Using AR 
overlay of the preoperative fiber tractography model onto the surgical 
field, we were able to directly visualize that the frontal aslant tract was 
being stimulated at the posterior limit of tumor resection. Then 
following an anatomical resection pathway using the superior frontal 
sulcus, a supra total resection of this tumor was achieved extending into 
the middle frontal gyrus with confirmation with mapping that there was 
no speech function in this area. The deep white matter portions of the 
resection were done under direct visualization of the stimulated aslant 

tract under AR tractography overlay. The deep margin of the tumor was 
the cingulate sulcus preserving both the cingulate tract and deep white 
matter in the centrum semiovale. 

The postoperative course was characterized by improvement of the 
seizures and gross total resection at MRI. The pathology examination 
showed diffuse astrocytoma, IDH1 R132H mutant, WHO grade 2. 

Case 2. Left temporal high-grade glioma: AR correlation of frontal AF 
branches with speech arrest 

This is a 67-year-old male patient who presented with a first-time 
seizure episode, altered mental status, and expressive aphasia. Imag
ing findings were compatible with a high-grade glioma of the left tem
poral lobe centered in the fusiform gyrus (Fig. 2) who underwent a left 
awake frontotemporal craniotomy with cortical and subcortical elec
trical mapping in combination with AR for direct visualization of the 
white matter tracts. After the craniotomy, once the sylvian fissure and 
superior, middle, and inferior temporal gyri were identified, image 
guidance was employed with AR to identify the location of the fiber 
tracts and the tumor deep in the temporal lobe (Video 2). Electrical 
mapping in the cortex was deployed and a speech arrest region was 
identified in the ventral premotor cortex at the termination fibers of the 
arcuate fasciculus as visualized directly with AR integration of fiber 
tractography. No other areas of positive mapping were identified. 

The postoperative course was uneventful with the improvement of 
preoperative symptoms and imaging showed complete tumor resection. 
Pathology reported gliosarcoma, IDH-WILDTYPE, WHO grade 4 and the 
patient underwent chemotherapy. After 1.5 years from the surgery, the 
patient underwent a second operation due to tumor regrowth. Post
operatively he had no complications and underwent radio and 
chemotherapy. 

Case 3. Left supramarginal low-grade glioma: AR correlation of tem
poral AF branches with semantic paraphasias and temporo-parietal 
aslant tract with dissociation experience. 

A 22-year-old male patient with a left supramarginal gyrus low-grade 
glioma presented with generalized seizures and mild speech impair
ment. The patient underwent a left parietal awake craniotomy with 
electrical cortical and subcortical mapping in combination with AR 
overlay of fiber tractography to facilitate recognition of the fiber tracts 
(Fig. 3). Positive cortical sites for facial numbness and twitching were 
identified at the postcentral gyrus. Semantic paraphasias were elicited at 
the superior temporal gyrus posteriorly and at anterior aspect of the 
angular gyrus but not at the supramarginal gyrus. These cortical positive 
sites corresponded to cortical branches of the arcuate fasciculus (Video 
3). Interestingly, semantic paraphasias were elicited again by subcor
tical stimulation deep at the level of the temporo-parietal junction where 
the arcuate fasciculus is located and then just posteriorly at the level of 
the temporoparietal aslant tract, also known as vertical segment of the 
arcuate fasciculus; the patient also described an out-of-body experience 
or psychedelic dissociation experience when these areas were 
stimulated.20,21 

Postoperatively the patient presented transient speech and writing 
disturbance and short memory loss which recovered 3 months after 
surgery. Neuroimaging showed complete removal of the tumor. Pa
thology reported oligodendroglioma, IDH1 R132H-mutant and 1p/19q 
codeleted, WHO grade 2. 

4. Discussion 

Here we showcase a novel technique that allows for direct identifi
cation of fiber tract stimulation intraoperatively with the use of AR 
overlay of HDFT onto the operative field during awake craniotomy. 
Using this technique, we highlight the first evidence of fiber tract 
assignment of function or deficit in vivo through the intraoperative, real- 
time fusion of electrical cortical stimulation, AR, and HDFT. Prior to this 
combined stimulation and visualization methodology, the correlation of 
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Fig. 1. A. Pre-operative sagittal FLAIR MRI showing a low-grade glioma of the left supplementary motor area 
B.Post-operative sagittal FLAIR MRI 
C. Sagittal T1 MRI showing the frontal aslant tract, superior longitudinal fasciculus, arcuate fasciculus 
D.Axial T1 MRI showing the cortical projections of the frontal aslant tract 
E.Pre-operative axial FLAIR MRI showing a low-grade glioma in the left supplementary motor area 
F.Post-operative axial FLAIR MRI. 
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structure and function of fiber tracts has typically been done post-hoc 
based on postoperative tractography or intraoperatively based on 
image guidance that is detached from the direct AR navigation. It is 
important to note also that the deployment of this combined approach 
requires that the neurosurgeon and team have access to the intra
operative AR with a dedicated technical team. 

There have been a few notable studies that have indirectly examined 
the structural and functional correlates of white matter tracts in the 
traumatic brain injury population by correlating analysis linking neu
ropsychological testing to HDFT.22,23 The results from these studies 
show that the spatial properties of tractography may be altered in TBI, 
thus indirectly studying the structure and function relationship of fiber 
tracts. HDFT has also been used to better understand language pathways 
by correlating structural white matter changes with word production in 
stroke-related aphasia by applying an innovative approach known as 
connectometry.24 Nevertheless, while these examples show the utility of 
correlating structural with behavioral measures, they do not directly 
address the enduring challenge of understanding the correlation of 
structure and function of white matter tracts and its clinical 
implications. 

Other efforts to deal with the issue of correlating structure and 
function of white matter tracts and harnessing this information to direct 
clinical decision-making have involved referring to pre-operative 

tractography images intraoperatively and then comparing pre and post- 
operative functional testing for language deficits during glioma sur
gery.25,26 While studies such as these allow for some correlation of 
structure and function, their approach is indirect and does not provide 
intraoperative information. Nevertheless, AR combined with HDFT and 
sodium fluorescein has been shown to assist in safe and effective 
maximal extent of resection and optimized patient outcomes.17 

In this study, we have built upon these prior approaches of 
combining multimodal visualization methodologies such as AR and 
HDFT intraoperatively by directly adding cortical and subcortical 
stimulation to enhance our knowledge of structural–functional correla
tion of white matter tracts as a novel contribution to the field. This novel 
technique has shown to be helpful in guiding intraoperative decision 
making on extent of resection of gliomas. Future studies could focus on 
larger, prospective cohorts of glioma patients who undergo this meth
odology and further correlate the post-operative imaging results to pa
tient functional outcomes and should also focus on the issue of brain 
shift during surgery and it’s impact on AR overlays. 
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Fig. 2. A.Pre-operative axial T1 post-contrast MRI showing a high-grade glioma of the left temporal lobe centered in the fusiform gyrus. 
B.Pre-operative coronal T1 post contrast MRI showing a high-grade glioma of the left temporal lobe 
C.Post-operative axial T1 post contrast MRI 
D. Post-operative coronal T1 post contrast MRI. 
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