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ABSTRACT 
Neurosurgery is performed with extremely low margins of error. Surgical inaccuracy may 
have disastrous consequences. The overall aim of this thesis was to improve accuracy in 
cranial neurosurgical procedures by the application of new technical aids. Two technical 
methods were evaluated: augmented reality (AR) for surgical navigation (Papers I-II) and the 
optical technique of diffuse reflectance spectroscopy (DRS) for real-time tissue identification 
(Papers III-V).  
 
Minimally invasive skull-base endoscopy has several potential benefits compared to 
traditional craniotomy, but approaching the skull base through this route implies that at-risk 
organs and surgical targets are covered by bone and out of the surgeon’s direct line of sight. 
In Paper I, a new application for AR-navigated endoscopic skull-base surgery, based on an 
augmented-reality surgical navigation (ARSN) system, was developed. The accuracy of the 
system, defined by mean target registration error (TRE), was evaluated and found to be 
0.55±0.24  mm, the lowest value reported error in the literature.  
 As a first step toward the development of a cranial application for AR 
navigation, in Paper II this ARSN system was used to enable insertions of biopsy needles 
and external ventricular drainages (EVDs). The technical accuracy (i.e., deviation from the 
target or intended path) and efficacy (i.e., insertion time) were assessed on a 3D-printed 
realistic, anthropomorphic skull and brain phantom; Thirty cranial biopsies and 10 EVD 
insertions were performed. Accuracy for biopsy was 0.8±0.43 mm with a median insertion 
time of 149 (87-233) seconds, and for EVD accuracy was 2.9±0.8 mm at the tip with a median 
angular deviation of 0.7±0.5° and a median insertion time of 188 (135-400) seconds. 
 Glial tumors grow diffusely in the brain, and patient survival is correlated with 
the extent of tumor removal. Tumor borders are often invisible. Resection beyond borders as 
defined by conventional methods may further improve a patient’s prognosis. In Paper III, 
DRS was evaluated for discrimination between glioma and normal brain tissue ex vivo. DRS 
spectra and histology were acquired from 22 tumor samples and 9 brain tissue samples 
retrieved from 30 patients. Sensitivity and specificity for the detection of low-grade gliomas 
were 82.0% and 82.7%, respectively, with an AUC of 0.91. 
 Acute ischemic stroke caused by large vessel occlusion is treated with 
endovascular thrombectomy, but treatment failure can occur when clot composition and 
thrombectomy technique are mismatched. Intra-procedural knowledge of clot composition 
could guide the choice of treatment modality. In Paper IV, DRS, in vivo, was evaluated for 
intravascular clot characterization. Three types of clot analogs, red blood cell (RBC)-rich, 
fibrin-rich and mixed clots, were injected into the external carotids of a domestic pig. An 
intravascular DRS probe was used for in-situ measurements of clots, blood, and vessel walls, 
and the spectral data were analyzed. DRS could differentiate clot types, vessel walls, and 
blood in vivo (p<0,001). The sensitivity and specificity for detection were 73.8% and 98.8% 
for RBC clots, 100% and 100% for mixed clots, and 80.6% and 97.8% for fibrin clots, 
respectively. 
 Paper V evaluated DRS for characterization of human clot composition ex 
vivo: 45 clot units were retrieved from 29 stroke patients and examined with DRS and 
histopathological evaluation. DRS parameters correlated with clot RBC fraction (R=81, 
p<0.001) and could be used for the classification of clot type with sensitivity and specificity 
rates for the detection of RBC-rich clots of 0.722 and 0.846, respectively. Applied in an 
intravascular probe, DRS may provide intra-procedural information on clot composition to 
improve endovascular thrombectomy efficiency.  
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1 INTRODUCTION 
 
In neurosurgical practice, pathologies inside the cranial vault can be targeted through a 
multitude of surgical approaches. Traditional techniques, such as stereotactic biopsies or 
large openings of the calvarium, are used alongside modern minimally invasive procedures 
like endoscopic surgery or endovascular interventions. Regardless of which method is used, 
surgery in the proximity of the brain—with its complex functional anatomy, delicate cranial 
nerves, and blood vessels—conveys the innate risk of causing catastrophic complications. 
Accordingly, the strive to increase surgical accuracy to avoid complications by the 
application of technical innovations has been fundamental to the development of modern 
neurosurgery.  
 
The overall aim of this thesis was to improve accuracy in various cranial neurosurgical 
approaches by the application of two technical aids: augmented reality (AR) for intra-
operative navigation and diffuse reflectance spectroscopy (DRS) for tissue 
identification.  
 
In Papers I and II, AR navigation was investigated for use in skull-base endoscopy and 
insertion of biopsy needles and external ventricular drains (EVDs), respectively. In the 
second part of the thesis, DRS was evaluated for differentiating glial tumors from normal 
brain tissue (Paper III) and identifying the composition of blood clots causing an ischemic 
stroke (Papers IV-V). Figure 1 gives a comprehensive overview of the two techniques, the 
surgical approaches to which they are applied, and in which constituent paper they are 
studied. In the following literature review, a brief historical background is given for the 
techniques investigated in the thesis. Then, the techniques are described in more detail and 
put in context with currently used methods, possible alternative approaches, and the clinical 
situations to which they are applied.  
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Figure 1 Thesis overview. AR navigation (Papers I-II) and DRS (Papers III-V) are applied to neurosurgical 
approaches for the treatment of intra-cranial pathologies, with the common aim of increasing accuracy and 

reducing the risk of side effects. 
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2 LITERATURE REVIEW 
 

2.1 HISTORICAL BACKGROUND 

2.1.1 The development of neuronavigation 
 
Efforts to increase accuracy and minimize complications in cranial procedures have been part 
of the discipline since the birth of modern neurosurgery. As the knowledge of the anatomy 
of surgical targets in the brain increased, the need for reaching deep into the brain without 
causing damage was identified. This resulted in the development of frame-based stereotactic 
systems, to which surgical instruments could be attached and guided toward the surgical 
targets.   

The first traces of cranial navigation devices date as far back as 1873, when 
Dittmar used a guiding device for probe placement into the brainstem of animals1. The first 
true stereotactic system was presented by Zernov in 1889 and used superficial landmarks of 
the skull to predict brain surface topography2. In the 20th century, further refinement of the 
technique included the introduction of Cartesian coordinates by Horsley and Clarke in 19083, 
the addition of imaging (ventriculography) by Spiegel and Wycis in 19474, and the 
development of a more user-friendly, target-centered, arc-radius system with polar 
coordinates by Karolinska Institute Professor Lars Leksell5. With the introduction of CT 
imaging in the 1970s and MRI in the 1980s, the accuracy of neurosurgical procedures was 
further improved, as the brain could be visualized in greater detail. By performing the image 
acquisition with the frame mounted on the head, the coordinates of the surgical target could 
be related to the coordinates of the frame, and the trajectory of the path could be visualized 
on the images6 7.  

Although highly accurate, the frame disqualifies stereotaxy for use in many 
procedures since it obstructs the surgical field and limits the freehand movement of the 
surgeon. The first frameless system for surgical navigation was created by Watanabe in 
19878. The system used an arm with six joints, each equipped with a potentiometer that 
registered the joint angle, and computer calculations for localization of the arm position in 
relation to the target. Patient positioning was registered before starting surgery, allowing real-
time display of the instrument position on pre-operative CT and/or MRI images on a monitor. 
However, the surgical instrument had to be attached to the arm, which limited the surgeon’s 
movements. The first armless system was presented in 1986 by Roberts and colleagues. 
Without an obstructing frame or arm, the system allowed the performance of any cranial 
approach9. The same basic principles and components of this system are used in 
neuronavigation systems today.   

The origins of augmented reality (AR) can be traced to Austria in 193810. AR 
can be described as a technique for the interaction of images generated by a device with real-
world objects10. The use of AR in neurosurgery debuted in the 1980s with works by Kelly 
and colleagues11 and previously mentioned Roberts9. The first commercialized AR 
navigation system, the heads-up display (HUD) microscopes, reached the market in the 
1990s12. The field of AR in neurosurgery has since evolved rapidly, and studies show 
promising results in a wide array of neurosurgical procedures13-16.  

2.1.2 Optical tissue identification in neurosurgery 
 
The use of optical tissue-recognition technologies to increase accuracy in neurosurgery was 
introduced in the early 20th century. Moore showed that fluorescein sodium could be used for 
intraoperative identification of gliomas17, which was later repeated by Murray18. Only in the 
late 20th century, after a revolutionary publication by Stummer on 5-ALA-induced 
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fluorescence for identification of glial tumors19, did fluorescence become a powerful and 
widespread tool in neurosurgery. To further increase accuracy and facilitate quantification of 
fluorescence intensity, research in recent years has focused on contact probes for 
spectroscopy20. Since not all tumors accumulate fluorescent agents, research has also been 
directed toward methods that identify the intrinsic optical properties of tumor tissue20. Such 
methods may also have the potential to act as tissue sensors in areas other than neuro-
oncology, including intra-operative guidance of minimally invasive spine surgery21 and 
functional neurosurgery22. Confocal microscopy, optical coherence tomography (OCT), 
diffuse reflectance spectroscopy (DRS), and Raman spectroscopy are all examples of optical 
techniques evaluated for tissue recognition with promising results in different fields of 
neurosurgery—but without significant impact on clinical practice20. 

2.2 AUGMENTED-REALITY (AR) NAVIGATION IN CRANIAL NEUROSURGERY 
(PAPERS I-II) 

 
Image-guided surgery (IGS), computer-aided navigation (CAN), computer-assisted surgery 
(CAS), surgical navigation (SN), and neuronavigation are commonly used terms when 
referring to technologies employed by neurosurgeons to guide instruments in the operation 
field23, 24. For clarity, this thesis uses the term neuronavigation. In this chapter, a brief 
overview of the concept of neuronavigation and the application of AR in neuronavigation is 
presented. 

2.2.1 Basic concepts of conventional neuronavigation 
 
Modern neuronavigation systems were developed from frame-based stereotaxy but have 
evolved to rely on frameless stereotactic approaches. The components, of arm-based and 
frameless navigation systems are a computer station for pre-operative surgical planning, a 
pointer instrument to indicate positions in the surgical field, a digitizer that tracks the position 
of the pointer tool, and a monitor. Preoperative CT and/or MR images are acquired and used 
for surgical planning. The images are co-registered with the position of the patient’s head, 
allowing tracking of the pointer tool or any trackable surgical instrument. The position of the 
instruments, in relation to the pre-operative images, are displayed via a computer monitor25. 

Co-registration of the patient’s position with the preoperative images can be 
achieved with different techniques. Most commercially available neuronavigation systems 
use a contour-based registration protocol (surface matching), where a pointer tool or laser 
can define the position of the patient’s skin surface to co-register the acquired points with the 
preoperative CT and/or MR images26. However, registration based on surface structures 
involves an accuracy decline with the distance from the acquired registration points; for deep-
seated surgical targets, this may result in unacceptably high inaccuracy. In contrast, 
registration based on intra-operative CT acquisition can generate homogenous accuracy over 
the entire surgical field27, 28. 

The first navigation systems relied on sonic tracking, in which an ultrasonic 
pulse emitted from the pointer was registered by microphones and used to calculate the 
pointer’s position25. Modern systems use either magnetic or optical tracking. Magnetic-based 
systems track the pointer instrument by detecting changes in a generated magnetic field, 
which has the benefit of not requiring a free line of sight but is prone to distortions and lower 
accuracy25. The majority of today’s navigation systems rely on optical tracking, in which 
optical markers 
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Figure 2. The common components of conventional neuronavigation are a computer station for preoperative 

planning (not visualized), a pointer tool (a), a digitizer for tracking this tool (b), and a medical monitor (c). In this 
figure, the navigation uses optical tracking relying on infrared cameras (d), a dynamic reference frame attached to 

the patient (e), and optical markers on the pointer tool. 

 
attached to the pointer tool and the patient are detected by video cameras for 

triangulation of the pointer’s position in relation to the patient (see Figure 2)25. 
Even though neuronavigation has become standard care and increased accuracy and 

efficiency in a wide array of neurosurgical procedures, the current systems have several 
limitations in workflow, user-friendliness, and ergonomics. It has been suggested that the 
implementation of AR in navigation is a possible solution to these issues14-16, 29. 
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2.2.2 Augmented-reality (AR) navigation 
 
During the last few decades, AR has been investigated for neurosurgical navigation, and it 
has been successfully applied in a wide array of neurosurgical procedures13-16 30-33. AR can 
be defined as an overlay of computer-generated visual information on the real-world 
environment. The principal difference from traditional neuronavigational systems is that in 
AR navigation, virtual 3D models of patient-specific anatomical structures or animated 
surgical guides are superimposed on the surgical field, either directly on the patient34 or on a 
video stream of the surgical field35-38. This allows real-time visualization of surgical targets, 
at-risk organs, or planned trajectories. The major benefit of AR is that the navigational data 
and the view of the surgical field are merged, so the surgeon does not have to look in different 
directions to make an own mental synthesis of both sources of information.  

The registration process in AR navigation is similar to conventional navigation, 
intending to reach a correct spatial position of the virtual objects with respect to the real-
world environment13. Tracking of the AR device can be achieved in two principally different 
ways: either by a stationary external tracking system placed in the surrounding environment, 
referred to as “outside-in” tracking, or by a video camera or sensor placed on the AR device 
to determine its position in relation to the surrounding environment, also known as “inside-
out” tracking. Inside-out tracking can be achieved by the use of fiducial markers or a marker-
less process13. 

A wide variety of AR displays can support the visualization of virtual objects in the real 
world. Depending on where they are located, AR devices can be classified as “world,” 
“body,” or “head” devices. World devices are stationary, including projectors34 or video 
monitor-based AR systems. Video monitor-based stationary systems generally yield higher 
accuracy35-38, but the surgeon has to look at a monitor rather than directly at the surgical area 
(see Figure 3a). Body devices refer to smartphones39 or tablets40 that utilize both a video 
camera to capture live video and a gyroscope or similar sensor to determine the device’s 
movements. Finally, head-mounted displays (HMDs) are the most commonly used AR 
devices and consist of eye-near wearable displays. AR provided via surgical microscopes 
may also be considered a type of head device. HMDs are either optical see-through, where 
virtual objects are projected over lenses through which the real world can be seen, or video-
see-through, where a live video stream from a camera mounted on the HMD is presented to 
the surgeon in the HMD display merged with the virtual objects (see Figure 3b). 

The field of AR in neurosurgery is evolving rapidly, with an increasing number of new 
applications for diverse neurosurgical approaches. The potential benefits of AR navigation 
compared to traditional surgical navigation systems have mostly been described in terms of 
improved workflow and user-friendliness41-43. Robust data on patient outcomes and cost 
efficiency are still lacking, but qualitative data on the benefits of AR are promising13-16. 
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Figure 3a. An illustration of a video monitor-based AR navigation system. A virtual 3D model of the patient’s 

ventricular system (a) has been segmented from preoperative images and are overlaid on the video stream (b) of the 
real-world view. The resulting augmented reality view is displayed on a medical monitor (c). Compared to 
conventional neuronavigation, no pointer tool is needed, but tracking of surgical instruments is possible.  
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Figure 3b. A schematic drawing of a head-mounted display (HMD)-based AR navigation system. In this example, 
optical tracking is performed by cameras attached to the HMD (a) and a dynamic reference frame attached to the 

patient (b). An illustration of the augmented view as displayed to the surgeon in the HMD is presented in the upper 
part of the figure (c). 
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2.2.3 AR navigation in endoscopic skull-base surgery (Paper I) 
 
The endoscopic endonasal approach to the skull base has several potential advantages 
compared to open surgery, including reduced postoperative pain, lowered complication rates, 
and shortened hospitalization44, 45. However, the endonasal route implies that surgical targets 
and at-risk organs, such as the cranial nerves or carotid arteries, are covered by bone and not 
in the surgeon’s direct line of sight. Normal anatomy may be deformed or unrecognizable 
due to tumor growth or individual anatomical variations, and surgery may be challenging 
even for neurosurgeons with extensive surgical experience and anatomical knowledge.  

To increase safety, neuronavigation has been implemented in endoscopic skull-
base surgery and is today considered standard care45-48, with positive impacts on complication 
rates and patient outcomes49-54. However, workflow and accuracy issues persist. While a 
surgeon employs the current systems’ pointer tools for navigation, surgery must be paused, 
which leads to increased OR time for endoscopic endonasal procedures49, 54-58. Moreover, 
many of the current neuronavigational systems rely on preoperative imaging and contour-
based registration protocols, which often result in insufficient accuracy29. It has been 
proposed that AR navigation with intra-operative CT registration may be the solution to these 
issues29.  

AR navigation enables the augmentation of a live video stream from an endoscope 
with images from preoperative or intraoperative radiological exams. Computer-generated 
images of surgical targets, at-risk organs, or pre-planned paths can be integrated into the real-
world view of the endoscope, and no pointer tool is needed for navigation. Moreover, in the 
augmented video, structures hidden behind the boney skull base can be visualized59, 60. A 
recent systematic review of AR in skull-base endoscopy reported improved surgeon 
experience and landmark identification but potentially increased OR-times. AR navigation 
was associated with low or reduced postoperative complications61. However promising, AR 
in endoscopy still has several limitations to overcome, including creating user-friendly 
interfaces to prevent surgeon fatigue and, most importantly, achieving high enough accuracy 
to guide surgical decisions reliably29, 61. 

2.2.4 AR navigation for biopsy and EVD (Paper II) 
 
An intracranial biopsy is performed to obtain tissue diagnosis from tumors or other 
pathologies when surgical resection is not feasible62-64. Frame-based stereotaxy is still 
considered the gold standard but has a complicated workflow and causes discomfort for 
awake patients. Modern frameless, neuronavigation systems have shown diagnostic yields 
and accuracies equal to traditional stereotaxy but with shorter surgery times26, 65-69. It has 
been suggested that the application of AR navigation for biopsies could further improve 
workflow, efficiency, and patient comfort70-72. 
 Navigational systems used for biopsies can also guide the insertion of external 
ventricular drains (EVDs), one of the most common neurosurgical procedures, in which a 
silicone tube is inserted in the brain ventricles to drain cerebrospinal fluid73, 74. Even though 
associated with an increased risk of malposition or other complications, EVDs are usually 
placed with freehand technique75, 76. Neuronavigation can be used for increased accuracy but 
is generally time-consuming, and neurosurgeons have been reluctant to use technical aids for 
EVD placement if the procedure is prolonged by more than 10 minutes77. In this context, AR 
has been highlighted as a potential solution both for fast and intuitive intra-operative 
navigation78 as well as surgical training79. Promising AR navigational setups for EVD 
placement have been presented78, 80, but clinical data on the benefits of AR navigation in this 
context are lacking. 
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2.3 OPTICAL TISSUE IDENTIFICATION IN CRANIAL NEUROSURGERY 
(PAPERS III-IV) 

Determining the position of a surgical instrument is not always sufficient. In some 
neurosurgical procedures, qualitative information on the composition of the tissues in the 
operating field is needed to guide precise surgical decisions. For this purpose, methods for 
real-time tissue identification, often referred to as “tissue sensing,” have been developed. 
Two main approaches have been investigated—electrical81 and optical20 tissue sensing; the 
latter is the dominant and will be further discussed in this brief overview. 

2.3.1 Basic concepts of light interactions with tissue 

When light is transmitted into biological tissue, some part of the light is reflected directly at 
the surface, and some part propagates into the tissue where two main light interaction 
phenomena occur: absorption and scattering82. Molecules with strong absorption features 
that define tissue color are called chromophores. Common chromophores in biological 
tissues are water, lipids, and proteins, including hemoglobin and its derivates83. Fluorophores 
are molecules capable of emitting light when excited. This is referred to as fluorescence, 
which occurs when light hits these molecules, their electrons are temporarily excited to a 
higher energy level, and the electrons return to their original state. This releases energy as 
light with a longer wavelength than the light originally exciting the electron (see Figure 4)84. 
Each tissue constituent contributes with unique absorption and scattering properties, together 
creating a tissue’s spectral signature (i.e., “optical fingerprint”). Through analysis of the light-
tissue interactions, information on a tissue’s characteristics and composition can be extracted 
and used for tissue diagnostics83. 

 

 
Figure 4. Schematic illustration of light tissue interactions. The DRS technique investigated in Papers III-V 

outlines diffusely back-scattered light for tissue characterization.  
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2.3.2 Optical tissue identification in glioma surgery (Paper III) 
 
Gliomas are diffusely growing brain tumors that are classified based on molecular 
information, histological type and malignancy grade according to the World Health 
Organization classification (WHO I-IV). WHO grades I-II are considered low-grade gliomas 
(LGG), and III-IV are high-grade gliomas (HGG)85. Their invasive growth makes complete 
surgical removal challenging or impossible, and yet complete or near-complete gross total 
resection (GTR) is a key predictor of prolonged survival86-88. Neuronavigation, intraoperative 
radiology, and fluorescence-guided resection under wide-field, surgical microscopes have 
led to significantly improved GTR rates and patient outcomes89, 90. However, it is likely that 
resections beyond the tumor border as defined by these conventional methods could further 
improve prognosis91. New optical techniques for discrimination between tumor and healthy 
tissue within the resection cavity are explored to provide neurosurgeons with additional 
information to achieve GTR safely. For tissue discrimination, optical methods can either 
measure the tissues’ ability to emit fluorescence, usually through the administration of an 
exogenic fluorescent substance, or exploit the intrinsic optical properties of the tissue itself. 
Both approaches can be applied to either wide-field devices, such as microscopes or cameras, 
or contact probes that are held directly against the tissue surface20.  

2.3.2.1 Fluorescence-guided surgery 
 
Fluorescence-guided surgery using the exogen fluorescent agent and heme-precursor 5-
aminolevulinic acid-induced protoporphyrin IX (5-ALA-PpIX) has been the dominant 
technique for glioma discrimination in recent decades. After oral administration of 5-ALA-
PpIX, the PpIX accumulates in glial tumor cells. When excited with violet light, it emits a 
red-pink fluorescence (peaks at 635 and 710 nm) that can guide the surgeon during tumor 
resection. The technique is incorporated in a normal surgical microscope with blue light for 
direct visual feedback to the surgeon, with minimal interference to surgical workflow. With 
fluorescence guided surgery, the gross total removal and progression-free survival have been 
significantly improved without statistically significant differences in long-term morbidity92, 

93. Microscope-based studies in glioma surgery report specificities of 41-100%, sensitivities 
of 21%–95%, and overall accuracy rates of 38%–90%20, 94, 95.  

There are limitations to this technique. Fluorescence intensity decreases with 
increasing distance from the light source and detector, and tumors with weak fluorescence 
may be hard to visualize using wide-field imaging such as a surgical microscope. In its 
current application, the method also depends on the surgeon’s subjective perception of the 
fluorescence signal96. To optimize light delivery, collection efficiency, and sensitivity to the 
detection of lower levels of fluorescence, contact probe technologies for quantitative analysis 
of fluorescence have been developed20. Spectroscopy systems quantitively measure 
fluorescence intensity (i.e., the emitted photons at a specific wavelength) and are usually 
composed of a fiber-optic probe connected to a spectrometer. Spectroscopy has been 
demonstrated to detect 5-ALA- induced PpIX fluorescence in glioblastoma and LGG at lower 
levels than possible with a conventional surgical microscope20, 97, 98. Also, fluorescence 
spectroscopy in combination with laser Doppler flowmetry (LDF) has successfully been 
applied in stereotactic tumor biopsies99. Another technique evaluated for quantitative 
fluorescence measurements is confocal microscopy, in which a contact probe is used for 
intraoperative acquisition of microscopic images of the tumor microstructure. The method 
has been able to detect PpIX fluorescence in low-grade tumors at low intensities100 and 
systems based on another fluorescent agent, sodium fluorescein, show promising results101, 

102.  
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Besides spectroscopic quantification of intensity, fluorescence can also be 
studied through measurements of its temporal decay dynamics, known as fluorescence life 
time imaging (FLIM). The fluorescence lifetime is defined as the average time delay between 
excitation and emission of fluorescence, and can be used both in wide-field microscopy and 
contact probes o discriminate between auto-florescence of normal tissue and PpIX 
fluorescence from tumor tissue. 103 

2.3.2.2 Identification of intrinsic optical tissue properties 
 
Although fluorescence has become a powerful tool in neurosurgery, it cannot be used for all 
tumor or tissue types. In LGG where the blood-brain barrier is often intact, the accumulation 
of fluorescent agents is poorer, and only approximately 10%–20% show visible fluorescence 
when studied with a surgical microscope96, 104-107. This has led to an increasing interest in 
techniques to detect the intrinsic optical properties of tumors and normal tissue without the 
administration of an exogenic fluorescent agent.  

Optical coherence tomography (OCT) detects back-scattered light and 
reconstructs a tomographic image of the tissue, similar to an ultrasound but with light instead 
of sound. Ex vivo studies have shown promising results with sensitivity and specificity in the 
range of 80%–100% for the detection of glial tumors108. In Raman spectroscopy, tissue is 
exposed to light, and some light is scattered to different wavelengths as determined by the 
vibrational energies of molecular bonds; this phenomenon is known as Raman, or inelastic, 
scattering. A “vibrational fingerprint” is acquired that can help identify the examined tissue. 
Usually, a laser light source is used. The technique has mainly been employed in ex vivo 
studies, with sensitivities and specificities >90% for gliomas109-111, as well as in pediatric 
tumor detection112. In diffuse reflectance spectroscopy (DRS), the tissue is illuminated with 
visible and near-infrared light, and the reflected optical spectra are collected and analyzed. 
Through the application of optical-fitting algorithms, in which previously known spectra of 
tissue constituents are fitted to the acquired spectra, the composition of the examined tissue 
can be detected113. This method has been applied to in vivo discrimination between brain and 
tumor tissues in combination with other modalities to reach sensitivities and specificities 
from 76%–100% 114-119.  

Despite these promising results, none of the above-mentioned techniques 
except for 5-ALA-induced fluorescence have reached wide adoption in neurosurgical 
practice. Explanations for this may be that (a) the information provided to the surgeon with 
few exceptions has been hard to interpret or non-intuitive, (b) validation in larger patient 
cohorts is missing, (c) only a small area of the operation field can be examined with one 
measurement at a time, and (d) the workflow is affected negatively when the surgeon needs 
to switch to the probe instead of resecting the tumor20. 
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2.3.3 Clot composition detection in acute ischemic stroke (Papers IV-V) 
 
The gold standard treatment of large-vessel occlusion stroke is endovascular thrombectomy 
(EVT), which is the extraction of an occluding blood clot with stent retrievers and/or 
aspiration catheters. Blood clot composition has been identified as an important prognostic 
factor. Fibrin-rich clots are generally difficult to treat with EVT due to their firm consistency 
and high friction against the vessel wall120-122, whereas red blood cell (RBC)-rich clots have 
been associated with less complicated procedures and better patient outcomes123-126. EVT 
devices, such as stent retrievers and contact aspiration catheters, vary in efficacy depending 
on clot composition127, 128, and specific retrievers for fibrin-rich clots have been developed 
129. Studies also show the importance of succeeding with the treatment at the first attempt, 
which is known as the first-pass effect130. To support the device with the highest chances of 
EVT success at the first attempt, clot composition has to be identified while the clot is still 
in situ (i.e., inside the vessel in the patient’s head).  

To date, the clinically available methods for the identification of clot 
composition in AIS have been limited to indirect radiological signs. Susceptibility vessel 
sign/blooming artifact (BA) on gradient-echo MRI and the hyperdense middle cerebral 
artery sign (HMCAS) on non-contrast CT have been correlated with RBC-rich clots131, 132 
and successful revascularization127, 133, 134 but lack precision131.  

To increase accuracy, intravascular methods for clot composition detection 
have been developed. OCT135 and the related Optical Coherence Elastography (OCE), as 
well as the ultrasonic technique Shear Wave Elastography (SWE)136, have been investigated 
for the determination of clot composition in vitro. So far, these techniques have failed to 
translate into a device for clinical use in an EVT setting or in vivo experiments in a relevant 
stroke model, supposedly due to difficulties to miniaturize and adapt them to fit a probe 
suitable for human neurovasculature137.  

Two candidate techniques for intravascular clot composition detection have 
been integrated into intravascular probes compatible with neuro-interventional use: DRS, 
which is the subject of Papers IV and V of this thesis and will be discussed in detail later, and 
the electrochemical impedance spectroscopy (EIS). EIS employs an impedance sensor to 
characterize a clot’s electrophysiological properties and has been investigated on clot analogs 
in vitro with promising results138. A probe has been developed, and a first clinical trial has 
been initiated139. Both techniques are in an early developmental phase, no clinical data, on 
patient outcomes or the potential benefits of intra-procedural intravascular clot composition 
detection, are available thus far. 
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3 RESEARCH AIMS 
 
The overall aim of this thesis was to develop and evaluate the application of new technical 
aids to improve accuracy in cranial neurosurgical procedures, with the potential of improving 
surgical outcomes for patients undergoing such procedures. Specific aims for each sub-study 
are presented below:   
 

I. Minimally invasive endoscopic skull-base approaches have several potential 
benefits compared to traditional craniotomies, but approaching the skull base 
via this route implies that at-risk organs and surgical targets are covered by 
bone and not in the surgeon’s direct line of sight. The aim of Paper I was to 
evaluate the accuracy of a novel augmented reality (AR) navigation 
application for endoscopic skull-base surgery, to allow for guidance and 
visualization of structures hidden from the surgeon. 
 

II. As a first step to adapt an AR surgical navigation system previously used in 
spine surgery to use in cranial surgery, Paper II aimed to evaluate the AR 
surgical navigation system’s technical accuracy (deviation from target or 
planned path) and efficacy (insertion time) for insertions of biopsy 
needles and EVDs. 
 

III. Gliomas are malignant tumors that grow diffusely in the brain. The prognosis 
is directly correlated to extent of tumor removal, but tumor borders are rarely 
visible to the human eye. Resection beyond the borders as defined by current 
methods may further improve prognosis but would require a new type of 
diagnostic tool for real-time discrimination between tumor and healthy brain 
tissue. This proof-of-concept study aimed to evaluate DRS for 
discrimination between glial tumors and normal brain tissue ex vivo. 
 

IV. Endovascular thrombectomy has revolutionized acute ischemic stroke 
treatment, but treatment failures still occur due to a mismatch between 
removal technique and clot composition. The detection of clot composition 
before thrombectomy would enable the adaption of the thrombectomy 
technique to the blood clot type and potentially improve revascularisation 
rates. Paper IV aimed to evaluate the application of DRS for 
intravascular discrimination between clot analogs of different 
compositions in vivo in a porcine stroke model. 
 

V. To validate the findings of Paper IV in a human clinical setting, Paper V 
aimed to evaluate the use of DRS for the identification of clot composition 
ex vivo on clots retracted from human stroke patients.  
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4 SUMMARY OF MATERIALS AND METHODS 
 
Detailed descriptions of the methods used in this thesis can be found in each paper. Here, a 
summary of key aspects related to the material and methods are presented.  

4.1 AUGMENTED REALITY SURGICAL NAVIGATION (PAPERS I-II) 
 

 
Figure 5a. The augmented-reality surgical navigation system. 5b. The dimensions of one of the flat adhesive 
optical markers used for patient tracking. Figure published with permission, original work by Skyrman and 

colleagues 140.  

4.1.1 The ARSN system 
 
In the first two papers of this thesis, new applications of a previously described33, 35, 36 

augmented-reality surgical navigation (ARSN) system are investigated. The system is based 
on a hybrid operating room (OR) with a ceiling-mounted robotic C-arm connected to a 
motorized, radiolucent surgical table (Allura FlexMove, Philips Healthcare; see Figure 5a).  
The flat panel of the C-arm detector is equipped with an embedded optical-tracking system 
(OTS), consisting of four optical video cameras. For co-registration and tracking of a patient 
(or skull phantom), flat adhesive optical markers are applied to the skull and/or skull clamp 
close to the surgical site (Figure 5b). When a 3D cone beam CT (CBCT; XperCT, Philips, 
Best, the Netherlands) is acquired, the OTS simultaneously identifies the patient positioning 
using the optical markers and the intrinsic properties of the system. The 3D CT image and 
the patient position are automatically co-registered in the same coordinate system. Once co-
registration is completed, the C-arm can be removed from the surgical zone, and tracking is 
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switched to a separate, free-standing OTS that is not interfering with surgery. The system 
employs proprietary software for the segmentation of anatomical structures of interest and 
planning of paths to surgical targets. A video stream of the surgical field—augmented with 
the segmented anatomical structures, tracked instruments, and planned paths—is displayed 
on a dedicated medical monitor. 

4.1.2 Instrument tracking 
 
Paper I presents the development and evaluation of a novel navigation technique for 
endoscopic endonasal skull-base surgery. Tracking of a rigid endoscope with the ARSN 
system was enabled by connecting a 5-cm-diameter aluminum disc with printed optical 
markers. Tracking algorithms and calibration procedures to fuse the endoscopic view with 
CBCT images were developed and are described in detail in the paper (see Figure 6). 
 
 

 
 
 

Figure 6. Tracking of the endoscope in Paper I was enabled by an optical endoscope marker. Algorithms were 
developed for the co-registration of CBCT images and endoscopic views. Figure published with permission, 

original work by Lai and colleagues 141. 

 
For the AR-navigated insertions of biopsy needles and EVDs in Paper II, a 30-mm-long, 5-
mm cylindrical optical marker, consisting of alternating 5-mm black-and-white stripes, was 
attached around the proximal part of a surgical biopsy needle and calibrated with the 
navigation system (Figure 7). 

 

 
 

Figure 7. The biopsy needle was tracked using a cylindrical optical marker. Figure published with permission, 
original work by Skyrman and colleagues 140 
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4.1.3 The Skull and Brain Phantom 
 
For the AR navigation in Papers I and II, a CT-compatible, anthropomorphic skull and brain 
phantom with realistic radiological and physical properties was developed. The skull was 3D 
printed from a high-quality CT scan using polylactic acid with the addition of calcium (PLA 
+ CaCO3) to achieve a more bone-like CT attenuation compared to PLA alone. Radio-opaque 
inserts mimicking the optic chiasm, carotids, and pituitary gland were added to enable 
evaluation of the image fusion in Paper I. The calvarium, nasal cavity, and frontal skull base 
had a detachable design to allow for repeated use and replacement of the brain. The brain 
phantom was cast from a polyvinyl alcohol-based mixture including barium sulfate (BaSO4) 
to mimic the CT attenuation of the brain. Air-filled ventricles were created by 3D printing 
the ventricular system in water-soluble PLA that could be washed out after molding. For 
Paper II, 30 steel balls (2 mm ± 5µm diameter) were placed at several depths inside the brain 
phantom to act as targets for the biopsy experiments. A detailed description of the phantom 
and further modifications of its radiological and physical properties are presented in a related 
publication 142.  
 

 
 

Figure 8. The skull and brain phantom after removal of the detachable calvarium. Figure published with 
permission, original work by Skyrman and colleagues 140 
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4.2 DIFFUSE REFLECTANCE SPECTROSCOPY (PAPERS III-V) 

4.2.1 The DRS system 
 

 

Figure 9a. Schematic illustration of the components of the DRS system. 9b. The probe in Papers III and V used two 
separate optical fibers with a fiber distance of 0.45.mm at the tip. 9c. In Paper IV, a single-fiber intravascular probe 

was used, and the fiber was split into separate emitting and collecting arms in a Y-junction.  

 
The DRS instrumentation used for Paper III-V is presented schematically in Figure 9a and 
has been described in detail in previous publications143, 144. The console contained a tungsten 
halogen broadband light source and two separate spectrometers, covering a visible and near-
infrared wavelength range of 400-1700 nm. A computer with custom software developed in-
house was used for data acquisition and control. 

In Papers III and V, handheld probes with two separate 200 µm diameter 
multimode optical fibers were used. One fiber transmitted the light from the light source to 
the biological tissue, and another fiber collected back-scattered light from the tissues to the 
spectrometers. The distance between the fibers at the tip of the probe was 0.45 mm (Figure 
9b).  

In Paper IV, a single 200 µm diameter multimode optic fiber was used for 
transmission of light from the light source to the examined tissues, as well as for collection 
of reflected light. The single fiber formed the core of a 1.5 m in length, 0.014 inch (0.36 mm) 
in diameter intravascular micro guidewire-like probe. A fiber splitter (Y-junction) was used 
to separate it into two fiber arms: one was coupled to the light source, and the other led the 
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collected light to the spectrometers. The tip of the probe was polished at a 15° angle to avoid 
back-reflection at the glass-tissue interface (Figure 9c). 

4.2.2 In vivo stroke model 
 
An experimental stroke model was used for the evaluation of clot composition detection of 
intravascular DRS in Paper IV. The experiments were performed on one adult pig under 
general anesthesia and mechanical ventilation (Figure 10). RBC-rich, fibrin-rich and mixed 
clot analogs were prepared from porcine whole blood using a previously described method145. 
The composition of each clot type was verified histologically on counterstained test samples. 
A femoral arterial access was used. Large vessel occlusions were caused by flushing clot 
analogs into a guide catheter placed in the external carotid artery. The occlusions were 
documented with repeated angiograms. The intravascular DRS probe was introduced via a 
microcatheter which was road-map navigated with a guidewire to a position distal to the clot. 
After replacing the guidewire with the DRS probe, the microcatheter was withdrawn while 
keeping the DRS probe in position. Finally, the DRS probe was slowly pulled back while 
simultaneously acquiring DRS spectra of blood distal to the clot, the clot itself and blood 
proximal to the clot, respectively.  
 
 

 
 

Figure 10a. The experimental setup in paper III, depicting the DRS console with a light source (LS), fiber splitter 
(FS) and spectrometers for visible (VIS) and near-infrared (NIR) light. Wavelengths in the range of 450-1600 nm 
were analyzed. 10b. Photo of the tip of the probe next to a millimeter ruler. The intravascular guidewire-like probe 

had an integrated 200 µm diameter optical fiber and was in total 1.5 m long with a diameter of 0.014 inch 
(0.36 mm). Emitted and collected light were transmitted in the same fiber within the probe. 10c. Angiogram of the 

external carotid artery before and after (10d) the introduction of an occlusive clot. Figure published with 
permission, original work by Skyrman and colleagues 146. 

4.2.3 Spectral data modeling 
 
The measured spectra in Papers III-V were analyzed using a model derived from diffusion 
theory first described by Farell and colleagues113, with further modifications by Nachabé and 
colleagues83, 147. It uses a Levenberg–Marquardt nonlinear inversion algorithm to determine 
the absorption coefficient μa (λ) and the reduced scattering coefficient μs (λ). The model 
requires two input arguments: the wavelength-dependent absorption coefficients of the tissue 
constituents of interest, which have been extensively studied and can be derived from 
literature, and the distance between the emitting and collecting fibers at the probe tip. For the 
single-fiber intravascular probe tip used in Paper III, an average distance of half the fiber 
diameter (=100 µm) was assumed in the calculations (Figure Xc). The model was fitted to 
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the measured DRS spectra in the wavelength range from 450 to 1600 nm. Since two separate 
spectrometers were used, a matching factor was calculated to create a continuous spectrum 
for the overlapping wavelengths (900-1100 nm). 

4.2.4 Random forest classification 
 
In Papers III and IV, the ability of DRS to discriminate between tissues of different types was 
investigated using a random forest classifier (RF). RF is a machine-learning algorithm that is 
trained on random subset samples from original data. From each sample, a decision tree is 
constructed, and each tree generates a class prediction. The final prediction of the RF model 
is decided via majority voting among the individual trees. Compared to a single manually 
designed decision tree, the “ensemble” construction of RF reduces the risk of over-fitting 
data.148 To further reduce the risk of over-fitting, in Paper III a leave-one-out cross-validation 
method for training and testing the classification models was employed. In each round of 
training, an individual patient was chosen as the validation set, and the remaining patient data 
were used for training by generating 500 decision trees. This was repeated until all patients’ 
data had acted as a validation set. 

4.3 ETHICAL CONSIDERATIONS 
 
Papers I and II were pre-clinical laboratory studies without human participants or animals 
involved, and no ethical permits were required. The use of 3D printed phantoms instead of 
human or animal cadavers is a form of replacement according to the 3R principles.149 The 
other sub-studies were conducted under ethical permits. 

Paper III involved patients undergoing surgery for glial tumors or epileptic seizures, and 
informed consent was obtained. A study on human subjects was considered since a novel 
technology with the potential of improving patient outcomes was evaluated. The operations 
followed the clinical routine of the department, and all samples collected consisted of tissue 
that should have been removed irrespective of the study. In the epilepsy group, patients <18 
years old were included, and special ethical considerations were applied, including collecting 
informed consent from parents. Some tumor patients with alterations in mental state due to 
tumor growth were not included in the study, as it was judged that they could not assimilate 
the study information. Patient information was handled according to GCP standards, and data 
sent for third-party analysis was anonymized. 

For the animal study presented in paper IV, several ethical considerations were taken 
into account. The use of an animal model was considered motivated since the experiments 
regarded a completely new and potentially clinically valuable application of DRS.  Multiple 
branches of the external carotid were selectively catheterized and occluded to maximize the 
use of the vessel tree, which meant only one pig had to be used. The animal was handled 
according to the department’s ethical guidelines and a detailed protocol was followed, 
including descriptions of pain relief, adequate anesthetics and method of euthanasia.  

In Paper V, clots from stroke patients were retrieved. Studying human tissue was needed 
since the heterogenic and complex composition of real blood clots cannot be simulated in a 
laboratory environment. It was not considered possible or necessary to collect informed 
consent due to the emergent character of the situation, and no personal data other than the 
blood clots and their ex vivo measurements were collected. The procedures were performed 
according to the clinical routine of the department, and only ex vivo samples were studied. 
Patient data were pseudonymized before data analysis. All patient information was kept 
pseudonymized on the computers of participating co-authors working at the hospital or on 
paper in locked safe boxes in the hospital.  

A general ethical question to be considered in this work is the nature of collaboration 
with industrial partners who have potential financial interests in study results. Each 
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researcher must keep immutable scientific integrity toward commercial interests at all times. 
At the same time, in order to develop the kind of resource-demanding and complex 
techniques described in this thesis, collaborations with industrial partners are inevitable. Such 
partnerships are also fundamental for the translation of the research results into a final 
application that may impact clinical practice and improve patient outcomes, which are the 
overall aims of any medical research. To eliminate the risk of undue influences, authors 
without commercial interests have had full control of all data labeling, data analysis, 
information submitted for publication, and conclusions drawn in the manuscripts included in 
this thesis. More information on how competing interests were handled appears in each paper, 
as well as in an overall statement in Chapter 7 of this thesis. 
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5 RESULTS & DISCUSSION 
 
The overall aim of this thesis was to improve accuracy in various cranial neurosurgical 
approaches by the application of two technical aids: augmented reality (AR) for intra-
operative navigation and the optical technique diffuse reflectance spectroscopy (DRS) for 
tissue identification. Here, a summary of the result of each paper in the thesis is provided, as 
well as a discussion on the potential impact of the results and their relation to previously 
published data. Finally, short notes on future perspectives of the research fields are discussed. 

5.1 AUGMENTED-REALITY SURGICAL NAVIGATION CAN TRACK AN 
ENDOSCOPE WITH SUB-MILLIMETER ACCURACY 

 

 
Figure 11. AR allows visualization of surgical targets and risk organs by the fusion of the endoscopic video stream 
with images from radiological exams. To the left, a snapshot appears from video acquired by the endoscope on a 
skull phantom with the sella turcica and pituitary gland exposed. To the right, the augmented endoscopic video of 
the same view is shown, where fusion with CBCT images enables visualization of hidden implants mimicking the 

carotids. Figure published with permission, original work by Lai and colleagues 141, 150. 

 
In the first paper of the thesis, a new application for a previously described ARSN system33, 

35, 36 was adapted for use in endoscopic endonasal skull-base surgery. CBCT images were 
acquired and merged with the endoscopic video stream to create an augmented-reality view 
suitable for navigation (Figure 11). The accuracy of the image overlay, defined as the target 
registration error (TRE), was measured at 0.55±0.24 mm, with a median of 0.51 mm and an 
interquartile range of 0.39–0.68 mm. TRE was independent of working distance (Figure 12). 
 

 
Figure 12. Boxplot of target registration errors (TRE) as a function of distance from the endoscope to the target. 

Figure published with permission, original work by Skyrman and colleagues 140 
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Are these results good enough for accurate navigation in endoscopic surgery? Commonly, a 
TRE below 2 mm is cited as sufficient for accurate navigation29, 151. However, it can be 
argued that even if mean TRE values are below 2 mm, part of the range will still likely be 
above 2 mm and fail the purpose of secure navigation. Instead, it has been suggested that 
TRE values as low as 0.6–1.0 mm are required for accurate AR-navigated endoscopy151. 
These demands are met by the results of Paper I, which noted that the maximum error was 
1.43 mm (outlier).  

There is no standardized method for measuring TRE, and the results in Paper I must 
be interpreted with caution against previous publications. Bong and colleagues reported 
accuracy of about 1 mm59, Mirota and colleagues presented a mean TRE of 1.28 mm152, Li 
and colleagues found a TRE of 1.28±0.45 mm60, and Citardi and colleagues estimated a 
“target registration accuracy” of 1.5 mm or better153. In a recent systematic review, the TRE 
presented in Paper I was still cited as the lowest published in the field of AR-navigated 
endoscopy so far61. This could, to some extent, be explained by a different approach to 
registration. Previous AR-navigation prototypes used contour-based registration protocols, 
resulting in decreased accuracy since the distance to the skin surface used for registration was 
increased. Instead, the system evaluated in Paper I employed intraoperative CBCT for 
registration, which has previously been noted as the possible solution to achieve sub-
millimeter accuracy in navigation154-157, with the capacity of acquiring updated intraoperative 
imaging.  

Paper I was a proof-of-concept study with the aims of developing tracking 
algorithms and evaluating an early prototype for AR endoscopy. However promising, the 
study was limited in scope due to the study design. Measurements were performed under 
ideal laboratory conditions on a flat surface with incorporated spherical objects. To evaluate 
the clinical utility of the system, further studies with simulations on anatomical models and/or 
cadavers are needed.  
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5.2 AUGMENTED-REALITY NAVIGATION CAN BE USED FOR BIOPSY AND 
EXTERNAL VENTRICULAR DRAINAGE INSERTION WITH SUB-
MILLIMETER ACCURACY AND HIGH EFFICACY 

 
In Paper II, a new application for the insertion of cranial biopsy needles and EVD insertions 
for the ARSN system was developed and evaluated. The system’s performance was tested on 
a custom-made CBCT-compatible skull phantom containing a realistic gelatinous brain 
model with air-filled ventricles and bearing balls serving as biopsy targets. For biopsies, 
technical accuracy was defined as the distance from the biopsy needle tip to the target, and 
for EVDs as the distance from the tip of the needle to the end of the planned path, as well as 
the angular deviation from the pre-planned path. Insertion times were recorded. Screenshots 
from the display of the ARSN system acquired during the experiments, are presented in 
Figure 13. 
 

 
 

Figure 13a. Screenshot of the augmented view displayed by the ARSN system during drilling of the skull phantom. 
13b. Screenshot of an intra-operatively acquired CBCT, verifying the correct position of an EVD inserted in the 

left lateral ventricle of the brain phantom. Figure published with permission, original work by Skyrman and 
colleagues 140 

 

Submillimeter accuracy was achieved for the simulated biopsies (n = 30), with a median error 
of 0.8 mm (range 0.1–1.6 mm; mean 0.8±0.43 mm; see Figure 14a-b).All EVDs (n=10) had 
a good intraventricular position with an insignificant angular deviation of 0.7° ± 0.5° and a 
median accuracy of 2.8 mm (range 2.0–4.5 mm; mean 2.9 mm±0.8 mm; Figure 14c-d). The 
slightly higher error rates for the EVDs were likely explained by the ventricles being larger 
volumes and less well-defined targets than the bearing balls used as biopsy targets. Insertions 
were performed with a median navigation time of 149 seconds (range 87–233 seconds) for 
the biopsies, and 188 seconds (range 135–400 seconds) for the EVDs. This translates into an 
estimated total time for CBCT acquisition, navigation, and needle/EVD insertion under 9 
minutes. 
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Figure 14a. Boxplot of target error for insertions of biopsies. 14b. Accuracy was independent of path length, 
indicating a homogenous error distribution in the surgical field. Accuracy for EVD insertions is presented as 
deviation from the tip of the needle to the path end (14c) and angular deviation from the planned path (14d). 

Figures published with permission, original work by Skyrman and colleagues 140 

  

 
The results presented in Paper II were in line with previously published accuracy rates for 
comparable non-AR, frameless stereotactic biopsy systems, in which mean accuracies ranged 
from 0.7 to 2.9 mm. Other AR-navigation systems for biopsies have reported lower accuracy 
with mean errors ranging from 2.04 to 3.6270, 71. Noteworthy, the accuracy of the biopsies 
performed with the ARSN system in Paper II did not correlate to path length (p = 0.15; Figure 
Xb), likely as a result of the CBCT registration protocol as discussed above. The CBCT can 
also provide updated, intra-operative images to verify biopsy needle position and exclude 
early postoperative hemorrhage immediately in the OR158-160, making the procedure more 
efficient.  
 
Paper II has obvious limitations as a laboratory study on skull phantoms with a limited 
number of insertions. However, the high accuracy and fast workflow achieved with the 
ARSN system are promising, and further development and studies are warranted. 
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5.3 FUTURE PERSPECTIVES ON CRANIAL AR NAVIGATION 
 
AR navigation in cranial neurosurgery is a rapidly evolving field with several promising 
applications presented in recently published research.14-16, 29 Challenges for the technique still 
exist, mainly regarding accuracy and the high demands of computational power for real-time 
tracking and visualization16. It is likely that AR technique, with its many potential benefits, 
will be a key feature of the next generation of neuronavigation applications. Clinical studies 
are however needed to verify the claims that AR has the potential to facilitate workflow and 
improve patient outcomes and cost-effectiveness in cranial neurosurgical procedures.  
 
The original plan for this thesis was the further development of a cranial AR navigation 
application based on the results of Paper I and II, and several studies were planned. 
Preparations included the development of a realistic skull phantom mimicking the pathology 
of pituitary adenomas and adjustments of the endoscopy tracking system. However due to 
travel restrictions implemented during the covid-19 pandemic, the experiments were halted 
and the scope of the thesis was redirected to also include optical tissue sensing with DRS.  

5.4 DIFFUSE REFLECTANCE SPECTROSCOPY CAN DISCRIMINATE 
BETWEEN GLIOMA TISSUE AND HEALTHY BRAIN TISSUE 

 
The third paper of the thesis was a proof-of-concept study where the ability of DRS to 
discriminate between glial tumor tissue of different WHO grades and normal grey and white 
brain matter was evaluated. DRS measurements and histological diagnosis were acquired ex-
vivo from tumor and normal tissue samples, respectively. The DRS spectra were fitted to a 
previously developed model83, 143, 147 derived from diffusion theory to generate estimates of 
the content of biological tissue constituents and the tissue’s scattering features. Finally, a 
machine-learning algorithm (random forest) was applied for the classification of tumor and 
healthy tissue.  
 

  

Figure 15. Mean DRS spectra for glioma tissue of different WHO grades and normal white and grey matter. 

 
Mean DRS spectra revealed potentially discriminative differences between normal tissue and 
tumor tissue, both at visible and near-infrared wavelengths (Figure 15). Nine fitted DRS 
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parameters were derived, and the majority demonstrated significant differences between 
glioma tissue and normal tissue (Figure 16). These results support the hypothesis that the 
concentration of major tissue constituents and scattering properties can be estimated by DRS.  

 

 

Figure 16. Boxplots of the DRS parameters derived from the fit model. Significantly differences in mean values are 
indicated with brackets, where * p  ≤0,05, ** p ≤0.01, and *** p ≤0.001. 

 
All nine fitted DRS parameters were included in the random forest classification model, 
which was trained to discriminate between healthy brain tissue, low-grade glioma (LGG) and 
high-grade glioma (HGG), respectively. The best results were achieved for the identification 
of LGG, where the model reached a sensitivity and specificity of 82.0% and 82.7%, 
respectively. A ROC analysis was performed using an approximation algorithm and resulted 
in an AUC of 0.91. The classification model was less successful for discrimination between 
HGG and healthy brain tissue, with high sensitivity (93.3%) but low specificity (43.2%). 
However, the approximated ROC curve resulted in an AUC of 0.81, indicating the potential 
discriminative power of the method (Figure 17). The less accurate classification of HGG may 
be a result of skewed data, with fewer measurements of normal tissue (97) than HGG (211), 
but could also possibly be attributed to the histological heterogenicity seen in the higher-
grade tumors. 
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Figure 17.  Approximated receiver operating characteristic (ROC) curves for prediction of LGG (17a) and       

HGG (17b) based on the nine DRS fit parameters. AUC values were 0.91 and 0.81, respectively. 

 
The results presented in Paper III reflect previous publications, which have reported 
sensitivities and specificities for glioma discrimination from normal human brain tissue from 
80%–100% and 89%–96%, respectively114-119, 161. However, there are important differences. 
Firstly, in all previous studies, DRS was combined with either spectroscopic measurements 
of 5ALA-fluorescence161 or auto-fluorescence114-119 to reach higher accuracy. DRS alone has 
previously shown difficulties in discriminating between gliomas and healthy brain tissue, in 
particular grey matter117. The discriminative properties of DRS found in Paper III could be 
explained to some extent by the inclusion of a larger spectral range (450-1600 nm) than noted 
in previous publications (300-800 nm). The near-infrared spectrum is interesting not only 
because it has the potential to reveal differences between tumor and brain that are not visible 
to the human eye, but also because of its larger penetration depth with the potential of 
providing information on subsurface tissue. Moreover, the analysis used in Paper III takes 
advantage of the discriminative power from the whole spectrum, rather than empirically 
chosen cut-off values at specific wavelengths115-117, 119, 162, which reduced the risk of 
overfitting and bias toward the specific study population.  
 
The study was limited by a small sample size, especially of normal brain tissue. Moreover, 
there were no detailed correlations between the DRS measurement positions and 
histopathology results, but samples were treated as larger volumes of homogenous tumor or 
normal tissue. For heterogeneous tumors like HGG, this method may not reflect the maximal 
potential accuracy of DRS for tumor detection. Also, in an ex-vivo study, unperfused tissue 
samples differ from the tumor tissue and normal brain tissue encountered during an operation, 
particularly for tissue oxygen saturation and blood content. To overcome these limitations, 
further in-vivo studies on a glioma animal model, and the development of an investigational 
device for in vivo human use are planned. 
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5.5 INTRAVASCULAR DIFFUSE REFLECTANCE SPECTROSCOPY CAN 
DISCRIMINATE BETWEEN BLOOD CLOT TYPES IN VIVO 

 
In Paper IV, three types of clot analogs – RBC-rich, fibrin-rich or mixed – were manufactured 
from porcine blood, and their respective compositions were verified histologically (Figure 
18a). The clot analogs were injected in the external carotids of a domestic pig and DRS 
measurements of the clot analogs, blood and vessel walls were acquired in vivo with a 
guidewire-like, intravascular probe. 555 measurement positions were included in the study, 
266 of blood, 33 of RBC-rich clots, 42 of mixed clots, 62 of fibrin-rich clots and 152 of vessel 
wall. The averaged spectra of the different clot- and tissue types showed apparent differences, 
indicating the method’s potential to discriminate between them (Figure 18b). 
 

 
 

Figure 18. Gross photographs and histomorphology at 400x (H&E) of the clot analogs are presented in Figure18a. 
Histological examination of clot analogs show a composition in RBC-rich clots of 80% RBCs, 15% fibrin, 5% 

platelets and <1% leukocytes. Mixed clot analogs were composed of 80% fibrin, 20% platelets and <1% 
leukocytes. Figure 18b. Fibrin-rich clot analogs were composed of > 95% fibrin, focally scattered leukocytes 

(<5%) and no RBC’s or platelets. Figure published with permission, original work by Skyrman and colleagues 146. 

 
DRS data were analyzed by fitting a previously validated optical model 83, 143, 147 to the 
spectra, allowing estimation of the tissues’ content of key constituents and scattering 
properties. Two separate classification models were evaluated.  

Based on a subset of the data assigned for training, the DRS parameters with 
the most significant statistical differences between clot and tissue types were included in a 
decision tree. Each decision node corresponded to a fitted DRS parameter with an empirically 
chosen cut-off-value (Figure 19). When tested with a validation data set, sensitivity and 
specificity of the decision tree for detection of the individual clot and tissue types ranged 
between 69.6% - 94.0% and 92.2% - 99.3%, respectively.  
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Figure 19a. Manually designed decision tree where empirically chosen cut off values for DRS parameters act as 

splitting features at each decision node, who also correspond to a physiological meaningful question. 19b. Boxplots 
presenting the results of the classification at each decision node. Figure published with permission, original work 

by Skyrman and colleagues 146. 
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Since manually designed decision trees have the risk of bias towards the specific data set 
included in the analysis, also known as over-fitting, a machine learning random forest 
classification was performed with sensitivities and specificities for detection of each 
individual clot/tissue type ranging between 73.8% - 100% and 96.0 – 100% respectively. The 
results indicate that intravascular DRS can be used to determine blood clot type in a 
mechanical thrombectomy scenario. (Table 1 and 2) 

 

 
Table 1: Confusion matrix of the random forest model. Table published with permission, original work by 

Skyrman and colleagues 146. 

 

 
Table 2: The sensitivity and specificity of the random forest classification presented for each tissue type. Table 

published with permission, original work by Skyrman and colleagues 146. 

 
Tissue sensing techniques for use in AIS are in an early development phase. This was the 
first paper ever to investigate the DRS technique for clot composition detection, and the first 
published results of a successful intra-vascular clot composition detection in an in-vivo 
experimental stroke model. Several other techniques who have showed promising results in 
laboratory experiments have so far failed to be miniaturized or integrated in endovascular 
devices suitable for the cerebral vasculature, including OCT 135, 136, OCE and SWE 136. Paper 
IV however proves that the optic fiber employed by DRS can easily be integrated in a micro-
guide-wire. The only other technique that so far shows similar applicability and results, is 
electrochemical impedance spectroscopy (EIS), in which an impedance sensor is used to 
measure the electrophysiological characteristics of clots. When studied on clot analogs from 
human blood in vitro, EIS showed prediction scores comparable to the DRS results in paper 
IV, with sensitivities and specificities for identification of clots of three different types and 
blood ranging between 81-100% 138. Both techniques are spectroscopic and produce data that 
enables the application of machine-learning algorithms for real-time interpretation. One 
potential advantage of DRS in comparison to EIS is that clot constituents like fibrin and 
RBCs have strong optical absorption and scattering features, and since DRS is an optical 
rather than electrical spectroscopic method, it may take advantage of these properties.  
 
Paper IV was a proof-of-concept limited by a small sample size and the method, where 
manufactured, homogenous blood clots were applied in an experimental animal model. In 
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real life, blood clots are heterogenous with regional aggregation of individual clot 
constituents 163. To address this limitation, the study resulting in Paper V was conducted.  
 

5.6 DIFFUSE REFLECTANCE SPECTROSCOPY CAN DIFFERENTIATE 
BETWEEN CLOT TYPES IN ACUTE ISCHEMIC STROKE  

 
To validate the results from Paper IV in a clinical study, in the fifth and final paper of the 
thesis, DRS was used for discrimination between clots of different types extracted from 29 
patients treated with endovascular thrombectomy for AIS. From the retrieved clot material, 
45 individual clot units were identified, of which 16 were whole clots, 27 were clot fragments, 
and 2 were within the same clot. The retrieved clots were examined with DRS, and then 
fixated in formalin and examined histologically. Clots had generally a heterogeneous 
histology with regional aggregation of the different constituents (Figure 2a-c), with median 
content compositions as follows: RBC 28.7% (0.0-71.9), fibrin 35.0% (8.8-92.3), platelets 
30.0% (4.3-81.9), and WBC 3% (1.0-12.7); see Figure 2e.  
 

 
 

Figure 20. Examples of clot sections stained with (a) Martius Scarlet Blue (MSB), which stains fibrin red and RBC 
yellow; (b) conventional hematoxylin and eosin (H&E) to visualize the overall organization of constituents; and (c) 

anti-CD42b antibodies to visualize platelet content. Figure 20d shows the results of the software classification 
model, where RBC is coded yellow, WBC is blue, fibrin is red, and platelets are green. Figure 20e shows the 

relative content of clot constituents in each clot unit ordered by RBC content and with color coding according to 
the histological classification model presented in Figure 20d. Case 11 was strongly calcified. Figure published with 

permission, original work by Skyrman and colleagues 164. 

The acquired DRS spectra were fitted to the previously described optical model83, 143, 147 to 
derive estimates of the content of key clot constituents and scattering properties. When 
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averaged over clot groups based on RBC content, DRS spectra showed differences between 
the groups that could be explained by variances in the level of common blood components 
such as methemoglobin and oxygenized and deoxygenized hemoglobin, as well as scattering 
properties (Figure 21).  
 

 
Figure 21. The averaged DRS spectra of blood clots were grouped and color-coded according to histological RBC 

content. Blue represents RBC content <15%, cyan 15%-30%, green 30%-45%, and red >45%. The spectral 
differences between clot groups are correlated to the absorption bands of individual chromophores and optical 

scattering properties of key clot constituents as indicated in the graph. Figure published with permission, original 
work by Skyrman and colleagues 164. 

 
Histological RBC clot content and several DRS parameters were correlated, including:  
 

• deoxygenated and oxygenated hemoglobin (Hb + HbO2): r=0.78, p <0.001, R2=0.50 
p<0.001 

• methemoglobin: r=0.61, p<0.001, R2=0.32, p<0.001 
• a pigment-clustering correction coefficient named Rves: r=0.80, p<0.001, R2=0.55 

 
The steepness of the spectral slopes was analyzed at different wavelengths, and the best 
correlation found for a slope parameter was defined as the intensity at wavelength 1098 nm 
minus the intensity at 938 nm, divided by the intensity at 1100 nm (r=0.81, p<0.001, R2 

=0.57; Figure 22d). 
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Figure 22. Scatter plots illustrate the correlation of fitted DRS parameters with the relative RBC content. Each dot 
corresponds to the averaged result from DRS and histology for a single clot unit. The line represents the resulting 

linear regression. Figure published with permission, original work by Skyrman and colleagues 164. 

 
The sum of the DRS parameters deoxygenated and oxygenated hemoglobin were included in 
a logistic regression classification model to discriminate between fibrin-rich clots (fibrin 
content > RBC content) and RBC-rich (RBC content > fibrin content). The model resulted in 
an AUC of 0.872, and the sensitivity and specificity for the detection of RBC-rich clots were 
72.2% and 84.6%, respectively (Figure 23).  
 

 

Figure 23a.  Boxplot of the sum of DRS parameters deoxygenated and oxygenated hemoglobin as discriminators 
between fibrin-rich clots (fibrin > RBC) and RBC-rich clots (RBC > fibrin; p<0.001). Figure 23b. Classification 

results presented in a confusion matrix. Figure published with permission, original work by Skyrman and 
colleagues 164. 

 
Paper V was an ex-vivo study with several limitations, including the small sample size and 
the fact that extracted clots may not fully represent the original occluding clot in situ. 
Moreover, most clots were fragmented and distorted when prepared for histology, and DRS 
measurements were averaged over clot units with heterogenous composition rather than 
correlated to specific positions in each clot. Most likely, this study design did not allow for a 
full demonstration of the capacity of the DRS technique, which is also supported by 
reviewing clots if an exact matching of histology and DRS measurement position was 
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possible. Figure 24 depicts a case where DRS could identify regional differences in clot 
composition within the same clot. 
 

 
Figure 24. Photograph (a) and results of histological classification (b) of a blood clot with a distal RBC-rich and a 

proximal fibrin-rich portion. DRS measurement positions are indicated with numbers, where positions 1 and 2 
were located in the RBC-rich part, and positions 3–5 appear in the fibrin-rich part. RBC is coded yellow, fibrin is 
red, platelets are green, and WBC is blue. (c) DRS spectra from each of the annotated measurement positions are 

shown, and the averaged spectra from each clot unit (distal vs proximal) are presented (d). Apparent spectral 
differences between the clot units were seen, with strong hemoglobin (760 nm) and methemoglobin (630 nm) 
absorption in RBC-rich locations 1 and 2.  Figure published with permission, original work by Skyrman and 

colleagues 164. 

 

5.7 FUTURE PERSPECTIVES ON DRS IN NEUROSURGERY 
 
The results presented in Paper III on DRS for glial tumor detection were promising and 
warranted further research. To fully investigate the discriminative power of DRS for glioma 
detection, a research model in which the DRS measurements can be performed on perfused 
tissue and exactly correlated to histology is needed. For this, an in-vivo animal study is 
planned. The study will also include a second modality—hyperspectral imaging (HSI)165 that 
may be used in conjunction with the DRS measurements to improve classification and 
provide information on tissue types from a wider field of view, rather than the spot 
measurements provided by DRS. Parallel to the animal study, steps are taken toward 
producing an investigational device for use in clinical studies. The aim will be to set up a 
dataset with correlating DRS measurements and histology from tumors of different types and 
healthy brain tissue for the training of classification algorithms. The ultimate goal will be the 
development of a handheld probe—stand-alone or integrated into an existing surgical 
instrument such as the tip of an ultrasonic aspirator—with the real-time interpretation of data 
and a comprehensive interface for immediate feedback the of tissue classification results to 
the surgeon.  
 
Papers IV and V investigated DRS as a tool for blood clot discrimination in acute ischemic 
stroke and showed promising results. Paper IV was limited by the use of artificially produced, 
homogenous blood clots. Paper V demonstrated that DRS spectroscopy can measure the RBC 
content of human clots, but correlations between DRS measurements and histology were 
insufficient to estimate the full capacity of the technique. A second clinical study is planned, 
with adjustments to the study protocol to address these limitations. The aim will be to provide 
a database of DRS and histology from clots that can support the training of clot-classification 
algorithms. With further adaptions of the guide-wire-like device and improved classification 
results, the next step will be to develop a fully functioning investigational device for clinical 
trials in stroke patients and, possibly, for diagnostics in other applications of intravascular 
pathologies such as venous embolism and atherosclerosis
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6 CONCLUSIONS 
 
Paper I demonstrated that augmented-reality (AR) can be used for navigation of an 
endoscope with high accuracy. The system has the potential to improve safety, workflow and 
outcomes in endoscopic neurosurgery.  
  
Paper II showed that AR can guide minimally invasive neurosurgical procedures with high 
accuracy and efficiency. The results indicate that use of the system in clinical practice is 
feasible.  
  
Paper III demonstrated that diffuse reflectance spectroscopy (DRS) can discriminate 
between normal brain and glial tumors. Based on these results, applications for intra-
operative use may be developed.  
  
Paper IV showed that DRS can be integrated into an intra-vascular device and used 
for discrimination between blood clots of different types. The results pave the way for further 
development of intravascular diagnostic devices based on the DRS technique.  
  
Paper V demonstrated the application of the results of paper IV to the clinical context 
of acute ischemic stroke.   
  
  
IN SUMMARY  
  
The use of AR navigation is feasible in a variety of neurosurgical procedures and 
demonstrates great accuracy and user friendliness in an experimental environment.  
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