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Nevronavigasjon basert på tredimensjonal ultralyd - klinisk evaluering 
 
Nevronavigasjon betyr å navigere ved hjelp av medisinske bildedata under 
nevrokirurgiske operasjoner, det vil si operasjoner på hjerne eller ryggmarg. Det har 
likhetstrekk med navigasjon med GPS, der posisjonen til en person eller en bil vises 
på et kart. I nevronavigasjon er det posisjonen til et kirurgisk instrument som vises på 
medisinske bildedata, for eksempel MR-bilder eller ultralydbilder. Dette gjør 
bildeinformasjonen lett tilgjengelig for kirurgen under operasjonen og hjelper 
kirurgen til å orientere seg før og under operasjonen.  
 
I Trondheim er det et aktivt miljø som driver forskning og utvikling på 
nevronavigasjon og tredimensjonal (3D) ultralyd.  Det er utviklet et system som 
bruker tredimensjonale ultralyd billeddata tatt underveis i operasjonen i tillegg til 
bildedata (for eksempel MR) tatt før operasjonen.  
 
Formålet med denne avhandlingen var å undersøke nytten av det 3D ultralydbaserte 
navigasjonssystemet ved forskjellige operasjoner. 
 
Hovedfunnene i avhandlingen:  
1. Tredimensjonal ultralyd er svært nøyaktig til å avbilde grensen til hjernesvulster før 
en har påbegynt fjerning av svulsten, men under operasjonen er ultralydbildene noe 
mindre nøyaktige til å vise svulstens grenser, og det kan være overestimering av 
svulstvev på 3D ultralyd. Etter at svulsten er fjernet kan små områder som inneholder 
svulstvev eller infiltrer hjernevev  oppfattes som normalt på 3D ultralyd. 
2. Tredimensjonal ultralyd brukt til å vise blodkar (ultralyd angiografi basert på 
Dopplerteknikk) er nyttig til å vise blodkar ved fjerning av svulster som ligger nær 
viktige blodkar i hjernen, og kan gjøre operasjonene sikrere.  
3. Tredimensjonal ultralyd kan brukes til å veilede kirurgen ved operasjoner på 
svulster i ryggmargen.  
4. Tredimensjonal ultralyd kan brukes til å veilede kirurgen ved hjerneoperasjoner der 
en bruker kikkhulls-teknikk (endoskopi). Det er spesielt nyttig i tilfeller der en skal 
inn hjernens hulrom når disse er små og trange, eller når hjerneanatomien er 
avvikende. 
5. Stereoskopisk visning (som gir kirurgen dybdesyn) av MR og ultralydbilder av 
blodkar er nyttig ved operasjoner på karnøster (arteriovenøse malformasjoner) i 
hjernen. Likevel er ultralydbilder av blodkar ved denne teknikken ofte ikke gode nok 
og teknikken må forbedres.  
 
Dette forskningsarbeidet har vist at navigasjon basert på tredimensjonal ultralyd i 
hjerneoperasjoner og operasjoner på ryggmarg er et nyttig verktøy som kan bidra til å 
øke sikkerheten og bedre resultatene ved slike inngrep.  
 
 
 
 

Cand.med. Ola Morten Rygh 
Institutt for nevrovitenskap 

Veiledere: Geirmund Unsgård og Toril A. Nagelhus Hernes 
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SUMMARY IN ENGLISH 
Background and objectives:  

Intraoperative ultrasound has been used for decades in neurosurgery for localization 

and characterization of pathology, particularly tumors. Furthermore, with Doppler 

imaging localization of vascular structures is also possible. Neuronavigation was 

developed as a tool for planning neurosurgical procedures and localization of lesions 

during surgery. Displacement of brain tissue during the course of surgery, called brain 

shift, is however recognized as a major source of inaccuracy in neuronavigation, and 

because of this intraoperative imaging is important for maintaining application 

accuracy in neuronavigation. A neuronavigation system with integrated 3D 

ultrasound, enabling intraoperative ultrasound imaging for use in navigation has been 

developed. The aims of this dissertation were to assess the clinical value of 

neuronavigation based on intraoperative 3D ultrasound and explore different 

applications of the technology.  

 

Methods:  

Five studies were performed, resulting in five papers (1-5): 

1. A study comparing 3D ultrasound image findings with histopathology in the 

tumor border zone in three subsequent phases of tumor resection. 

2. A study assessing the use and value of 3D ultrasound angiography in patients 

with supratentorial tumors.  

3. A study exploring the feasibility and technical aspects of navigated 3D 

ultrasound for image guidance in spinal cord surgery.  

4. A study evaluating navigated 3D ultrasound for image guidance of 

neuroendoscopic procedures. 

5. A study exploring stereoscopic display in image guided AVM surgery, using 

preoperative MRI angiography and intraoperative 3D ultrasound angiography. 

 

Results:  

• 3D Ultrasound was found to accurately delineate tumor borders prior to 

resection, but it tended to overestimate tumor during resection and 

underestimate tumor after having completed the resection. On the other hand, 

residual tumor was rarely missed during resection. 
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• The application of navigated 3D ultrasound angiography was found useful in 

tumor cases with important vessels close to the tumor.  

• Navigated 3D ultrasound was found feasible for the use in spinal cord tumor 

surgery.  

• In neuroendoscopic procedures, image guidance based on intraoperative 3D 

ultrasound was found useful, particularly for inserting the endoscope in cases 

with small and narrow ventricles and orientation in cases with anomalous 

anatomy.  

• Stereoscopic display of AVMs using 3D ultrasound angiography image data in 

some cases was of sufficient quality for interpretation. Updated imaging with 

3D ultrasound angiography allowed for more accurate localization of feeder 

vessels and in one case residual AVM was identified.  

 

Conclusions:  

In this thesis, neuronavigation based on intraoperative 3D ultrasound and 3D 

ultrasound angiography has been evaluated in different clinical settings. Some 

limitations of the current ultrasound technology have been identified for delineation 

of tumor borders in subsequent stages of resection. Neuronavigation based on 

intraoperative 3D ultrasound angiography may have a place in some brain tumor 

cases, and in AVM surgery although further development is needed to increase image 

quality, particularly in the latter case. In spinal cord tumor surgery, neuronavigation 

with 3D ultrasound is feasible. Image guidance by intraoperative 3D ultrasound may 

increase safety in some neuroendoscopic procedures with small and narrow ventricles 

and anomalous anatomy.  

Overall, 3D ultrasound in neuronavigation seemed to be useful in a range of clinical 

settings. Some limitations and issues for further development and research have been 

identified. With knowledge of the limitations, and in selected cases, neuronavigation 

based on 3D ultrasound may serve to increase the safety of the procedure and improve 

patient outcome.  
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SUMMARY IN NORWEGIAN 
Bakgrunn og målsetninger:  

Intraoperativ ultralyd har i flere tiår vært brukt i nevrokirurgi for å lokalisere og 

karakterisere patologi, særlig svulster. Ved hjelp av fargedoppler kan en også 

lokalisere blodkar. Nevronavigasjon har blitt utviklet som et verktøy for hjelp til 

planlegging av operasjoner og  intraoperativ lokalisering av patologi under 

operasjoner. Forskyvning av hjernevev under operasjonen, kjent som ”brain shift” er 

en kjent kilde til unøyaktig navigasjon i løpet av en operasjon, og derfor er 

intraoperativ avbilding viktig for å opprettholde nøyaktigheten til navigasjonssystemet 

under en operasjon. Et nevronavigasjonssystem som bruker 3D ultralyd for 

intraoperativ avbilding er utviklet. Målsetningen med denne avhandlingen var å 

vurdere den kliniske nytten ved nevronavigsasjon basert på intraoperativ 3D ultralyd 

og prøve ut forskjellige bruksområder av denne teknologien innen nevrokirurgi.   

Metode 

Fem studier ble utført: 

1. En studie som sammenlignet bildefunn på ultralyd med histopatologi fra 

biopsier tatt i grensesonen mellom svulst og normalvev gjennom tre 

påfølgende faser av reseksjonen av hjernesvulster.  

2. En studie som evaluerte nytten av intraoperativ 3D ultralyd angiografi ved 

reseksjon av supratentorielle svulster.  

3. En studie av et system for 3D ultralyd basert navigasjon ved operasjoner på 

svulster i ryggmargen. 

4. En studie av en løsning for bildeveiledete endoskopiske inngrep med navigert 

3D ultralyd.  

5. En studie av stereoskpisk visualisering av MR-angiografi og intraoperativ 3D 

ultralyd angiografi for navigert reseksjon av arteriovenøse malformasjoner.  

 

Resultater: 

• 3D ultralyd viste med stor grad av nøyaktighet grensen mellom svulstvev og 

normalvev før påbegynt reseksjon av en svulst. Imidlertid var det en tendens 

til overestimering av svulst i fasen under reseksjon og etter reseksjonen ble 

forekomsten av svulstvev og infiltrasjon i veggen til reseksjonshulen 
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underestimert. Resttumor ble i svært liten grad oversett på ultralyd under 

reseksjonen.  

• Nevronavigasjon basert på 3D ultralyd angiografi ble funnet å være nyttig ved 

reseksjon av svulster som lå nært viktige blodkar.  

• Det har latt seg gjøre å gjennomføre operasjoner på ryggmargen med 

billedveiledning fra navigert intraoperativ 3D ultralyd.  

• Innen nevroendoskopiske inngrep er bildeveiledning med navigert 3D ultralyd 

nyttig der hjernens ventrikler er små og trange, og i tilfeller med avvikende 

anatomi.  

• Stereoskopisk visualisering av arteriovenøse malformasjoner med 3D ultralyd 

angiografi gav i noen tilfeller tilfredsstillende bilder, men i andre tilfeller var 

billedkvaliteten for dårlig. Oppdaterte bildedata med 3D ultralyd angiografi 

bidro til mer nøyaktig lokalisering av feeder-blodkar, og i et tilfelle ble rest-

AVM påvist.   

Konklusjoner: 

I denne avhandlingen har den kliniske nytteverdien av nevronavigasjon basert på 

intraoperativ 3D ultralyd og 3D ultralyd angiografi blitt undersøkt innen flere 

bruksområder i nevrokirurgien.  

Noen begrensninger er påvist ved avbildning av svulst-grenser under og etter 

reseksjonen av en svulst. Nevronavigasjon basert på 3D ultralyd angiografi kan ha en 

plass i ved reseksjon av svulster i noen tilfeller der viktige blodkar ligger nær 

svulsten, og innen AVM-kirurgi men i sistnevnte tilfelle bør bildekvaliteten forbedres. 

I operasjoner på svulster i ryggmargen er det tenkelig at bildeveiledning med navigert 

3D ultralyd kan ha en plass. Bildeveiledning med navigert 3D ultralyd  innen 

nevroendoskopiske inngrep er nyttig i utvalgte tilfeller.   

Bildeveiledning med navigert 3D ultralyd og 3D ultralyd angiografi kan være nyttig 

innen flere områder i nevrokirurgien. Teknologien har noen begrensninger som er 

viktige å være klar over,  og på noen områder kan den videreutvikles. Med kunnskap 

om begrensningene og i utvalgte tilfeller kan nevronavigasjon basert på intraoperativ 

3D ultralyd og 3D ultralyd angiografi øke sikkerheten ved nevrokirurgiske inngrep og 

bedre resultatet for pasienten.  
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ABBREVIATIONS 
3D - Three-dimensional 

2D - Two-dimensional 

AVM - Arterio Venous Malformation 

CAS - Computer Assisted Surgery 

CCD - Charge Coupled Detector 

CSF - Cerebro Spinal Fluid 

CT - Computer Tomography 

CUSA  - Cavitron Ultrasonic Surgical Aspirator  

DSA - Digital Subtraction Angiography 

FDA - Food and Drug Administration 

GPS - Global Positioning System.  

LED - Light Emitting Diode 

MRI - Magnetic Resonance Imaging 

RMS - Root Mean Square 

ROC - Receiver Operating Characteristic 
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1. INTRODUCTION  
 
The thesis is a result of the ongoing research activity on image-guided surgery and 

ultrasound guided surgery at the St.Olav University Hospital, Trondheim, Norway, in 

close collaboration with SINTEF Health Research and the Norwegian University of 

Science and Technology (NTNU).  

In 1995, the Ministry of Health and Social Affairs established a centre of competence 

for the advanced use of 3D ultrasound in surgery in Trondheim, which was a 

collaboration of the above-mentioned institutions. In 1998, the company MISON 

(Current name SONOWAND) was established as a result of this research activity. 

The research activity on ultrasound guided surgery and image-guided surgery has 

been concentrated on neurosurgery, vascular surgery and laparoscopic surgery. The 

research has resulted in several advances in these three fields. In the neurosurgical 

field, the commercially available 3D ultrasound-based neuronavigation system 

SonoWand was one of these.  

 

1.1. INTRAOPERATIVE ULTRASOUND IN NEUROSURGERY  

 
1.1.1 HISTORICAL PERSPECTIVE 

The idea of using ultrasound in medical diagnosis arose around 1940. In their paper 

published this year, Gohr and Wedekind had suggested the possibility of ultrasonic 

medical diagnosis by echo-reflecting methods similar to those used for metal flaw 

detection 38. In 1942 Dussik26 proposed a technique for imaging the ventricles of the 

brain with ultrasound, using a through-transmission technique.  During the early 

fifties the transmission technique was largely abandoned due to the superiority of the 

reflection technique. Several neurosurgeons were among the pioneers using 

ultrasound for medical diagnosis during the 50s. Among them was the neurosurgeon 

Lars Leksell from the University of Lund 84,85. A-mode ultrasound (which was called 

echoencephalography in this context) was found to be a useful method for localizing 

intracerebral mass lesions and detecting midline shift 27,33,36,79,160,175.  The A-mode 

technique did not produce anatomical images, but detected highly reflective surfaces 

along the path of the ultrasound beam. In the 1960s, two-dimensional B-mode 

ultrasound became available, and the technology was further refined in the following 

years. With the advent of real-time B-mode sector scanning, the stage was set for 
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successful intraoperative imaging of the brain with ultrasound. The first preliminary 

reports on the use of B-mode ultrasound were published in 1980-81 95,141,171. In the 

early 80s several reports on the intraoperative use of B-mode ultrasound were 

published 17,40,71,80,95,133,137,139,141.  The technique was found to be helpful for localizing 

small subcortical neoplasms, as well as delineating solid and cystic portions of deep 

lesions. Additionally, ultrasound was found helpful for finding the shortest route of 

access to the tumor, reducing unnecessary dissection. First, abdominal probes were 

used, but soon more suitable probes for intraoperative ultrasound in neurosurgery 

became available.  Further technical modifications allowed for smaller probes, 

enabling imaging trough small craniotomies and laminectomies, and even burr 

holes96. A variety of guidance systems for stereotactic real-time ultrasound-guided 

biopsies were also developed 8,28,69, allowing quick and precise placement of needles 

and catheters. Ultrasound guidance for inserting endoscopes has also been found 

useful 4,170. 

To overcome the limitations of 2D, Koivukangas and co-workers explored 3D 

ultrasound techniques already in the 1980s, focusing first on ultrasound holographic 

imaging74. Concurrently, the arrival of navigation technology opened the prospect of 

integrating ultrasound in neuronavigation. Koivukangas and his group developed a 

neuronavigator arm where an ultrasound probe and various surgical instruments could 

be attached. The axis of the ultrasound probe or surgical instrument was displayed on 

images reconstructed from preoperative CT or MRI data 73. This enabled simultaneous 

display of corresponding 2D ultrasound and reconstructed CT/MRI images.  

 A new method for integrating ultrasound with neuronavigation was presented in 1994 

by Trobaugh and colleagues. Infrared light-emitting diodes were attached to the 

ultrasound probe, and this enabled tracking without the use of a mechanical arm. The 

technique was used for comparison of 2D ultrasound images with preoperative CT 

and MR to detect brain shift during surgery and for better interpretation of the 

ultrasound images. It was also possible to acquire 3D ultrasound data with the 

equipment, and it was suggested that 3D ultrasound could be used in frameless 

stereotactic neurosurgery 163,164.  Soon thereafter, other research groups also presented 

solutions where an ultrasound scanner was coupled with a conventional navigation 

system, displaying the real-time 2D ultrasound image together with the corresponding 

MRI slice 15,52,56. In 1998, Jödicke reported the use of intraoperative 3D ultrasound 
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image data for identifying brain shift by comparing the ultrasound data with 

preoperative MRI 60. For tracking of 

the ultrasound probe, magnetic 

localization was used. In 2000, 

Grønningsæter et al. presented a 

single-rack system with a 

neuronavigation system integrated 

with an ultrasound scanner that 

enabled neuronavigation using 

intraoperative 3D ultrasound in 

addition to preoperative MRI or CT 
41. It was developed in collaboration 

with clinical researchers at SINTEF 

Health Research and the 

Neurosurgical department in 

Trondheim. The system was launched 

commercially with the name 

SonoWand.  In initial clinical 

evaluation studies, the system was 

found to be useful for maintaining accuracy of navigation in cases with brain shift, 

detecting residual tumor, improved anatomical orientation compared to conventional 

2D ultrasound, and practical as less space-occupying than two-rack solutions 11,166.  

 

1.1.2 INTRAOPERATIVE ULTRASOUND DOPPLER IMAGING  

In the late 1980s, also Doppler imaging techniques were evaluated for intraoperative 

use. In 1988, Black et al. 9 reported the use of intraoperative color-flow Doppler 

imaging of AVM’s and aneurysms. They found the technique to be a useful adjunct in 

localizing vascular lesions, identifying feeding or draining vessels, and confirming 

intraoperative surgical excision of AVM's or ligation of giant aneurysms. Other 

authors followed, reporting the use of intraoperative Doppler imaging for the 

visualization of vessels in neurosurgical procedures 9,42,140,178,181.   

 

SonoWand, a 3D 

ultrasound based 

neuronavigation 

system 



 22 

 

1.1.3 VERSATILITY OF INTRAOPERATIVE ULTRASOUND 

The main use of intraoperative ultrasound in neurosurgery has been in tumor surgery, 

for localization and detection of residual tumor.  

Several other applications for intraoperative ultrasound has been reported: Shunt 

catheter placement, drainage of abscesses and hematomas, introduction of 

endoscopes, and ultrasound-guided biopsies 19,157,170. Cavernous hemangiomas are 

readily depicted on ultrasound and have been reported to be resected more completely 

with a less traumatic approach with the aid of ultrasound guidance 78,180.  In pituitary 

surgery, intraoperative ultrasound has been applied and been found helpful 119.  

Several research groups have explored the use of intraoperative ultrasound in spinal 

surgery 20,21,29,70,72,105,116,118,123,138,174. Ultrasound was found useful in a variety if 

intraspinal lesions, such as intraspinal tumors, extramedullary masses, 

syringohydromyelia, and visualizing the degree of surgical decompression. 

Noteworthy is also the endo-neuro-sonography technique developed by Resch and 

coworkers 126,127, where a small sono catheter (originally developed for intravascular 

use) is inserted into the working canal of an endoscope, giving a 360-degree axial (to 

the endoscope) real-time view of the anatomy, like a “mini-CT”. This is an example 

of how miniaturized probes may be used in special applications, which may be a part 

of the future in intraoperative ultrasound.  

 

1.2 ULTRASOUND THEORY 

 

1.2.1 BASIC PRINCIPLES OF ULTRASOUND 

Ultrasound is sound waves (compression waves) that have frequencies above the 

audible range, which means any sound wave with a frequency more than 15-20 kHz.  

Ultrasound in medicine usually is in the range 2-10 MHz, but higher frequencies may 

be used for special purposes.  The correlation between the wavelength (λ) and the 

frequency (f) is λ  = c / f, where c is the speed of the wave. In water, the speed of 

sound at 25°C is 1497 m/s. The speed of sound waves varies between soft tissues due 

to differences in mass density and volume compressibility. Still, in body tissues other 

than fat and bone, the speed of sound only varies 0.2-0.3%3. Ultrasound waves are 

reflected from boundaries between tissues and structure within the tissues (called 
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scatterers). The position of structures detected along the direction of the ultrasound 

beam is calculated from the speed of sound c and the time from emission of the 

ultrasonic pulse until the return of the echo. By mechanically or electronically 

steering the direction of emitted ultrasound pulses in a sector, reflected ultrasonic 

echoes in different directions and depths may be mapped. In a typical B-mode 

ultrasound image, the vertical position of each pixel is thus decided by the time from 

emitting the ultrasound pulse to the return of the ultrasound echo. The horizontal 

position is decided by the direction of the emitted ultrasound pulse. The amplitude of 

the returned ultrasound echo decides the brightness of each pixel. In a homogenous 

tissue, ultrasound reflected from structure within the tissue produces an interference 

pattern, called speckle, which appears as tissue structure.  

Modern ultrasound transducers used in neurosurgery send out repetitive ultrasound 

wave pulses instead of a continuous wave. An ultrasound beam is generated by an 

array of ultrasound emitters in the probe. For optimal resolution the ultrasound beam 

is focused in a certain distance from the probe head. There are different ways to focus 

a beam. In a phased array probe, focusing is accomplished by a small time-delay 

(phasing) between the elements (eg ultrasound emitters) of the probe. This generates 

an interference pattern making the ultrasound beam converge at a focus point, similar 

to a magnifying glass converging light beams.  Steering the beam is also 

accomplished with phasing, by creating an interference pattern resulting in a beam at 

a certain angle. Usually 100-200 ultrasound beams are sent out in different directions 

in a fan-like form to make a B-mode image. Typical ultrasound transducers can make 

an image in just a few milliseconds; therefore, real-time imaging is possible with 

ultrasound. 

The resolution in an ultrasound image is proportional to the wavelength, i.e. inversely 

proportional to the frequency. This means that higher frequencies give better 

resolution. Unfortunately the attenuation of the ultrasound also increases with 

increasing frequency, so the choice of frequency for imaging has to be a compromise 

between penetration in the tissue and resolution. For imaging in neurosurgery, 

frequencies in the range 3-30 MHz have been evaluated 43. A frequently used probe 

which gives a reasonable trade-off between penetration and resolution is for example 

a 4-8 MHz probe (commonly just called 5 MHz probe), which typically has a radial 
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(e.g. along the beam) resolution of 0.5 mm and a lateral resolution of 1.0 mm.  Probes 

with higher frequencies (for example 10 MHz) may be used for better resolution.  

A thorough description of ultrasound theory is beyond the scope of this text and can 

be found elsewhere 3. 

 

1.2.2 ULTRASOUND ANGIOGRAPHY – COLOR FLOW AND POWER 

DOPPLER 

When the object that reflects the ultrasound is moving, the frequency of the reflected 

ultrasonic echo will be altered from the frequency of the emitted ultrasound. This 

change in frequency is commonly called the Doppler effect. The Doppler Shift, fd, is 

given by the Doppler equation: 

! 

fd = 2
v " cos#

c
" f

0
, where f0 is the frequency of 

emitted ultrasound, c is the ultrasound wave velocity, v is the velocity of the object 

which reflects the ultrasound, and θ is the angle between the velocity direction and the 

ultrasound beam3. It follows from this that if the motion of the object is perpendicular 

to the ultrasound beam, no Doppler shift will be detected (cos 90 = 0). The actual 

Doppler shift detected represent the velocity component parallel to the ultrasound 

beam. Doppler imaging in ultrasound is usually used to display blood flow in vessels. 

In colorflow imaging, flow direction and velocity is displayed by estimating the mean 

Doppler frequency shift at a particular position in color. Velocities toward the 

transducer are displayed in tones of red and velocities away from the transducer are 

displayed in tones of blue. One of the drawbacks with colorflow imaging is aliasing, 

which may make the vessel look discontinuous.  In “power Doppler” imaging, the 

amplitude (e.g. the and not the frequency shift) in the Doppler signal is encoded in 

color.  Thus the directional information is discarded, but power Doppler has several 

advantages: It does not alias, there is less noise in the image and the technique is less 

angle dependent 135. The biggest limitation is that it is extremely motion sensitive, and 

minimal soft tissue motion can seriously degrade the image. In spectral Doppler, the 

estimated velocities in a sample volume are displayed as a curve along an axis. 



 25 

 

1.2.3 FROM 2D TO 3D ULTRASOUND 

To produce a 3D volume from 2D images, one must know the relative position and 

angulation of each 2D image. The main types of 3D ultrasound data acquisition are: 

1) Tracked freehand systems, 2) untracked freehand systems, 3) mechanical 

assemblies and 4) 2D arrays.  

With a tracked freehand system, the ultrasound probe is equipped with a tracking 

device, and is tilted or translated over the area of interest. Two-dimensional images 

are digitized as the transducer is moved. A 3D volume is obtained by an algorithm 

using the image data from the digitized 2D ultrasound images152. Tracking techniques 

commonly used include articulated arm-tracking, magnetic field tracking and optical 

tracking. For intraoperative use, optical tracking is usually preferred, as magnetic field 

tracking may be vulnerable to metal objects in the vicinity, which may affect the 

accuracy of tracking. Optical tracking is on the other hand dependent on direct line of 

sight, e.g. no obstructing objects must come in the way between the object tracked 

and the cameras of the tracking system.  

 

Figure 1: 3D ultrasound acquisition with freehand movement and optical 
tracking. The ultrasound probe is equipped with a tracking frame with reflecting 
spheres. The cameras of the tracking system thus traces the position and 
angulation of the ultrasound probe. A series of 2D images are collected and 
reconstructed into a 3D volume. 
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With mechanical assemblies, the transducer is moved mechanically. Using two-

dimensional arrays, electronic scanning with a 2D transducer array may be used to 

obtain 3D images. Such 3D ultrasound probes generates pyramidal or conical US 

pulses and processes the echoes to generate 3D information in real time. 

 

1.2.4 ULTRASOUND IMAGING OF BRAIN TUMORS 

On real-time B-mode ultrasound, the echogenic tissue appears bright, while the least 

echogenic structure appear dark. For orientation during neurosurgical procedures 

(when used without navigation), anatomical landmarks such as the ventricles, choroid 

plexus, tentorium cerebelli and falx cerebri are used. All brain tumors appear 

hyperechoic (e.g. brighter) in comparison with brain tissue. Edema, which may have 

variable echogenicity, is with few exceptions distinguishable from tumor tissue 30,87,151. 

The delineation of cystic and solid parts of a tumor as well as the differentiation 

between cyst and necrosis has been found to be more distinct than on CT images 170.  

In tumor cases with previous treatment (eg. previous surgery or radiation therapy), 

ultrasound tends to overestimate tumor, probably because areas of gliosis appear 

hyperechoic and difficult to distinguish from tumor 49,82,86. Used intraoperatively, 

residual tumor can be evaluated with ultrasound. Ultrasound imaging can be applied 

repetitively at different stages of the operation to determine the location and quantity 

of residual tumor 49,136. Still, some authors have found ultrasound for residual tumor 

assessment at the end of resection unreliable 170. 

In meningioma surgery, ultrasound has also been reported to be helpful for assessing 

whether the dural sinus is invaded or just compressed by the tumor 170.   



 27 

 

 

1.3 NEURONAVIGATION 

 

1.3.1 HISTORICAL PERSPECTIVE OF NEURONAVIGATION 

The positioning of the craniotomy and the direction of dissection has traditionally 

been determined by anatomical knowledge, x-ray image findings and clinical 

findings. Surgical exposures were often much larger than otherwise necessary in order 

to access the lesion. The anatomic localization method has been the norm also after 

the introduction of CT and MRI. Without other means to match image space with 

physical space, the use of CT images and MRI was through their reconstruction 

within the mind of the neurosurgeon. Stereotactic devices were developed for more 

accurate targeting of lesions than the anatomic localization method offered. In 1933, 

Kirschner 68 used a stereotactic device to treat trigeminal neuralgia with 

electrocoagulation of the ganglion gasseri  by targeting the foramen ovale at the skull 

base. In 1947, Spiegel and Wycis 154 did the first stereotactic thalamotomy using the 

corpus pineale as a reference point. With the development of CT in the early seventies 
2,59, the usage of stereotactic technique  broadened,  and stereotaxy was used for 

biopsies, neuroendoscopy and localization of tumors. At present, stereotaxy still has 

its place in neurosurgery due to its high accuracy. It is now mostly used for 

implantation of deep brain stimulation electrodes. An important limitation of 

conventional stereotactic technique is its single path, lacking interactivity during 

surgery (in contrast to neuronavigation systems). The stereotactic head-frame may 

also be painful for the patient.  

By the mid 1980s, the necessary prerequisites existed for computer assisted 

navigation in surgery: Computers and software with sufficient power to process image 

data in real time and positioning hardware with sufficient accuracy.  

In 1986, Roberts 131 presented a microscope fitted for navigated neurosurgery. 

Reformatted CT image data according to the position of the microscope was projected 

into the optics of the microscope. This allowed the surgeon to see the relevant CT 

image data superimposed on the surgical site. In1987, the Japanese neurosurgeon 

Watanabe presented a “neuronavigator” arm, introducing the idea of frameless 

stereotaxy 75,172,173. It consisted of a jointed positioning arm, where the angle of the 
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joints were measured with high accuracy and transferred to a computer. The 

positioning arm was attached to the head holding frame. Preoperative CT image data 

was used for navigation, with lead spheres as fiducial markers. In order to match 

physical to image space (e.g. registration), the pointer tip of the arm was directed at 

the lead spheres attached to the patients head, then the position of the lead spheres on 

the CT images were marked on the navigation computer. After the registration the 

position of the pointer tip of the arm was displayed and constantly updated on the 

corresponding CT images, enabling navigation. The neuronavigator was found useful 

for planning of the operation.  The system was developed further for navigation with 

additional imaging modalities, such as MR images and the lateral view of an 

angiography. Thus, the system was developed into a multimodal navigation system.  

Furthermore, attaching ultrasound probes to the end of the arm was also tested. The 

neuronavigator arm was also combined with somatosensory evoked potentials for 

identification of the central sulcus in cases with distorted anatomy. Interestingly, 

Watanabe introduced the concept of a “virtual tip”, a virtual elongation of the pointer, 

showing a spot at a known distance beyond the actual pointer tip, useful for planning 

of the approach. A similar feature has also been found most useful by our group. 

Soon after Watanabes publication of the neuronavigator arm, Schlöndorff  and 

Mösges developed another arm-based navigation system (which was called CAS; 

Computer Assisted Surgery) 145. Image data from CT, MR and DSA was used for 

navigation. They also used a mechanical arm with six degrees of freedom like 

Watanabe. To avoid the need for registration anew each time the head was 

repositioned, a fixed relation between the head holder and the navigating arm was 

later established 153. A rigid endoscope could also be attached to the navigating arm, 

enabling image guidance of endoscopy. Other tools could also be used with the 

system, but this required exact information on the size and shape of each instrument.  

The ISG Viewing Wand System 25,83 was also a mechanical arm with six joints, and 

has been studied by several authors. Preoperative CT and MR images were imported 

and displayed in three orthogonal planes. In addition to a pointer, a neuroendoscope 

could be attached.  The Viewing Wand was reported to enhance minimally invasive 

techniques and aiding in location of important structures in cases with distorted 

anatomy 143.  It was also reported useful in epilepsy surgery 113 and skull base tumor 

surgery  100,132, as well as pediatric neurosurgery of different sorts 24,117.  One of the 
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drawbacks were reported to be the added time for registration, but intraoperative 

location was performed faster 112. Furthermore, the size and weight of the navigation 

arm was a practical shortcoming. Last but not least, the accuracy was reduced during 

surgery because of progressive displacement of the brain because of CSF drainage 

and pull of gravity (this phenomenon was later given the name of “brain shift”). 

Overall, the Viewing Wand was found accurate and reliable in clinical evaluations, 

achieving a useful registration in 310 of 325 cases as reported by Golfinos 39.  

In Oulu, Finland, Koivukangas and colleagues, having a background in neurosurgical 

intraoperative ultrasound, designed a navigation system based on a six-jointed arm 

with six degrees of freedom. A common central axis of the navigator arm allowed for 

attachment of an ultrasound probe, and thus corresponding 2D ultrasound and 

reconstructed CT or MR image data could be viewed 73,144. Several instruments could 

be used with the Oulu neuronavigator system in addition to the pointer and an 

ultrasound probe, among them a biopsy forceps or needle, a neuroendoscope, and 

furthermore a surgical microscope could be aligned with the central axis. The image 

data could be displayed as standard orthogonal slices or as oblique planes. The system 

remarkably also included voice control.  Other arm-based neuronavigation systems 

have also been reported 34,35,158.  

Arm-based neuronavigation systems, although accurate, had the disadvantage of 

being rather bulky and impractical. Because of this, armless navigation systems were 

developed, with the positioning based on other principles than the joints of a 

mechanical arm. For positioning, ultrasound (sonic digitizers), magnetic sources and 

light-emitting diodes were employed. 

Roberts et al 131 were the first to employ ultrasonic sparks gaps and microphones to 

track the surgical microscope and displaying CT image data in the microscope. The 

system was reported to be useful for guiding tumor resection, but the distance 

between the sonic emitters and microphones had to be unobstructed and less than 2,5 

meters and the overall accuracy was reported to be 3,5-6,5 mm 130.  Another system 

based on sonic digitizers was reported by Zweifel and coworkers in 1990 183.  The 

ultrasonic transmitter was attached to the pointer. The microphones were positioned 

close to the patient’s head, and the working space was limited. Therefore, this group 

later traded the sonic digitizers for a LED based positioning system 144.  
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In 1991, Kato and coworkers published a study where they used a frameless, armless 

navigational system with magnetic localization technology. They found the system 

valuable, but reported that accuracy was vulnerable to metal objects and 

electromagnetic noise surrounding the magnetic field source and sensor 65.  Tan et al. 

also reported on a neuronavigation system with a magnetic localization unit, also 

commenting that large metal objects such as metal cabinets or tables had to be kept 

several meters away to avoid affected navigation accuracy. They therefore stated that 

although an magnetic localizing device is well suited for presurgical planning, other 

frameless stereotactic methods should be considered for intraoperative use 159.  

In 1991, Krybus and coworkers reported the use of optical tracking in 

neuronavigation 77. In 1994, Zamorano et al reported on an infrared-based tracking 

system 182. A cylindrical probe with 24 LEDs placed along an around it was designed 

for attachment of different surgical instruments, such as a biopsy needle or an 

endoscope. An ultrasound probe could also be attached. Also in 1994, Smith et al. 

published a paper 150 about the Neurostation™. It was based on infrared tracking with 

a bipolar forceps equipped with LEDs serving as the pointer. A reference frame with 

five LEDs was attached to the head holder and served as reference coordinates in 

physical space. Ryan and coworkers designed a smaller dynamic reference frame with 

LEDs which was attached to the patients skull by a screw, allowing continuous 

tracking of the patient142. The digitized coordinates of the pointer (which also was 

equipped with LEDs) were transformed into the coordinate system of the reference 

frame, thus making them independent of patient motion. In earlier systems without a 

reference frame arrangement, repositioning of the patients head (whether intentional 

or unintentional) required repeated registration of the patient, which could be 

cumbersome as fiducials may have been covered by drapes etc. 

In later generations of optical tracking neuronavigation systems like the VectorVision 
48 and SonoWand 46, reflective spheres served as points for tracing by the cameras, and 

the light sources were placed around the cameras on the camera array. This 

arrangement did not require power cables connected to the pointer and other tracked 

instruments, and in addition simplified sterilization procedures.  

The displacement of intracranial structures during a craniotomy, called brain shift, 

was discovered as an important source of inaccuracy during evaluation studies of 

neuronavigation systems. In 1994, Nauta 108 reported a case where simultaneously 
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using the Viewing Wand and a stereotactic frame in a small tumor resection. The 

accuracy was good at the beginning of the procedure, but dropped to 5mm during the 

resection, both for the stereotactic frame and the neuronavigation system. It was 

proposed that the loss in accuracy was due to tissue position changes occurring during 

the procedure. In 1996, Sipos and coworkers published an application accuracy 

evaluation study of the Viewing Wand. They commented on shift of the intracranial 

contents being a source of application inaccuracy in navigation based on preoperative 

images, and suggested that intraoperative ultrasound may be a useful adjunct149. 

Several studies have followed, evaluating the extent, direction and occurrence of brain 

shift 7,22,50,51,55,88,107,109,111,125,129,162. Brain shift increases during the course of the 

procedure 55.  The brain shift is also non-uniform, being largest at the cortical surface 

close to the resection area, and smaller in deeper structures of the brain 22. To amend 

for inaccuracy in navigation due to brain shift, intraoperative imaging may be 

performed and the intraoperative images can replace or be matched with the previous 

(or preoperative) dataset. Solutions for intraoperative MRI and ultrasound to acquire 

intraoperative image data for neuronavigation have therefore been developed. In 

1997, the Heidelberg group 165 were the first to report on intraoperative MRI for 

update of image data for neuronavigation. Today, most intraoperative MRI suites also 

have integrated neuronavigation systems 1.  

At present, it seems that assistance of neuronavigation has been evaluated in most 

neurosurgical procedures. The main argument is that anything that helps the surgeon, 

also in the end is beneficial for the patient. Critics have argued that a neuronavigation 

system in some cases only is a plaything and in reality does not add extra value for the 

patient 67. Whatever the true value of neuronavigation systems is, most neurosurgical 

centers seem to have one and they are probably used whenever the surgeon finds it 

helpful.  

 

1.3.2 BASIC PRINCIPLES OF NEURONAVIGATION 

To keep track of distance and direction within the skull is one of the main efforts 

during neurosurgical operations. Basically, in neuronavigation, technology is used to 

assist in orientation by displaying the position of a pointer on medical images. The 

technique has many similarities to the now widespread GPS devices, which show 

ones position on a map.  Neuronavigation has also been called image guided surgery, 
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computer-assisted surgery, and frameless stereotaxy. This chapter gives a brief 

summary of neuronavigation technology. 

In essence, a neuronavigation system consists of a computer connected to a 

positioning system. The computer is doing image data processing and computes 

positioning data. The positioning unit tracks the pointer position in space. 

Preoperative CT/MRI data is transferred to the computer by network or removable 

media. 

 A number of different navigation systems have been designed. They may be split up 

into categories based on whether they are: 1) Navigational microscopes or pointer-

based systems, 2) Active robots or passive devices, and 3) Arm-based or armless 

pointers 44. Armless systems may further be distinguished by whether the tracking is 

based on ultrasound, infrared light (IR), visible light or magnetism. Each of these has 

its benefits and disadvantages. It seems that the armless neuronavigation systems with 

optic tracking have won the competition and that these systems now dominate the 

market. 

 

1.3.3 POSITIONING SYSTEMS  

Ideally, a positioning or tracking system should be convenient, accurate, fast working 

and able to track several objects at the same time. Furthermore, it should be robust, 

not being influenced by the environment or objects nearby. It should not require direct 

line of sight. Lastly, it should be inexpensive115.  

 

1.3.3.1 ARM-BASED SYSTEMS  

Arm-based positioning systems are made up of arms with joints. The joints have 

sensors that measure the joint angle, and the position of the pointer is calculated by 

the information from the joint sensors. The joints usually have six degrees of freedom, 

three of translation and three of rotation.  

Arm-based systems have high technical accuracy and are not influenced by 

surrounding objects, air temperature and other external factors. They do not require 

unobstructed line-of sight. On the negative side, they require more space in the 

operating field than armless systems, and only one object can be tracked at a time. 

  

 



 33 

 

 

Figure 2: Example of a neuonavigator arm. 
 

 

1.3.3.2 ARMLESS SYSTEMS: 

Armless systems may be based on light, sound waves or magnetic fields. Two or more 

sensors determine the position of the pointer in space. The sensors may be infrared 

cameras, magnetic sensors or microphones depending on the physical principle used.   

  

1.3.3.2.1 SONIC POSITIONING 

 Sonic positioning systems determine position by measuring time from the emission 

of sound (often called spark gaps in the literature) from an emitter to the detection by 
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three or more microphones. The position of the emitter is calculated by comparing the 

difference in time for the emitted sound pulse to reach each microphone. A 

disadvantage is that the speed of sound is dependent on air temperature and humidity, 

and this may affect positioning accuracy. In addition, echoes from walls may cause 

problems. Although using sound, these systems do require an unobstructed line-of 

sight between emitter and receivers. 

 

1.3.3.2.2 MAGNETIC LOCALIZATION 

These localization devices apply a magnetic field. The transmitter generates a 

magnetic field, and the receiver is localized and oriented by detection of gradients in 

the magnetic field. Usually the receiver is inside the pointer probe. They do not 

require an unobstructed line of sight (or sound) like the optical and sonic positioning 

systems, but accuracy may be affected by distortion of the magnetic field by metal 

objects 

 

1.3.3.2.3 OPTICAL TRACKING 

These systems use optical imaging for localization. They consist of light sources and 

optical sensors. The light sources may be active light emitters, usually light emitting 

diodes (LEDs) that emit infrared light, or passive reflectors of infrared light. Markers 

that have high contrast in the visible spectrum may also be applied. Optical sensors 

usually are a rack of charge-coupled devices that use a 2D array of pixel sensors 

(CCD cameras). To determine the position of an object, at least three 

emitters/reflectors are required. A triangulation technique is used to determine the 

position of the emitters. Positioning accuracy is in the submillimer range, and multiple 

objects can be tracked in real time. The environment does not influence the accuracy. 

The main drawback of optical tracking systems is that they require an unobstructed 

line of sight, which may be occluded by objects or personnel during the procedure. 

Furthermore, only rigid instruments may be tracked.  
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Figure 3: Neuronavigation with optical tracking. Infrared light sources are 
arranged around the CCD cameras, reflecting spheres attached to pointer and 

reference frame.  
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Figure 4: Armless, pointerbased navigation system, based on infrared light for 
tracking. 
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1.3.4 INSTRUMENT CALIBRATION  

Basically any instrument can be tracked in neuronavigation, given it is equipped with 

emitters detected by the systems cameras or sensors. In the context of armless 

navigation systems based on infrared light with passive emitters such as reflecting 

spheres, a frame with reflecting spheres is attached to the instrument which is to be 

used in navigation. Then, the instrument has to be calibrated so that the navigation 

system will display the tip and trajectory of the instrument correctly. As an 

alternative, the manufacturer also can calibrate the instrument in advance. When 

properly calibrated, the instrument thus can be used in neuronavigation. Examples of 

instruments used in navigation are a biopsy forceps or needle, bipolar forceps, 

neuroendoscope, and a CUSA168. In case an ultrasound probe is to be used in 

neuronavigation, the ultrasound probe has to be calibrated in order to be used in 

navigation81,102. This may be performed each time the ultrasound probe is to be used, 

or in advance by the maker of the navigation system. 

 

1.3.5 REGISTRATION  

In order to use preoperative image data for navigation, a relationship between a real 

world coordinate system (the patient space) and the image space has to be established. 

This procedure is called registration or patient registration. First, corresponding points 

or surfaces are identified in the image dataset and on the patient. Next, a 

transformation matrix is established which correlates the coordinates of any point in 

the image space and the patient space. Fiducial-based paired-point transformation and 

surface contour matching are the two techniques frequently used for this purpose44,115.  

With paired-point matching, the coordinates of a matching set of points must be 

established in the image space and the patient. Usually markers glued to the skin are 

applied for this purpose, called fiducial markers of just fiducials. The main point is 

that these fiducial markers also are visible on the preoperative images. As the skin 

markers may move due to for example traction of the skin and thereby add 

registration error, markers attached to the skull with screws have been suggested to 

increase accuracy13,99. Anatomical structures may also be used instead of fiducials, for 

example the nasion and the exit of the auditory canal, however this approach usually 

gives a less accurate registration. If the patient changes position after registration, 

recalibration of the system is necessary. This is usually done automatically using a 
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patient reference frame fixed to the head holder. Without a patient reference frame, 

manual patient registration has to be performed over again, if not, the navigation map 

no longer corresponds to physical space.  

An important exception from the rule that patient registration has to be performed in 

advance of navigation is navigation based on intraoperative imaging such as 3D 

ultrasound. When this is the case, the intraoperative images are acquired in the 

patient/physical space, and no further registration is necessary168. If navigation with 

preoperative images in addition to the intraoperative images also is desired, the 

registration procedure still has to be executed. 

The accuracy of registration with the paired points method will be better when the 

number of corresponding points is increased. In addition, the registration points must 

not be clustered in a small area, as a small registration error may be magnified outside 

the area of registration points.  

 

Figure 5: Registration with fiducial markers 
 
Surface based transformations are methods for matching two rigid objects by 

minimizing the distance and rotation or a specific attribute between them114. In a 

neuronavigation context, the surface of the patient has to be matched with a 3D 

surface reconstruction from his/her images. This is may be done by using the pointer 
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to sample points on the surface of the patient, and then the best match of the sampled 

points with the 3D surface reconstruction is determined. 

Strongly related to surface matching for registration is image-to-image registration of 

different imaging modalities to the basic preoperative CT/MRI data. Functional MRI 

and tractograms, intraoperative CT, MRI or ultrasound are all feasible for image-to- 

image registration with regular preoperative image data.  

 

Figure 6: After patient registration, the navigation system is ready for use. The 
image displayed by the navigation system is determined by the position and 
trajectory of the pointer. On the screen, the pointer is marked. The patient 

reference frame is attached to the head-holder. 
 
1.3.6 ACCURACY 

The expression “precise”, in a technical context, is used for a group of measurements 

with a small standard deviation (e.g. the value of the measurements differ little), 

although the mean of these measurements can be far from the true value. On the other 
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hand, a group of measurements are unbiased if the mean is close to the true value. 

Only if both precise and unbiased, a set of measurements is accurate.  In 

neuronavigation systems based on preoperative images the error sources may be 

numerous91, and usually one distinguishes between three different types of accuracy 
45: 

1. The technical accuracy, meaning how reliably the positioning system can define 

its own position. The technical error is usually in the sub millimetre range with 

present positioning systems.  

2. Registration accuracy. Registration accuracy is a measure of how well the 

coordinates of physical space is corresponding to the coordinates in image space after 

registration. Registration accuracy depends on the method of registration: In paired-

point matching, using anatomic landmarks for registration has the worst accuracy, 

while using adhesive skin fiducials is better. Attaching fiducials with screws in the 

skull has the best registration accuracy. Registration accuracy for adhesive skin 

fiducials is somewhere in between.  Navigation systems based on paired-point 

transformation have a check for estimating the registration error, the root mean square 

(RMS). The RMS is the root mean square of the distance differences of the fiducials 

between the image and the physical space. The RMS using CT images with 2-3mm 

slice thickness is usually in the millimetre range, but typically below 4mm 44.  

3. The application accuracy/Navigation accuracy is reflecting the targeting error 

during the operation. It depends on both technical accuracy and registration accuracy 

as well as additional factors 91. In addition, displacement of the head in the clamp, 

displacement of the dynamic reference frame and displacement of brain tissue (called 

brain shift, discussed below) altogether influence the overall application accuracy. 

The application accuracy also varies in time and space as brain shift is non-uniform 

and may increase during a procedure 107,109.  
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Figure 7: Brain shift.  After some resection has been performed,  brain shift may 
occur (arrows).  Brain shift is non-uniform, and difficult to predict. The cortical 
surface, walls of the resection cavity, and important structures such as vessels 
may move. 
 
1.3.7 VISUALIZATION AND DISPLAY 

Image data may be displayed in different ways. It is a challenge to display the 

increasing amount of available data from different imaging modalities in a user-

friendly way, and this has been an issue of interest for our research group 53,54,90,120,167. 

As the image data is a 3D data volume, the 2D images displayed on screen are image 

slices trough the 3D dataset. The images may be displayed as conventional 

orthogonal slices, e.g. the way one usually view medical images, sliced in the sagittal, 

coronal and transversal planes. As an alternative to this, an image slice determined by 

the trajectory and rotation of the surgical tool or pointer may be displayed (this 

visualization mode is called “anyplane” in the SonoWand system), like the real-time 

image from an ultrasound probe. Some users of navigational systems find this more 

intuitive, as only the structures in the direction of the pointer is displayed. Another 

image slice perpendicular to the first plane may be displayed in order to view the 

anatomy in two planes, which ensures that structures above or below the first plane 

are not missed. A third image slice, perpendicular to the two other may also be 

introduced, thus being perpendicular to the axis of the pointer. In addition, 3D display 

modes may be applied, using stereoscopic display or surface and volume rendering 

techniques. When microscope integration is used, items of interest (for example the 

outline of a tumor) may be displayed and superimposed in the ocular of the operating 

microscope.  
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Figure 8: Different methods of visualization for image guidance. A: To the left: A 
single 2D slice from the 3D volume determined by the position and orientation of 
the instrument (called ”anyplane” in the SonoWand system). Right: Two 
perpendicular image slices determined by the position and orientation of the 
instrument. B: Three orthogonal slices determined by the position of the tool and 
the patient. C: Other visualization techniques. Top left: 3D visualization 
technique using volume or surface rendering of selected objects. Top right: 
Image slice and 3D display technique used simultaneously in one window/scene. 
Bottom: Stereoscopic visualization using red-blue glasses.  
 

 

1.3.8 APPLICATIONS OF NEURONAVIGATION: 

Neuronavigation systems are used for planning of the craniotomy and for 

intraoperative orientation and localization. Instead of standard approaches, using 

neuronavigation an approach may be tailored and allow smaller craniotomies. 

Essentially any target which is difficult to find and is below the cortical surface of the 

brain may be located easier with the help of neuronavigation, such as tumors, 

aneurysms, cavernous haemangiomas, AVMs and AVM feeder vessels. Image 
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guidance may allow an endoscope to be inserted into narrow ventricles in 

neuroendoscopic operations. Improved orientation provided by the neuronavigation 

system may be helpful, demonstrating anatomical relationships, and detecting residual 

tumor. In spinal surgery, neuronavigation may be used to assist proper screw 

positioning.  

 

 

Figure 9; Examples of instruments that can be used in neuronavigation. A: 
Pointer. B: Cavitron Ultrasonic Surgical Aspirator (CUSA) C: Ultrasound 
probe. D: Endoscope. E: Biopsy forceps. 
 

1.4. INTEGRATED 3D ULTRASOUND AND NEURONAVIGATION 

 

1.4.1 INTRAOPERATIVE IMAGING AND ULTRASOUND IN 

NEURONAVIGATION 

 The use of intraoperative 3D ultrasound for updated image data to be used in 

neuronavigation was reported by Grønningsæter and colleagues in 2000 46. The virtue 

of the SonoWand system is that the ultrasound image data are transformed into a 3D 

dataset that may be used for navigation like any other image data. The usefulness of 
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the SonoWand system has been reported by other groups 11,134. A couple of another 3D 

ultrasound based neuronavigation solutions has been reported as well 89,148.  Other 

neuronavigation solutions with intraoperative 2D ultrasound have also been 

introduced, for concurrent display of intraoperative (2D) ultrasound and preoperative 

MRI 61,66,156,161. Intraoperative CT imaging has been explored as well 94, but never 

gained momentum.  

Intraoperative MRI is the major alternative to ultrasound in intraoperative imaging1. 

Enthusiasts of both intraoperative MRI and ultrasound seem to have their arguments 

why their modality is superior. Intraoperative ultrasound is a low-cost alternative, not 

requiring extra staff and an expensive dedicated operating suite. Furthermore, 

intraoperative ultrasound allows for updating the intraoperative image data as often as 

desired, while intraoperative MR updates are more limited due to the extra time  

required for imaging. While devotees of intraoperative ultrasound argue that image 

quality is comparable to intraoperative MRI with state of the art ultrasound 

equipment, the general neurosurgical community does not seem convinced. 

Ultrasound will only show parts of the anatomy, while MRI shows the entire scene. 

Deeper structures tend to be less easily delineated by ultrasound, due to the 

attenuation of ultrasound waves the further they travel in tissues.  Finally, 

intraoperative MRI with high field strengths may perform new MRI imaging 

techniques such as diffusion weighted MRI, functional MRI (although it requires 

awake craniotomies), MR-Angiography among others 1. In this context it is important 

to remember that ultrasound and MRI are based on fundamentally different physical 

principles, and in some regards comparing the two modalities would be like 

comparing apples and oranges. Interestingly, Katisko and Koivukangas recently have 

explored using both intraoperative MRI and intraoperative ultrasound in 

neuronavigation 64, and this seem like a good idea as the two modalities in reality are 

complimentary. 

 

 

 

 

 

 



 45 

1.4.2 3D ULTRASOUND IN NEURONAVIGATION. 

In present solutions for 3D ultrasound, an ultrasound probe is calibrated either prior to 

the operation or comes pre-calibrated by the manufacturer. At the neurosurgical 

department in Trondheim, precalibrated 5 MHz and a 10 MHz probes are available for 

use with the SonoWand system. When the probe is calibrated, the 2D ultrasound 

image is positioned correctly in physical space by the positioning system. The 3D 

ultrasound image data is then acquired by moving the probe over the area of interest. 

(See chapter 1.2.3 for discussion on 3D ultrasound). In addition to standard B-mode 

images, also duplex images showing vessels with Doppler may be used.  

The 3D ultrasound image volume is then ready for use in navigation, alone or in 

combination with preoperative image data such as MRI. Using preoperative images in 

addition to intraoperative 3D ultrasound is obviously useful for planning of the 

craniotomy, but also for orientation and interpretation of the ultrasound images.  

During the operation, new 3D ultrasound image data may be acquired whenever 

wanted. The ultrasound probe is in the surgical field only during 3D ultrasound image 

acquisition.  

 

1.4.3 CLINICAL APPLICATION OF 3D ULTRASOUND.  

3D ultrasound may be used in a number of different neurosurgical procedures. In most 

cases, preoperative MRI is also used in addition to 3DUS and is useful particularly for 

planning of the approach.  

In tumor resection, 3D ultrasound is used for delineating the tumor borders, 

monitoring the resection and detection of residual tumor. In addition, complications 

such as hemorrhage may be detected. Navigation with 3D ultrasound may be done 

with a pointer or with a calibrated CUSA in which case the resection may be guided 

continuously168. Microscope integration is not yet available with 3D ultrasound. To 

make the resection as safe and complete as possible, it is essential to acquire new 3D 

ultrasound image data during the operation, especially at the end of the resection.  The 

surgical approach should be made as vertical as possible to allow saline to fill the 

entire cavity when 3DUS image acquisition is done, to allow air bubbles to escape. In 

addition, there should not be any blood, debris, spatulas or cottonoids in the resection 

cavity when acquiring 3D ultrasound. Nearly all tumor types can be identified and 

outlined with 3D ultrasound168. As Paper 2 in this thesis points out, in some cases it 
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may be useful to use 3D ultrasound angiography to monitor important vessels close to 

the tumor border. During the course of the resection the ability of 3D ultrasound to 

delineate glioblastomas may decline, as Paper 1 in this study shows, and it is 

important to keep this and other limitations of 3D ultrasound in mind when 

performing a resection with 3D ultrasound image guidance. 

Biopsies may be image guided with 3D ultrasound. Using 3D ultrasound for biopsies 

may be advantageous as accuracy loss due to brain shift and registration error will be 

minimal. A biopsy forceps equipped with a tracking frame is used, and must be 

calibrated in each case before use. To be able to perform image guided biopsies with 

3D ultrasound, a burr hole large enough for the ultrasound probe must be made. 

Navigated 3D ultrasound is well suited for resection and removal of cavernous 

haemangiomas as they are readily depicted on ultrasound. Also cavernous 

haemangiomas in the posterior fossa are suited for surgery with 3D ultrasound, and 

again, with minimal error due to brain shift and registration error. 

Image guidance of endoscopes may be performed with 3D ultrasound, as Paper 4 in 

this thesis shows. In many cases image guidance of the endoscope with 3D ultrasound 

alone is sufficient. Image guidance is useful for choosing the best entry point and 

trajectory for the endoscope, as well as deciding the best site for doing a fenestration. 

In evacuation of intracerebral hematomas, image guidance with 3D ultrasound is 

possible using a CUSA with tracking. 

In vascular neurosurgery, image guidance with 3D ultrasound using power Doppler 

may be of value. In aneurysm surgery, navigation with 3D ultrasound angiography 

may be useful for locating aneurysms at atypical locations. In AVM surgery, navigated 

3D ultrasound angiography and stereoscopic display of the 3D ultrasound angiogram 

may be useful for identifying feeders for clipping, and to check whether residual 

AVM is left after clipping, as Paper 5 shows. In addition, one other group has 

reported this 98.  

3D ultrasound image guidance may be useful in surgery for intraspinal pathology. It 

may be helpful for both locating tumors in the spinal canal and medulla spinalis and 

for resection control. In Paper 3 this is discussed. Also in syrinx surgery using 3D 

ultrasound may be helpful 10.  
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1.4.4 MULTIMODAL NEURONAVIGATION.  

Multimodality may be defined as the integration of multiple imaging modalities in 

neuronavigation, so that all relevant image data is displayed simultaneously on the 

same screen. Important progress in neuronavigation has in recent years been made in 

multimodality and visualization techniques.   

To display the multimodal image data in an intuitive fashion is a challenge, and only 

the image data which is relevant should be displayed. Functional image such as 

BOLD-fMRI and tractograms which map important neural pathways in the white 

matter of the brain may be particularly useful. Several groups have reported the use of 

fMRI and tractograms for functional neuronavigation 12,18,57,62,76,104,110,120 Also other 

information which may be useful can be imported and used in neuronavigation, such 

as MR spectroscopy 155.  

Ultrasound, with its practical advantages, may be the main intraoperative imaging 

modality in multimodal neuronavigation. Thus updated and accurate structural images 

are used for navigation, while important functional image data is simultaneously 

shown. An important area of research is methods for automatic multimodal co-

registration between pre-operative MRI and fMRI/tractograms and intraoperative 3D 

ultrasound, which means to adjust preoperative image data using intraoperative 

imaging. This may be a feature of future neuronavigation systems18,120.
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2 AIMS OF THE RESEARCH  
Since its introduction, the application of Neuronavigation based on 3D ultrasound has 

continuously been explored and evaluated by our research group. The purpose of the 

present PhD thesis was twofold: 1) Undertake a clinical evaluation of the present 3D 

ultrasound-based neuronavigation system. 2) To further explore the possibilities of 

neuronavigation based on 3D ultrasound.  

 

2.1 AIMS OF STUDIES 

The main use of intraoperative navigated 3D ultrasound at our department has been 

image guidance of brain tumor resection. Ultrasound is reported to readily show and 

delineate nearly all brain tumors 5,17,49,82,122,137,170,180. The delineation of gliomas by 3D 

ultrasound has been studied in unresected tumors by our group 169. 3D ultrasound was 

found to have good specificity and sensitivity in delineating tumor borders  prior to 

resection. Furthermore, the use of ultrasound for evaluation of the completeness of 

resection has been reported, comparing image findings with histopathology 16,87,179. 

These studies show that using ultrasound tumor remnants may be detected after 

resection with a reasonable degree of certainty. However, it is not clear to what extent 

intraoperative factors disturb the delineation of gliomas in subsequent phases of the 

resection. A study was initiated to assess this, and is reported on in Paper 1.  

Using 3D ultrasound in image guidance of tumor resection includes the possibility of 

also employing ultrasound Doppler imaging. In our case, power Doppler was used.  

The aim of the study presented in Paper 2 was to do a clinical evaluation of the 

benefits and shortcomings of 3D ultrasound angiography for image guidance in 

surgery of brain tumors. One aim of the study presented in Paper 5 was to evaluate 

the application of navigated 3D ultrasound angiography and a stereoscopic display 

technique enabling navigation with the ultrasound angiographic image data in true 

3D. 

In spinal cord tumor surgery, ultrasound has earlier been applied and reported to be 

useful 70,116,121,123,138. The experience with neuronavigation and intraoperative imaging 

with 3D ultrasound in this setting is however modest. The aim of a study undertaken 

by our research group was to assess the feasibility and technical aspects of navigated 

intraoperative 3D ultrasound in spinal cord surgery. This study is presented in Paper 
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3. In neuroendoscopy, the use of neuronavigation for image guidance is a recognized 

enhancement 6,14,23,31,32,47,58,92,106,128,146. Orientation in cases with anomalous anatomy, 

introducing the endoscope into small and slender ventricles, visualization in obscure 

fluids and finding small subependymal tumor masses may all be obstacles in 

endoscopic neurosurgery. Still, due to brain shift navigation with preoperative images 

may be inaccurate. The use of the SonoWand system for 3D ultrasound guidance of 

neuroendoscopic procedures therefore was one of the logical applications of this 

system. An adapter for attaching it to one of the endoscopes at the department was 

designed. The design was put to use, and utilized successfully. An evaluation of this 

concept in a series of cases was the goal of the study presented in Paper 4.  

 

3. MATERIALS AND METHODS 
The navigation system used was an intraoperative ultrasound based neuronavigation 

system, SonoWand (SONOWAND AS, Trondheim, Norway) with a 4-8 MHz flat 

phased array probe (also called 5MHz due to the mostly used scan frequency) with 

optimal focusing properties at 3-6 cm and with the capability of acquiring power 

Doppler (ultrasound angiography) images166,168.  On the ultrasound angiography 

images, vessels were displayed as an overlay in shades of red according to the power 

of the Doppler signal, over the tissue image. On B-mode images, the 4-8MHz probe 

has a radial and lateral resolution of approximately 0.5 and 1.0mm, respectively. In 

addition, the image plane itself has a certain width that varies with depth. This 

elevation resolution (perpendicular to the scan-plane) is less than 2 mm in the optimal 

depth range. In addition, a 10 MHz probe was used, which had better resolution and 

accordingly lower penetration.  

 For tracking of the ultrasound probe, a tracking frame was attached. Neuronavigation 

was performed with a tracked pointer device, or the CUSA with an attached tracking 

frame. Tracking of the CUSA enabled continuous monitoring of the position of the tip 

and the trajectory of this instrument (a concept called “on-line resection”). A biopsy 

forceps with tracking was also available for image guidance of biopsies. For 

acquisition of 3D ultrasound image data for navigation, the ultrasound probe was 

placed on the dura and tilted or translated over the area of interest by a free hand 

movement. The 2D ultrasound images acquired were reconstructed to a 3D ultrasound 

dataset ready for navigation. The ultrasound probe was not in the operating field after 
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the acquisition of a 3D ultrasound volume, unless when additional 3D ultrasound 

datasets were acquired or real-time 2D imaging was needed. 

Image slices from the 3D ultrasound dataset was displayed on the screen of the 

navigation system, usually in addition to the preoperative MRI, which was displayed 

simultaneously on the same screen. With a simple pointer device surgical planning 

and navigation could be performed after fiducial-based patient registration. The 

patient reference frame was attached to the head-holder. Additional ultrasound and 

ultrasound angiography image data was acquired whenever required due to suspected 

brain shift, or for resection control. 

The application accuracy of the SonoWand system has previously been reported to be 

as low as 2 mm when using intraoperative ultrasound to compensate for brain shift 91.  

The operations in this research were carried out in the years 2003-2006, by senior 

neurosurgeons at the Neurosurgical Department in Trondheim. This author attended 

nearly all operations in which data for this research was collected.  Research 

colleagues from SINTEF Health Research always attended the operations.  

Data was collected by gathering images and recording information during the 

operations. Discussions with the operating surgeons in retrospect also was an 

important method of collecting information.  

Ethical approval: In the “Endoscopy” study, ethical approval was not applied for. 

The patients were however informed about the equipment by the operating surgeon in 

advance. All other studies in this thesis were approved by the Regional Committee for 

Medical Research at the University of Science and Technology in Trondheim, and the 

patients gave written informed consent, and had the opportunity to ask questions 

about the project afterwards, as well as withdrawing from the study at any time.  

Inclusion and exclusion of patients: Patients were considered eligible as they were 

assigned for surgery. Then, the patients were asked to participate and if they 

volunteered, they were included/excluded by the inclusion and exclusion criteria in 

each study.  
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BF 

 
Figure 10: Setup of equipment in the operating room. The biopsy forceps (BF) is 
on the right hand side in the top image 
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4. SUMMARY OF STUDIES AND MAIN FINDINGS 
 

PAPER 1  

This paper presents a study where the ability of intraoperative navigated 3D 

ultrasound to distinguish normal from tumor tissue during subsequent phases of 

surgery is assessed.  This was done by comparing image interpretation (e.g. whether 

the biopsy was sampled in tumor or normal tissue) of biopsy location and the 

corresponding histopathologic findings. In the study, ultrasound readily distinguished 

tumor from normal tissue before the resection. However, during resection (when a 

certain amount of tumor was removed), there were false positives on several 

occasions, in other words areas falsely interpreted as tumor. This reduced the 

specificity of ultrasound during resection. After completed resection, there were a 

considerable number of false negatives, in other words biopsy sites interpreted as 

normal but which showed tumor tissue or infiltration on histopathological 

examination. Thus the sensitivity after resection was low. The conclusion of the study 

was that the ultrasound tended to overestimate tumor in the situation where some 

resection had been carried out (during resection), while it underestimated the 

occurrence of tumor and infiltrated tissue in the resection cavity wall. On the other 

hand, sensitivity was acceptable during resection, and thus it seems that residual 

tumor masses are detected during resection. The specificity was acceptable after 

resection, reflecting that normal tissue was correctly diagnosed in most cases.  

 

PAPER 2 

This paper presents a collection of cases with intracranial supratentorial tumors in 

which navigation with intraoperative 3D ultrasound angiography (power Doppler) 

was used for image guidance. The main finding in this study was that navigated 

intraoperative 3D ultrasound angiography was easy to use and interpret, and that it 

was found useful by the surgeon in cases with important vessels situated close to the 

tumor. 
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PAPER 3 

In spinal cord tumor surgery, neuronavigation may be useful, and this paper presents 

the use of intraoperative 3D ultrasound for image guidance in spinal cord tumor 

surgery. The main finding was that using intraoperative 3D ultrasound for 

neuronavigation was feasible. The paper also discusses the technical and practical 

issues of this application. 

 

PAPER 4  

This paper evaluates the use of intraoperative 3D ultrasound with neuronavigation for 

guidance of neuroendoscopy. The main finding was that this technique was 

practicable, and that the ultrasound images were of sufficient quality for image 

guidance of neuroendoscopic procedures. In cases with narrow ventricles and cases 

with anomalous anatomy image guidance was found useful for deciding entry point 

and trajectory for the endoscope and where to perform a fenestration. Still, issues of 

improvement of the equipment like an improved tracking frame developed 

exclusively for the endoscope were identified. 

 

PAPER 5  

This paper presents a study in which a navigated stereoscopic display module in the 

SonoWand system was assessed in AVM cases. The stereoscopic display was found 

easy to interpret. Intraoperative 3D ultrasound angiography image data were acquired 

and put on view with the stereoscopic display, but the image quality of 3D ultrasound 

angiography displayed in this manner was uneven. In some cases, the ultrasound 

angiography data was of sufficient quality and stereoscopic display of the AVM 

allowed feeder vessels to be identified and accurately targeted because accuracy of 

ultrasound image data was not affected by brain shift.  Still, the vessels seemed 

bulkier when visualized by 3D ultrasound angiography than on MR-angiography. 3D 

ultrasound angiography was also useful to map the size of the nidus as it showed both 

arteries and veins, and in one case to detect residual AVM.      
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5. DISCUSSION  
 
Interpretation of ultrasound images is highly dependent on the experience of the 

ultrasound user. In Paper 1, 2 and 5, the operating surgeons interpreting the ultrasound 

images had significant experience with ultrasound, while in paper 3 and 4, the 

operating surgeons had average experience with intraoperative ultrasound.  

 

5.1 THE ABILITY OF INTRAOPERATIVE 3D ULTRASOUND TO 

DISTINGUISH BETWEEN TUMOR AND NORMAL TISSUE. 

In Paper 1, it is shown that the ability of navigated intraoperative 3D ultrasound to 

distinguish tumor from normal tissue is reduced during resection and after resection, 

as compared to the situation prior to resection. Tumor tended to be overestimated 

during resection, as several biopsies deemed “normal” contained either tumor tissue 

or normal tissue.  

The factors influencing the ultrasound image are multiple. Some of these factors can 

be assumed to be constant during all phases of the operation, such as for example the 

resolution of the ultrasound scanner. Other features may change. Intraoperative 

factors may theoretically cause the physical characteristics of the brain tissue to be 

altered in different ways that may affect how the tissue is imaged by ultrasound. For 

example, the effect of gravity in the absence of CSF may alter the echogenicity of the 

brain tissue. It is not known whether the surgeon performed the 3D ultrasound image 

acquisition differently in the different phases of the operation and if this was the case 

how it would affect the images. Finally, imaging artefacts due to blood, microscopic 

bubbles among other things may obviously be introduced by the surgery. To identify 

the causes of the reduced diagnostic accuracy of ultrasound during and after resection 

were however beyond the scope of this study.  

The highly infiltrating nature of gliomas is an everlasting concern in the surgical 

treatment of these neoplasms. This issue also has a natural place in this discussion. It 

is to be expected to find infiltrated tissue and tumor remnants in the walls of the 

resection cavity after surgery. The resolution of ultrasound is of course limited, and 

small tumor remnants may not be detected.  



 55 

Figure 10: Bar chart of biopsies that were categorized 
"infiltration" by the pathologist. 

Does ultrasound show infiltration? In the study presented in paper 1, the surgeon did 

not have the option of classifying an image finding as “infiltration”, while the 

pathologist did. Still, it is difficult enough to decide whether it is tumor or normal 

tissue on the ultrasound images and it was considered too complicated in addition to 

decide whether it was infiltration. On the other hand, the surgeon could choose 

between being certain or uncertain on whether the biopsy was sampled in normal or 

tumor tissue. This 

was chosen because 

it most closely 

reflected what is the 

real situation using 

3D ultrasound (and 

in retrospect it 

allowed us to create 

ROC curves). Table 

2 in paper 1 shows 

the image findings 

in biopsies that 

contained infiltrated 

tissue. Before the 

resection 6 of 10 of 

biopsies that contained infiltration were deemed “tumor”, 2 biopsies “tumor, 

uncertain” and 2 biopsies “normal”. In the next phase, during resection also 6 of 10 

biopsies that contained infiltration were judged “tumor”, while 1 biopsy “tumor, 

uncertain”, 1 “normal, uncertain”, and 2 “normal”. After completed resection the 

picture was different, with 1 of 16 biopsies which contained infiltrated tissue 

considered “tumor, uncertain” (none were considered “tumor”), 10 of 16 biopsies 

were considered “normal, uncertain”, while the remaining 5 were deemed “normal”.  

Thus it seems that the majority of the biopsies containing infiltration before and 

during surgery were deemed “tumor” or “tumor, uncertain”, while after resection the 

majority of biopsies were deemed “normal, uncertain” or “normal”. We were 

reluctant to draw further conclusions on this in part due to the fact that the study was 

not designed to assess whether infiltration shows on ultrasound.  
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Another observation is the proportion of biopsies in which the surgeon was uncertain 

in the different phases (regardless of whether it was “tumor, uncertain” or “normal, 

uncertain”).  Before resection the surgeon was uncertain in 7% of biopsies, during 

resection 12% and after resection 56%. Thus it seems that the situation after resection 

was different. A possible explanation for this is that it simply is more difficult to 

appraise the images after resection, when there is no certain tumor left on the image 

for comparison with normal tissue.   

Is the reduced diagnostic accuracy of ultrasound during and after surgery harmful for 

the patient? Overestimation of tumor may lead to a too aggressive resection, 

unnecessarily removing normal tissue. Still, the postoperative status of the patients 

who participated in this study was overall certainly acceptable, so it seems that at least 

in this study there was no such harmful effect. Underestimation of small tumor 

remnants and infiltrated tumor tissue after resection may be unfavourable for the 

patient, and if this is the case, the resection should be carried out more aggressively 

than the ultrasound image suggests. To find answers to this dilemma, further studies 

are needed. 

Statistical considerations: Further statistical analyses than simple calculations of 

sensitivity, specificity, NPV and PPV are not included in Paper 1, and confidence 

intervals for the calculated values of sensitivity, specificity NPV and PPV are not 

presented. This was however given consideration, and an experienced medical 

statistician (SL) consulted on the issue. If confidence intervals were to be calculated, a 

random effects model would have to be considered as several biopsies were sampled 

from the same patient. McKnight et al used a bootstrap method when comparing 

histopathology with MR-spectroscopy to account for the multiple biopsy specimens 

excised from each patient 101.  We did not however find a suitable statistical method 

for our data for calculating valid confidence intervals taking random effects into 

consideration. A method for creating approximate confidence intervals (although 

probably too narrow) could have been using Agresti and Coulls method.  

Limitations of the study. There are several methodological shortcomings in Paper 1, 

which are discussed in the paper. In addition, there are still other possible sources of 

error. It cannot be ruled out that the staff marking the biopsies and bringing them to 

the pathology lab might have been more tired at the end of the day, thus the risk of 

misplacing biopsies might have been greater for biopsies during and after surgery 



 57 

introducing another possible source of error that is different for the subsequent phases 

of resection.  

Obviously there also might have been a bias in the attitude of the surgeon in this 

phase, as he already had decided that the resection was complete. Still, the surgeon 

was certainly aware of this possible bias and tried to avoid it. 

 

 

5.2 THE DETECTION AND DEPICTION OF VESSELS BY 3D POWER 

DOPPLER ULTRASOUND IMAGES 

The findings that neuronavigation based on 3D ultrasound angiography is feasible in 

brain tumor surgery and useful in selected cases, mean that the addition of navigated 

ultrasound angiographic imaging should be considered in tumor surgery. In cases with 

important vessels situated close to the tumor, it may increase safety.  Still, it is 

important when using this technique to be aware of its limitations. It is not possible to 

distinguish arteries from veins using power Doppler alone, and the vessels may 

appear to be bulkier than they are in reality due to blooming and the effect of the 2D 

ultrasound slice thickness.  

The stereoscopic display of vessels is an alternative method of displaying the image 

information as 2D image slices. This might be a better way of displaying the 

angiographic information, as the whole vessels are displayed in a true 3D image. The 

experience with this display technique in AVM surgery reveals that it is vulnerable to 

shortcomings in the 3D ultrasound angiography technique. Successful imaging using 

stereoscopic display was variable, giving comprehensible images in some cases while 

not in other cases, in which the images were too blurry and bulky to be of value. Also 

in aneurysm surgery we had this experience (unpublished data). Another research 

group have also used stereoscopic visualization of AVMs with intraoperative 3D 

ultrasound angiography, and it seem that their experience was more positive 97, but the 

low resolution of power Doppler imaging was commented on as being a major 

limitation. The stereoscopic display of preoperative MR-angiography was in our 

experience consistently of good quality, ruling out that the stereoscopic technique was 

the cause of low image quality in some cases. Shortcomings in power Doppler 

imaging like blooming and flash artefacts are discussed in Paper 2.  
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During our research some important questions about the modality arose. The 

blooming effect make vessels appear larger than they really are, but how much larger? 

To what extent is the blooming effect related to the distance from the ultrasound 

probe? What is the smallest size of a vessel that may be detected by this method? And 

how does the distance from the ultrasound probe affect the size of the smallest 

detectable vessels? These questions may be the subject of further studies. Still, in the 

fast-moving world of medical technology, new technologies may arise before the 

existing ones are thoroughly tested. For example, wide-band Doppler technique 

coupled with improved signal and image processing seem promising, because it 

boasts better resolution and less blooming (T.Sato, http://www.toshiba-

europe.com/medical/Materials/Whitepapers/Sato.pdf).   

Contrast agents for use with ultrasound have for some years been available on the 

market. They are highly echogenic gas-filled microbubbles that are administered 

intravenously, and may be used for depiction of vessels. We considered the use of 

contrast agents for visualization of vessels, but discarded the idea partly due to the 

fact that the knowledge of hazardous effects of ultrasound contrast applications used 

intraoperatively in neurosurgery is limited. We also feared that the intravenous 

administration of the contrast agents would be an obstacle in the intraoperative 

setting.  Still, the use of ultrasound contrast agents has been applied in neurosurgical 

intraoperative ultrasound, and the authors reported that it was feasible and they did 

not observe any harmful effects 63. The use of ultrasound contrast agents for 

intraoperative angiographic imaging therefore cannot be ruled out.  

 

 

5.3 THE USE OF 3D ULTRASOUND NAVIGATION IN SPINAL CORD 

SURGERY 

In Paper 3, it was demonstrated that the use of a navigation system based on 

intraoperative 3D ultrasound was feasible in spinal cord tumor surgery. In our view, 

this has considerable advantages in comparison with 2D ultrasound, and these are 

discussed in the paper. Still, while conventional 2D ultrasound is real-time, the 3D 

ultrasound technique presented here is not. The unexposed spinal cord has been 

shown to move craniocaudally in a pulsatile fashion with each cardiac cycle103. To 

what extent and in what direction the spinal cord exposed after a laminectomy move 



 59 

when the surgical opening is filled with saline is not known. If it does, it will probably 

vary with the size and location of the surgical opening, and whether the dura is 

opened or not. We did in one case in 14 patients with spinal lesions experience that 

the reconstructed images of the spinal cord appeared wavy when viewed in the 

sagittal plane, and suspected that this might have been due to pulsatile motion of the 

spinal cord while performing 3D image data acquisition.  

In spinal surgery, the vertebras move due to breathing, and to a greater extent due to 

surgeon-induced motion 37. As the vertebras move, the spinal cord will also shift. The 

attachment of the patient reference frame to the spinal process of a vertebra is 

therefore a better solution than attaching it to the operating table. To what extent the 

spinal cord and the vertebras move in a similar fashion due to breathing is not known, 

but we have assumed that the spinal cord and the vertebras move in a parallel fashion. 

This is almost certainly only an approximation. While we did not do a systematic 

evaluation of the application accuracy, our experience was that the agreement 

between the navigated images and the surface of the dura was very good, although 

agreement in the craniocaudal direction was impossible to assess with this approach.  

It thus seems that neuronavigation of the spinal cord has some intriguing challenges, 

and this preliminary study raises several important questions about accuracy that have 

to be further investigated.  

We did not have the opportunity to test probes with higher frequencies than 10 MHz. 

It may be possible that probes with even higher frequencies give even better imaging 

results. Navigation with power Doppler imaging was performed a couple of times, 

and vessels successfully imaged. A systematic evaluation of the value of 

neuronavigation with intraoperative ultrasound angiography in spinal cord surgery 

was not done by us, but this technique may also be useful in selected cases as for 

example spinal AVMs.  

 

 

5.4 THE USE OF 3D ULTRASOUND NAVIGATION IN ENDOSCOPY  

In paper 4, it was shown that navigation based on 3D ultrasound was feasible for 

image guidance of neuroendoscopic procedures, furthermore it was found useful for 

deciding entry point and trajectory for the endoscope and where to perform a 

fenestration. 
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The field of neuroendoscopy is expanding, and the applications are many. It was 

beyond the scope of this study to evaluate the usefulness of this concept in each of the 

many applications. Besides, only one endoscope was used. The concept was based on 

the calibration of a rigid endoscope with a tracking frame attached. The tracking 

frame was originally designed for the CUSA, and an adapter was made so that the 

tracking frame could be attached. Still, assembling the endoscope, adapter and 

tracking frame correctly proved to be cumbersome, and was not a fail-safe procedure 

(e.g. the tracking frame could be mounted incorrectly resulting in erroneous 

navigation). Furthermore, the tracking frame in one case shifted (probably because it 

had been pushed during a manoeuvre), resulting in incorrect navigation. Therefore we 

believe that tracking frame solution exclusively for use with the endoscope should be 

developed. Furthermore, for calibration the endoscope was directed at a small hole in 

the centre of the reference frame. This hole was a bit to small for the endoscope to 

enter, so it did not reach the bottom of the hole. This was probably a source of a 

systematic inaccuracy yet probably small and no problems in navigation were 

discovered as a cause of this. In any case, the endoscope is designed for visual control 

of what is ahead of the endoscope so a small navigation error in the length of the 

endoscope may be acceptable. The solution presented here would not work with a 

flexible endoscope, because the calibration procedure is based on that the instrument 

does not change its geometry in the course of surgery. For tracking of a flexible 

endoscope tip, magnetic tracking could work. The clinical accuracy was not 

systematically tested, which should be done in the future.  

In the solution presented in paper 4, the endoscope had to be removed for imaging, 

which was not regarded a problem. If it is essential not to remove the endoscope while 

performing 3D ultrasound image acquisition, a larger craniotomy may be made but of 

course in that case this has to be planned for ahead. We did not try image acquisition 

with the endoscope in place. An obvious drawback with image acquisition with the 

endoscope in position would of course be ultrasound image artefacts from the 

endoscope itself.  

 

5.5 LIMITATIONS 

The work presented here is essentially technical evaluation and development research. 

Complications related to the surgery and possibly the technical equipment was 
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recorded, but no attempts to measure benefits for the patients in terms of for example 

functional outcome and survival were made. Studies that assess the benefits of 

neuronavigation and intraoperative imaging are scarce, but exist176,177. To directly 

assess the advantages for the patients studies with fundamentally different designs 

would have to be carried out, for example randomisation and careful follow-up.  Such 

studies were considered but abandoned due to several reasons. One main reason was 

the ethical questions of randomizing patients to a control group without image-guided 

operations, because of the strong belief in the benefits of this technique. (E.g. it would 

mean that patients in the control group would not be given what one believe to be the 

best treatment).  Another type of study that was considered was to indirectly assess 

the benefits for the patients in terms of for example residual tumor volume 

measurements. This was also abandoned mainly because we did not have resources 

for this. Lack of resources was also an important reason why we chose not to have the 

ultrasound snapshots taken during biopsy sampling examined by another person in 

retrospect for assessment of inter observer variability. (Inter observer variability was 

however assessed in a previous biopsy study undertaken by our research group 169.)  

In neuroendoscopy and spinal cord surgery, the studies presented were too small to 

identify indications for the use of navigated 3D ultrasound. Studies with considerably 

more patients would be needed for assessment of this issue.  
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6. FUTURE PERSPECTIVES  
 
The future developments in navigated intraoperative 3D ultrasound will probably be 

along different paths. First, new probe technology and signal and image processing 

techniques may bring further improvements. Although image updates with 3D 

ultrasound may be performed as often as wanted, the technique is not real-time. 

However, new 3D ultrasound probes will enable real-time 3D ultrasound imaging. 

Still, using such probes for 3D imaging means that the probe will have to stay in the 

surgical field, which is a practical disadvantage for the surgeon and in addition may 

require larger craniotomies or an extra craniotomy for the probe. 1,5 D probes with 

thinner scan-planes will have improved resolution. Custom made probes for special 

applications for example in spinal surgery and pituitary surgery may have an impact. 

Regarding new signal and image processing techniques, using wide-band Doppler 

techniques is already mentioned above. Other novel signal and image processing 

techniques may also have an impact, such as strain imaging 147 and blood flow 

imaging 93, tissue harmonic imaging, and others.   

A second path of development is the use of 3D ultrasound for updating preoperative 

images using image-to-image registration algorithms 54,120,124, which is a complicated 

task yet holds great promise if robust methods for this purpose are developed.  

A third path of development that applies to the entire field of neuronavigation is new 

multimodal visualization techniques.  Multimodal visualization means to display in an 

understandable fashion data from several new imaging techniques such as for 

example fMRI and tractograms together with pre- and intraoperative anatomical 

images in a single multimodal scene.  

Whether the use of ultrasound contrast agents will find its place in intraoperative 

ultrasound imaging remains to be seen. If contrast agents that enhance the delineation 

of tumor borders and tumor remnants became available, it would be most helpful for 

inexperienced users of 3D ultrasound, and maybe for the experienced ones as well. 
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7. CONCLUSION 
 
The work presented in this thesis has been a clinical evaluation of the use of 

intraoperative navigated 3D ultrasound in neurosurgery, and new knowledge has been 

obtained.  

• New understanding about the significance of ultrasound diagnosis in the 

successive stages of resection is gained: The surgeon must be aware that the 

tumor border may be overestimated during the resection, while a tumor 

resection cavity that seem clean may contain small tumor remnants and 

infiltrated tissue.  

• The application of 3D ultrasound angiography using power Doppler has been 

found to be useful in cases with important vessels passing close to the tumor. 

• In image guided AVM surgery, 3D ultrasound image data may be used for 

stereoscopic visualization of the AVM, but the technique need further 

development to become robust enough for ordinary clinical use.  

• In spinal cord tumor surgery, navigated 3D ultrasound has been found feasible 

for tumor localization and anatomical orientation.  

• Image guidance in neuorendoscopy may be performed with 3D ultrasound, 

and has been found useful in cases with narrow ventricles and distorted 

anatomy for image guided endoscope insertion and fenestration.  

Issues for further improvement and studies have been indicated.  
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Abstract
Objective The purpose of the study was to compare the
ability of navigated 3D ultrasound to distinguish tumour
and normal brain tissue at the tumour border zone in
subsequent phases of resection.
Materials and methods Biopsies were sampled in the
tumour border zone as seen in the US images before and
during surgery. After resection, biopsies were sampled in
the resection cavity wall. Histopathology was compared
with the surgeon’s image findings.
Results Before resection, the tumour border was delineated
by ultrasound with high specificity and sensitivity (both
95%). During resection, ultrasound had acceptable sensi-

tivity (87%), but poor specificity (42%), due to biopsies
falsely classified as tumour by the surgeon. After resection,
sensitivity was poor (26%), due to tumour or infiltrated
tissue in several biopsies deemed normal by ultrasound, but
the specificity was acceptable (88%).
Conclusions Our study shows that although glioblastomas
are well delineated prior to resection, there seem to be
overestimation of tumour tissue during resection. After
resection tumour remnants and infiltrated brain tissue in the
resection cavity wall may be undetected. We believe that
the benefits of intraoperative ultrasound outweigh the
shortcomings, but users of intraoperative ultrasound should
keep the limitations shown in our study in mind.
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Background

In the surgical treatment of glioblastomas the goal is to
perform the most complete resection possible without
damaging normal tissue [2, 17]. Neuronavigation systems
have become part of the routine tools assisting the surgeon
in achieving this goal. Intraoperative imaging appears to be
necessary to maintain accuracy of neuronavigation during
subsequent stages of tumour resection [19, 25, 29]. To be of
value, intraoperative imaging modalities must reliably
discriminate between tumour and normal tissue in the
subsequent stages of surgery. At present, the alternatives for
intraoperative imaging in brain tumour surgery are MRI
and ultrasound [10, 11, 20, 24, 31]. Although recognized to
be useful for detecting residual tumour during resection
[9, 30, 35, 36], it is not known how intraoperative factors
affect the ability of ultrasound to delineate tumour. The aim
of the present study was to assess the ability of intra-
operative 3D ultrasound in neuronavigation to distinguish
tumour and normal brain tissue in the tumour border zone,
before, during and after resection.

Materials and methods

Patients and biopsies

Nineteen patients (four females and 15 males, average age
59, age range 45–83 years) with the final diagnosis of
glioblastoma were included in the present study. The
patients were included in the period 2003–2006. A total
of 301 biopsies were acquired, 186 biopsies were included
in this study. The study was approved by the Regional
Research Ethics Committee in medicine in Mid-Norway
and the patients signed an informed consent form before the
operation.

Neuronavigation equipment and intraoperative 3D
ultrasound imaging

A 3D ultrasound based image guidance system was used;
SonoWand®, equipped with a 5 MHz probe with tracking.
The biopsy forceps used in the study was equipped with
a tracking frame, which enabled image guided biopsies
(Fig. 1). This system is described in further detail in other
papers [8, 21, 37]. Preoperative MRI (T1 with contrast
enhancement, T2 and FLAIR) was imported in the neuro-
navigation system and used for planning and anatomical
orientation, but not during biopsy sampling. 3D ultrasound
data was acquired immediately before biopsy sampling in
each phase (Fig. 2). When a resection cavity had been
created, the cavity was filled with saline before 3D
ultrasound acquisition. The saline was removed afterwards.

Image-guided biopsy sampling and analysis

The biopsies were sampled in three different phases of
resection; (1) After opening the dura, immediately before
starting the resection. (2) After most resection had been
performed, but with some residual tumour left. (3) After
completed resection, having removed all detected/known
residual tumour (either detected visually or by use of
intraoperative ultrasound) except in eloquent areas. The
biopsy forceps was calibrated to the navigation system by
positioning the tip of the biopsy forceps at a reference point
on the patient reference frame (Fig. 1.) The position and
trajectory of the biopsy forceps was displayed on two
perpendicular image slices on the neuronavigation unit,
marking the biopsy site. The surgeon’s assumption on
whether the biopsy was sampled in tumour or normal tissue
based on the ultrasound image findings was noted at the
time of biopsy sampling. The surgeon classified the
biopsies as “tumour”, “tumour, uncertain”, “normal uncer-
tain” and “normal”. Images (snapshots) from the neuro-
navigation system taken at the time of biopsy sampling
were stored for further processing and analysis.

The biopsies were collected from the border-zone of the
tumour, not further from the assumed tumour border in the
US images (as judged by the surgeon) than 7 mm and not
closer than 2 mm. After completed resection however,
biopsies were only collected from the resection cavity wall.
Before and during resection, two to four biopsies were
collected in assumed solid tumour tissue, while one to three
biopsies were sampled from assumed normal brain tissue.
All biopsies included in the study were postoperatively
controlled to ensure that they were sampled in the 2–7 mm
distance from the tumour border as defined from the
navigation images. Biopsies outside the 2–7 mm area of
interest were excluded, and this was the most frequent
reason for exclusion of biopsies. In cases of doubt, the

O.M. Rygh et al.



screenshots were analyzed with an edge-detection algo-
rithm (described elsewhere [38]). The shortest distance
between the tip of the biopsy forceps and the detected
border was then found. Biopsies where the pathologist

could not categorize the biopsy, for example, because of
too small or traumatized biopsies, were also excluded.

The majority of biopsies (176 of 186 included biopsies)
was fixed in buffered formalin and embedded in paraffin.

Fig. 1 Biopsy sampling
method. a The biopsy forceps is
calibrated to the navigation
system by positioning the tip of
the forceps in a known reference
point on the patient reference
frame, in the shape of a small
cone with a hole in the middle.
b Two perpendicular planes are
determined by the position and
trajectory of the biopsy forceps.
c The 3D ultrasound data
volume is sliced in the two
perpendicular planes, displayed
on screen (bottom). The tip of
the biopsy forceps is thus
indicated in the two image
planes, marking the site for
biopsy sampling

3D ultrasound findings with histopathology



Ten biopsies were prepared as frozen sections. The sections
were stained with hematoxylin and eosin. A senior
neuropathologist (SHT) examined the biopsies according
to the WHO classification [1]. All histopathological
analyses were performed without prior knowledge of the
image information. The biopsies were classified as “tumour”/
“infiltration zone”/“not tumour”. All but three of the patients
had a postoperative MRI within 48 h.

Statistical methods

To calculate specificity, sensitivity, PPV and NPV, the cells
in the original 3×4 result table from each phase (Table 2)
were combined to create a 2×2 table for each phase of the
operation: Biopsies deemed “normal” and “normal, uncer-
tain” by the surgeon were combined, and likewise biopsies
deemed “tumour” and “tumour, uncertain” were combined.

Fig. 2 Biopsy examples. a Screenshots from biopsy sampling before
resection. Left: Biopsy sampled from area interpreted as tumour,
confirmed by histopathology. Middle: Biopsy sampled from site
interpreted as normal, confirmed by histopathology. Right: Biopsy
sampled from site interpreted as normal, histopathology showed
infiltration. b Screenshots from biopsy sampling during resection. Left:
Biopsy sampled from site interpreted as tumour, confirmed by
histopathology. Middle: Biopsy sampled from site interpreted as

normal, confirmed by histopathology. Right: Biopsy sampled from site
interpreted as tumour, but the pathologist saw no certain tumour tissue.
c Screenshots from biopsy sampling after resection. Left: biopsy
sampled from site interpreted as “tumour, uncertain”, tumour con-
firmed by histopathology.Middle: Biopsy sampled from site interpreted
as normal, confirmed by histopathology. Right: Biopsy sampled from
site interpreted as normal, but histopathology showed tumour
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Furthermore, biopsies that the pathologist classified as
“infiltration zone” were combined with those classified as
“tumour”. The ROC curves were constructed by calculating
sensitivity and specificity for the three different possible
cut-off points for surgeon’s judgment, one ROC curve for
each phase of resection (Fig. 3).

Results

Of 301 total biopsies acquired, 186 were included in our
analyses. Table 1 shows the number of biopsies included/
excluded in each phase of surgery. The histopathological
diagnoses of the biopsies and the corresponding ultrasound
findings for each of the stages of resection are shown in
Table 2. The calculated values for specificity, sensitivity,
NPV and PPV are listed in Table 3. Before resection, both
sensitivity and specificity were 95%, while PPV and NPV
were 98% and 90%, respectively. During resection, sensi-
tivity was 88% but specificity had dropped to 42%. PPV
and NPV was 73% and 67% respectively. After resection,
sensitivity was 26% and specificity was 88%, while PPV
and NPV both were 62%. The ROC curve for ultrasound in
each stage of surgery is displayed in Fig. 3, and the area
under the curve (AUC) is stated in the figure legend.

Although comparison of ultrasound and MRI was not a
part of the study protocol, 16 of the 19 patients had early
postoperative MRI (within 72 h). In 13 of these 16 patients
the neurosurgeon also assessed the resection grade at the
end of resection using 3D ultrasound. Among these, ten
patients were considered either 90–95% or >95% resected.
Two of the10 patients had residual tumour on early
postoperative MRI; one patient considered 90–95%
resected and another considered >95% resected. The other
eight patients had no residual tumour found on early
postoperative MRI. In the remaining three patients (of the
13 with both early postoperative MRI and resection grade
assessment), residual tumour was intentionally left behind
because of unacceptable risk of neurological damage. Two
of them had residual tumour on postoperative MRI, while
one was considered to possibly have residual tumour.

Sixteen of the 19 patients had a good outcome with no
new neurological deficits.

Two of the patients had a fair outcome with mild new
neurological deficits, and one patient had a poor outcome,

Fig. 3 ROC curves. ROC curves for the ability of ultrasound to
distinguish tumour from normal tissue. a ROC curve before resection,
showing high accuracy (AUC=0.94). b ROC curve during resection.
Compared to the ROC curve before resection the accuracy of
ultrasound is decreased. (AUC=0.69). c ROC curve after resection.
Compared to the ROC curve before and during resection, the accuracy
is further decreased (AUC=0.65)

b
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with hemiparesis and aphasia. None of the patients had
complications related to the procedure.

Discussion

General considerations

Delineation of gliomas poses a challenge to any imaging
modality, as tumour cells infiltrate the normal brain tissue
beyond the solid tumour border. In this sense, definition of a
specific tumour border is impossible. For practical purposes,
however, to delineate a glioblastoma usually means to
outline the solid part of a tumour, of which removal is the
goal of surgical resection.

Several authors have evaluated different diagnostic
imaging modalities for delineation of gliomas, comparing
image findings with histopathology [3, 5–7, 13, 16, 22, 23,
28, 32]. Also infiltrated brain tissue may be detected by new
imaging techniques [28, 32]. In neuronavigation, intraoper-
ative imaging is now increasingly recognized as important to
amend for inaccuracy due to brain shift, and facilitate
detection of residual tumour. Ultrasound and MRI are the
commonly used modalities in this regard [12, 15, 26, 27, 36,
39]. However, it is not entirely known to what degree
intraoperative factors affect intraoperative imaging, and the
studies comparing image findings with histopathology in the

intraoperative setting are scarce. Reporting on intraoperative
MRI, Sutherland [34], found that intraoperatively, the
contrast-enhancing margin advanced beyond the preopera-
tively defined contrast limits, and that biopsy samples from
this zone contained tumour tissue. Knauth [14] argue that
surgically induced contrast enhancement may be misinter-
preted as residual tumour in intraoperative MRI, but only in
one case was this confirmed with a biopsy, obtained in a
contrast-enhancing area which proved to contain normal
tissue. Surgically induced contrast enhancement in intra-
operative MRI at the resection border, mimicking residual
tumour, is also mentioned by other authors [26, 33, 39]. In
ultrasound, reverberations, refraction of the ultrasound beam,
artefacts due to slice thickness among others, may all cause
imaging artefacts which may be misleading. During tumour
resection, air bubbles, debris, blood, and the rough surface of
the tumour cavity wall probably increase the occurrence of
imaging artefacts in ultrasound. In addition other, unknown
factors may affect the ultrasound images during the course of
a tumour resection. Comparing ultrasound findings after
(completed) resection, Chacko [4] found that biopsies taken
from the tumour margins agreed with ultrasound image
findings in the majority of samples, however, there were
instances (16%) when the ultrasound reported tumour while
the biopsies were negative. LeRoux et al. [18] used
intraoperative ultrasound to facilitate gross total resection
of brain tumours and obtained biopsies from the resection

Table 1 Biopsies

The table shows the number of
biopsies sampled in each phase
of the resection, and the number
of biopsies excluded and includ-
ed. In the lower part of the table
the average number of biopsies in
each patient is shown.

Parameter Included Excluded Total

Total number of biopsies for patients
included in study

Before resection 61 56 117
During resection 52 47 99
After resection 73 12 85

Average number of biopsies per patient Before 3.2 2.9 NA
During 2.7 2.5 NA
After 3.8 0.6 NA

Total number of biopsies (overall) 301

Table 2 Image finding/
histopathology of biopsies
according to resection phase

The table shows the interpreta-
tion of the ultrasound image in
columns and the histopatho-
logical diagnosis in rows, for
each of the three subsequent
phases of resection.

Resection phase Histopathological
diagnosis

Interpretation of ultrasound image

“Normal” “Normal,
uncertain”

“Tumour,
uncertain”

“Tumour”

Before resection Tumour 0 0 0 32
Infiltration 2 0 2 6
Normal 16 2 0 1

During resection Tumour 1 0 0 22
Infiltration 2 1 1 6
Normal 6 2 2 9

After resection Tumour 4 4 7 0
Infiltration 5 10 1 0
Normal 23 14 5 0
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cavity wall after completed resection. They found that
among 15 tumours not invading eloquent cortex and thus
feasible for total resection, 11 cases (73%) had margins
without solid tumour involvement although scattered tumour
cells were found. Woydt et al. [40] published a study in
1996, to evaluate ultrasound findings after completed
microsurgical resection of gliomas. Biopsies were obtained
in (1) hyperechoic areas adjacent to the resection cavity and
(2) the hyperechoic rim of the resection cavity. In group 1
(hyperechoic areas adjacent to resection cavity), high-grade
glioma cases showed that 90% of biopsies contained tumour
tissue, and the rest contained infiltrated tissue. For low-grade
glioma cases 85% of biopsies in this group contained tumour
tissue, the rest contained infiltrated tissue. Biopsies obtained
at the hyperechoic rim (group 2) were heterogeneous, 26%
revealed solid tumour tissue, 35% infiltration zone and 39%
brain tissue (high-grade and low-grade gliomas combined).
Our research group published a study in 2005 [38],
comparing ultrasound findings with histopathology by
obtaining tissue samples obtained in the tumour border zone
before starting the resection. The ultrasound findings were in
agreement with the histopathology in 77% of biopsies from
glioblastoma cases and 83% and 74% for anaplastic
astrocytomas and low-grade astrocytomas, respectively.

In the present paper we report on our results evaluating the
ability of intraoperative ultrasound for delineation of gliobas-
tomas before, during and after resection by comparing image
findings from image guided biopsies with histopathology.

Discussion of findings

The conditions for ultrasound imaging before resection are
probably close to optimal, and imaging artefacts should be
at a minimum level. Before resection, sensitivity was 95%
and specificity also was 95%. The PPV and NPV were 98%

and 90%, respectively. This result shows that the ultrasound
was highly accurate in delineating glioblastomas prior to
resection. The sensitivity and specificity is slightly improved
compared to our own study from 2005 [38]. This may be
because of increased experience with ultrasound. The result
also demonstrates that the sensitivity and specificity of
ultrasound for predicting tumour/normal tissue, although
operator dependent, is in the range of other, state of the art
imaging techniques [16, 23, 28]. Thus, the sensitivity and
specificity of ultrasound diagnosis in this phase serve as a
baseline for comparison with subsequent phases.

During resection, a partial resection had been performed,
with a resection cavity and some residual tumour left. The
resection cavity wall, having a rough surface, as well as
debris, small air bubbles, and blood all contribute to
ultrasound imaging artefacts. The values of sensitivity and
PPV were 87% and 73%; the specificity and NPV were 42%
and 67%. The striking finding is a considerable decrease in
specificity. This may be explained by a considerable amount
of false positive biopsies; in nine biopsies, which contained
normal tissue (as diagnosed by the pathologist), the
diagnosis on ultrasound was “tumour”, and two were
classified as “tumour, uncertain”. Several factors may
explain the high false positive rate, both imaging artefacts
and inherent error sources in the method of the study
(discussed below). These numbers show that there may be
some overestimation of tumour in this phase of surgery, but
on the other hand, chances of overlooking areas with
residual tumour tissue seem to be low (still high sensitivity).

After resection, leaving a cavity with the solid part of the
tumour removed, biopsies were sampled in the resection
cavity wall only. The same sources of imaging artefacts as
discussed above also apply to this phase. The calculated
values of sensitivity and PPV were 26% and 62%, while the
values of specificity and NPV were 88% and 62%,
respectively. The specificity was acceptable; reflecting that
normal tissue in the majority of cases was correctly
classified on ultrasound, important for patient safety. A
sensitivity of 26% is discouraging, but calls for further
considerations. First, the number of biopsies deemed
“tumour” and “tumour, uncertain” were low in this stage
of resection for obvious reasons. Also noteworthy is the
high number of biopsies deemed “normal” and “normal,
uncertain”, which contained either tumour tissue (four
deemed “normal” and another four considered “normal,
uncertain”) or tumour-infiltrated tissue (five deemed “nor-
mal” and ten deemed “normal, uncertain”). We are not
surprised to find infiltrated brain tissue and small tumour
remnants in the resection cavity wall, due to the infiltrating
nature of glioblastomas. In their paper from 1996, Woydt et
al. [40] reported that biopsies obtained from the “hyper-
echoic rim” of a resection cavity contained solid tumour
(26%), infiltration zone (35%) and brain tissue (39%). For

Table 3 Sensitivity, specificity, PPV and NPV of ultrasound for
distinguishing tumour from normal tissue according to resection phase

Stage of surgery Values

Before resection Sensitivity 0.95
Specificity 0.95
PPV 0.98
NPV 0.90

During resection Sensitivity 0.88
Specificity 0.42
PPV 0.73
NPV 0.67

After resection Sensitivity 0.26
Specificity 0.88
PPV 0.62
NPV 0.62

The sensitivity, specificity, PPV and NPV of ultrasound in each of the
subsequent resection phases is shown.

3D ultrasound findings with histopathology



comparison, biopsies taken from the resection cavity
(regardless of image finding) wall after resection in this
study have a similar, although slightly more favourable
distribution; solid tumour 21%; infiltration zone 22% and
normal tissue 58%. Comparison of 3D ultrasound findings
at the end of resection and early postoperative MRI was not
a part of the study. Still, the fact that two of ten patients
considered either >95% or 90–95% resected had residual
tumour on early postoperative MRI may likewise reflect
difficulties in interpreting 3D ultrasound after resection, or
limitations of the 3D ultrasound itself.

In summary, the diagnostic accuracy of ultrasound for
delineating glioblastomas was lower in the subsequent
phases of surgery than before resection. During surgery
there seemed to be some overestimation of tumour, but
residual tumour was rarely missed. After resection, small
tumour remnants and infiltrated tissue appeared as normal
tissue on ultrasound, lowering the sensitivity. Still in most
cases biopsies containing normal tissue were correctly
classified with ultrasound.

Limitations of the study

Important limitations of the study method must be
recognized due to the fact that the 3D ultrasound technique
used in this study still is not real time; the biopsy sampling
in itself, although performed as gently as possible, may
cause some motion of tissue. Furthermore, in some cases
that the walls of the resection cavity seemed to collapse a
little inwardly when removing the saline after 3D ultra-
sound image acquisition to what degree these effects have
affected the results in this study is not known.

Small and traumatized biopsy specimens in some cases
prevented optimal histological examination. The surgeon
did not have the opportunity to classify tissue as infiltrated
brain tissue, while the pathologist did: Whether this
introduces a bias is unknown.

The diagnostic accuracy of ultrasound is user dependent.
The majority of biopsies were assessed by a surgeon with long
experience using 3D ultrasound (GU), and the rest of the
biopsies were assessed by a surgeon with shorter, but
significant experience using ultrasound. Interobserver vari-
ability analysis on the interpretation of 3D ultrasound images
was not done, and this is an important limitation of the current
study. In our view, interpreting 3D ultrasound is dependent on
interactive navigation, and using 2D snapshots postoperatively
may not be sufficient for analysis of interobserver variability.
We were not able to record biopsy positions in the 3D
ultrasound dataset for postoperative review and analysis.

Systematic comparison of 3D ultrasound at the end of
the resection and postoperative MRI was not done as it was
not part of the study protocol.

Ethical aspects

The ethical aspects of intentional sampling of biopsies in
the outer border of the tumour, as seen in the US images,
were given consideration. Biopsies from outside of the US
indicated border were never sampled in eloquent areas.

We did not see any complications that could be related to
the biopsy sampling procedure.

Conclusions

Our study shows that while ultrasound is highly accurate in
delineating glioblastomas before resection it appears less
accurate during and after resection. During resection there
seem to be some overestimation of tumour, while small
tumour remnants and infiltrated tissue in the cavity wall is
underestimated after resection. Due to inherent error
sources in the study design, the results must be interpreted
with caution. Intraoperative 3D ultrasound still seems a
reasonably reliable modality for guidance of the resection
of glioblastomas as the sensitivity during resection and the
specificity after completed resection are acceptable.
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Abstract Background: Avoiding damage to blood vessels is often the concern of the neurosurgeon during
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tumor surgery. Using angiographic image data in neuronavigation may be useful in cases where

vascular anatomy is of special interest. Since 2003, we have routinely used 3D ultrasound

angiography in tumor surgery, and between January 2003 and May 2005, 62 patients with different

tumors have been operated using intraoperative 3D ultrasound angiography in neuronavigation.

Methods: An ultrasound-based neuronavigation system was used. In addition to 3D ultrasound

tissue image data, 3D ultrasound angiography (power Doppler) image data were acquired at different

stages of the operation. The value and role of navigated 3D ultrasound angiography as judged by the

surgeon were recorded.

Results: We found that intraoperative ultrasound angiography was easy to acquire and interpret, and

that image quality was sufficient for neuronavigation. In 26 of 62 cases, ultrasound angiography was

found to be helpful by visualizing hidden vessels adjacent to and inside the tumor, facilitating

tailored approaches and safe biopsy sampling.

Conclusions: Intraoperative 3D ultrasound angiography is straightforward to use, image quality is

sufficient for image guidance, and it adds valuable information about hidden vessels, increasing

safety and facilitating tailored approaches. Furthermore, with updated 3D ultrasound angiography

imaging, accuracy of neuronavigation may be maintained in cases of brain shift.
D 2006 Elsevier Inc. All rights reserved.
Keywords: Neuronavigation; Image-guided surgery; Ultrasound; Doppler ultrasonography
1. Introduction

During tumor surgery, avoiding damage to blood vessels is

one of many concerns for the neurosurgeon. Neuronavigation

may help the neurosurgeon to locate the position of important

structures such as vessels; thus, tumor resection may be
nt matter D 2006 Elsevier Inc. All rights reserved.
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performed more safely and more radically. However, brain

shift as well as registration errors may limit the overall

accuracy of a neuronavigation system [3,7,9,16]. To com-

pensate for brain shift, intraoperative imaging has been

introduced in neuronavigation [1,4], thus maintaining accu-

racy [26,29]. In addition, residual tumor may be detected.

In our clinic, we have used neuronavigation with

integrated intraoperative ultrasound imaging for guidance

of tumor resection for several years [4-6,25-28]. The

equipment also has capability of Doppler imaging with

power Doppler for visualization of vessels. Thus, 3D

ultrasound angiography image data can be acquired intra-

operatively for neuronavigation. The aim of the present
y 66 (2006) 581–592
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study was to evaluate neuronavigation with intraoperative

3D ultrasound angiography (power Doppler) for image-

guided resection of intracranial tumors by visualizing the

vascular anatomy adjacent to and inside the tumor.
2. Patients and methods

Between January 2003 and May 2005, we have used

intraoperative ultrasound angiography in 62 tumor cases.

Cases selected for use of neuronavigation with 3D

ultrasound angiography were those wherein neuronaviga-

tion (with 3D ultrasound) was already requested and

wherein the surgeon assumed that ultrasound angiography

might be of value.

We used an intraoperative ultrasound-based neuronavi-

gation system, SonoWand (MISON AS, Trondheim, Nor-

way), with a 4- to 8-MHz flat phased array probe with

optimal focusing properties at 3 to 6 cm and with the

capability of acquiring power Doppler (ultrasound angiog-

raphy) images. On the ultrasound angiography images,

vessels were displayed as an overlay in shades of red over

the tissue image according to the power of the Doppler

signal. For neuronavigation with 3D ultrasound, only power

Doppler image data were applied in the present study. The

ultrasound platform (a GE Vingmed Vivid FiVe unit) in
Fig. 1. Workflow in 3D ultrasound angiography. A: 3D ultrasound angiography

interest. B: Then, the calibrated CUSA is used for online resection of the tumor.

tumor margin and the vessels. C: After some resection, updated 3D ultrasound ang

acquired by tilting or translating the probe over the area of interest.
SonoWand also has triplex imaging, but this cannot be

imported and used for neuronavigation with 3D ultrasound.

For tracking of the ultrasound probe, a tracking frame

was attached. Neuronavigation was performed with a

tracked pointer device or the CUSA (Valleylab, Boulder,

Colo, USA) with an attached tracking frame. Tracking of the

CUSA enabled continuous monitoring of the position of the

tip and the trajectory of this instrument, bonline resection.Q
A biopsy forceps with tracking was also available for image

guidance of biopsies. For acquisition of 3D ultrasound

image data for navigation, the ultrasound probe was placed

on the dura and tilted or translated over the area of interest

by a freehand movement. The 2D ultrasound images

acquired were reconstructed to a 3D ultrasound data set

ready for navigation. Image acquisition and reconstruction

typically took about 1 minute. The ultrasound probe was not

in the operating field after the acquisition of a 3D ultrasound

volume, unless additional 3D ultrasound data sets were

acquired or real-time 2D imaging was needed.

The ultrasound angiography images were displayed on

the screen of the navigation system, usually in addition to

the preoperative MRI, which was displayed simultaneously

on the same screen. With a simple pointer device, the safest

surgical route to the tumor was determined with the smallest

risk of vascular damage.
image data are acquired by tilting or translating the probe over the area of

The navigation system displays the position of the CUSA in relation to the

iography data may be necessary because of brain shift (arrows) and is again



Table 1

List of cases

Case Diagnosis Location of tumor Helpfulness of ultrasound angiography

1 Chondrosarcoma Cavernous sinus region (left side) Yes

2 Anaplastic astrocytoma Left frontal lobe No

3 Glioblastoma Left frontal lobe Yes

4 Low-grade astrocytoma Right parietotemporal region Possibly

5 Anaplastic astrocytoma Left parietooccipital region No

6 Chordoma Clivus No

7 Meningioma Pineal region Yes

8 Metastasis (malignant melanoma) Right frontal lobe Yes

9 Metastasis (lung cancer) Left occipital lobe No

10 Glioblastoma Right temporal lobe No

11 Chordoma Cavernous sinus region (left side) Yes

12 Metastasis (malignant melanoma) Cavernous sinus region (right side) Yes

13 Low-grade astrocytoma Left medial temporal lobe (hippocampal region) Yes

14 Metastasis (malignant melanoma) Occipital lobe No

15 Trigeminal schwannoma Cavernous sinus region (right side) Yes

16 Glioblastoma Left parietal lobe No

17 Low-grade astrocytoma Right parietal lobe, close to central sulcus Yes

18 Meningioma (sphenoid wing) Sphenoid wing, skull base Possibly

19 Meningioma (olfactory) Anterior cranial fossa, midline Yes

20 Meningioma (left convexity) Anterior cranial fossa (left side) No

21 Vestibular schwannoma Cerebellopontine angle (right) No

22 Biopsy (result: normal tissue) Left temporal lobe, hippocampal region No

23 Pineoblastoma Vermis of cerebellum No

24 Meningioma (sphenoid wing) Sphenoid wing (right side) Possibly

25 Meningioma (olfactory) Anterior cranial fossa, midline Yes

26 Anaplastic astrocytoma Right medial temporal lobe Yes

27 Glioblastoma Left temporal lobe No

28 Chordoma Posterior fossa No

29 Ependymoma Posterior fossa, fourth ventricle Yes

30 Meningioma (sphenoid wing) Sphenoid wing (left side) Yes

31 Low-grade astrocytoma Temporal lobe (left) Yes

32 Meningioma (foramen magnum) Foramen magnum Yes

33 Glioblastoma (biopsy only) Parietal lobe (right) Yes

34 Unknown lesion Left temporal lobe Yes

35 Meningioma (posterior fossa) Posterior fossa No

36 Anaplastic astrocytoma Parietal lobe, midline No

37 Meningioma (falx) Falx, parietal region Possibly

38 Glioblastoma Right temporal lobe No

39 Meningioma (olfactory) Anterior cranial fossa, skull base Possibly

40 Pilocytic astrocytoma Posterior cranial fossa Yes

41 Optic glioma Extending from chiasma Possibly

42 Meningioma (sphenoid wing) Sphenoid wing (right side) Yes

43 Meningioma (parasagittal) Occipital convexity (left side, parasagittal) No

44 Low-grade glioma Right temporal lobe No

45 Low-grade glioma Right frontal lobe Yes

46 Glioblastoma Right occipital lobe Possibly

47 Vestibular schwannoma Cerebellopontine angle (right side) No

48 Low-grade astrocytoma Left medial temporal lobe Yes

49 Ganglioglioma Right temporal lobe Possibly

50 Glioblastoma Arising from left thalamus, intraventricular Possibly

51 Meningioma Sella region No

52 Ganglioglioma Intraventricular (left side ventricle) No

53 Meningioma (falx) Occipital, arising from falx (left side) Yes

54 Meningioma (convexity) Occipital convexity (right) No

55 Meningioma (convexity) Anterior cranial fossa, right convexity Yes

56 Glioblastoma Occipital lobe (right side) No

57 Metastasis (breast cancer) Right temporal lobe, sylvian fissure Yes

58 Meningioma (convexity) Parietal convexity meningioma, right side No

59 Glioblastoma Left medial frontal lobe and corpus callosum Yes

60 Meningioma (sphenoid wing) Sphenoid wing, skull base Possibly

61 Vestibular schwannoma Cerebellopontine angle, right side No

62 Meningioma (convexity) Parietal region, right side No

List of patients with type of lesion, location of lesion, and usefulness of ultrasound angiography as judged by the surgeon.
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Fig. 2. Visualization of vessels. Snapshots from the neuronavigation system. A: Low-grade glioma in medial part of temporal lobe (case 26). Magnetic

resonance imaging (T1 with gadolinium) (top) and ultrasound angiography (bottom). Vessels in the circle of Willis are visualized by ultrasound angiography;

the tumor is partially resected. B: Glioma in right temporal lobe (case 38). Magnetic resonance imaging (T1 with gadolinium) (top) and ultrasound angiography

(bottom). Vessels surrounding the tumor, probably both arterial and venous, are displayed on ultrasound angiography. The surgeon suspected that branches of

the middle cerebral artery were among these vessels. From power Doppler alone, it is not possible to tell which vessels are arterial and which are venous. Being

superficial, the vessels give a strong power Doppler signal. C: Meningioma originating from posterior part of falx (case 53). Magnetic resonance imaging (T1

with gadolinium) (top) and ultrasound angiography (bottom). Multiple veins inside the meningioma drain into the straight sinus. D: Thalamic glioma (case 50).

Magnetic resonance imaging (T1 with gadolinium) (top) and ultrasound angiography. The thalamostriate vein is revealed by ultrasound angiography, crossing

the tumor surface. E: Meningioma, foramen magnum (case 32). Magnetic resonance imaging (T1, top) and ultrasound angiography (bottom). Notice branches

from vertebral arteries adjacent to the tumor. F: Pilocytic astrocytoma in posterior fossa (case 40). Ultrasound tissue (top) and ultrasound angiography (bottom).

The vein of Galen is visualized (arrow) by ultrasound angiography.
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Additional ultrasound and ultrasound angiography image

data were acquired after some resection, if required, because

of suspected brain shift or for resection control. The

workflow with the equipment is summarized in Fig. 1.
Additional resection was usually carried out if residual

tumor was detected, except in cases where this was decided

against because of unacceptable risk of neurological damage

to the patient.



Table 2

Cases where navigated 3D ultrasound angiography was found helpful

Case Diagnosis Location of tumor Vessel visualized Role of navigation

1 Chondrosarcoma Cavernous sinus

region (left side)

Internal carotid artery Visualization of hidden vessel

3 Glioblastoma Left frontal lobe Middle cerebral artery Visualization of hidden vessel

7 Meningioma Pineal region Great cerebral vein Visualization of hidden vessel,

online CUSA resection

8 Metastasis

(malignant melanoma)

Right frontal lobe Pericallosal arteries Visualization of hidden vessel,

online CUSA resection

11 Chordoma Cavernous sinus

region (left side)

Internal carotid artery Visualization of hidden vessel

12 Metastasis

(malignant melanoma)

Cavernous sinus

region (right side)

Internal carotid artery Visualization of hidden vessel,

facilitation of approach,

online CUSA resection

13 Low-grade astrocytoma Left medial temporal

lobe (hippocampal region)

Middle cerebral artery Visualization of hidden vessel

15 Trigeminal schwannoma Cavernous sinus

region (right side)

Internal carotid artery Visualization of hidden vessel

17 Low-grade astrocytoma Right parietal lobe,

close to central sulcus

Branches from middle

cerebral artery

Visualization of hidden vessel

19 Meningioma

(olfactory)

Anterior cranial fossa,

midline

Anterior cerebral artery Visualization of hidden vessel,

online CUSA resection

25 Meningioma

(olfactory)

Anterior cranial fossa,

midline

Anterior cerebral artery Visualization of hidden vessel,

online CUSA resection

26 Anaplastic astrocytoma Right medial temporal lobe Middle cerebral artery

and internal cerebral vein

Visualization of hidden vessel,

tailored approach

29 Ependymoma Posterior fossa,

fourth ventricle

Branches from PICA Visualization of hidden vessel

30 Meningioma

(sphenoid wing)

Sphenoid wing

(left side)

Anterior and middle

cerebral arteries

Visualization of hidden vessel,

online CUSA resection

31 Low-grade astrocytoma Left temporal lobe Middle cerebral artery Tailored approach, visualization

of hidden vessel, online

CUSA resection

32 Meningioma

(foramen magnum)

Foramen magnum Vertebral arteries Visualization of hidden vessel,

online CUSA resection

33 Glioblastoma (biopsy only) Right parietal lobe Smaller vessels Safe biopsy sampling,

visualization of hidden vessel

34 Unknown lesion Left medial

temporal lobe

Small cortical arteries

on medial surface of

temporal lobe

Tailored approach,

visualization of hidden vessel

40 Pilocytic astrocytoma Posterior cranial fossa Vein of Galen Visualization of hidden vessel

42 Meningioma

(sphenoid wing)

Sphenoid wing

(right side)

Middle cerebral artery

and internal carotid

Visualization of hidden vessel,

online CUSA resection

45 Low-grade glioma Right frontal lobe Pericallosal artery Visualization of hidden vessel,

online CUSA resection

48 Low-grade astrocytoma Left medial

temporal lobe

Middle cerebral artery Facilitation of approach

53 Meningioma (falx) Occipital, arising

from falx (left side)

Posterior cerebral artery

and straight sinus

Visualization of hidden vessel,

online CUSA resection

55 Meningioma

(convexity)

Right anterior

cranial fossa

Pericallosal arteries Visualization of hidden vessel,

online CUSA resection

57 Metastasis

(breast cancer)

Right temporal

lobe in sylvian fissure

Middle cerebral artery Visualization of hidden vessel

59 Glioblastoma Left medial frontal

lobe and corpus callosum

Pericallosal arteries Visualization of hidden vessel,

facilitation of approach,

online CUSA resection
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The procedures were performed by 3 surgeons, and most

of the procedures (51 cases) were performed by the senior

author (GU). The value and role of navigated ultrasound

angiography as judged by the surgeon were recorded

postoperatively in most cases. In addition, we have

retrospectively reviewed all cases. The subjective judgment
by the surgeon of the value of navigated ultrasound

angiography was graded into 3 categories: helpful, possibly

helpful, and not helpful. The degree of helpfulness was

graded as helpful when navigated ultrasound angiography

was used actively during the whole procedure and was

considered to contribute significantly to the safe completion
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of the procedure. The degree of helpfulness was considered

possibly helpful when navigated ultrasound angiography

was considered useful for orientation but not considered

essential for safe navigation. When ultrasound angiography

did not give additional valuable information for image

guidance, it was deemed not helpful.

The cases are listed in Table 1.
Fig. 3. Chordoma in cavernous sinus region (case 11). A: Sagittal MRI. Green arro

MRI. Green arrows outline the tumor, red arrows directed at internal carotid arter

artery was revealed. White arrows directed at the internal carotid artery. D: MRI im

arrows directed at the tumor borders. E: Ultrasound angiography from the same sn

which in this case was adjacent to the medial parts of the tumor. The tumor in th

visible upward to the right of the artery (white arrow). F: Photograph from the mi

white and black arrows). The snapshot from which panels (D) and (E) originate wa

accuracy of the ultrasound angiography navigation, as the position of the pointer d

navigation system. (For interpretation of the references to color in this figure leg
3. Results

Between 2003 and May 2005, in 62 of 108 patients

operated with image guidance, 3D ultrasound angiography

was applied and evaluated. Among these patients, there

were 20 meningiomas, 24 gliomas, 5 metastases, and 11

tumors of other types. There were also 2 frameless
ws outline the tumor, red arrow directed at internal carotid artery. B: Coronal

y. C: Photograph from the microscope. During surgery, the internal carotid

age slice from a snapshot from the navigation system during surgery. Green

apshot as panel (D) visualizing the internal carotid artery (in shades of red),

is case was hypoechogenic. Red arrow directed at artery. A flash artifact is

croscope. The pointer is directed at the internal carotid artery (indicated by

s taken about the same time this photograph was taken, demonstrating good

irected at the artery seem to correspond with the position as indicated by the

end, the reader is referred to the web version of this article).
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stereotactic biopsies performed with the use of navigated 3D

ultrasound angiography.

3D ultrasound angiography image data were successfully

acquired and visualized in all cases.

Both arteries and veins (Fig. 2) were visualized via ultra-

sound angiography. Vessels in range of the probe gave a

strong Doppler signal (Fig. 2). In some cases, the simulta-

neous display of preoperative MRI helped to decide the

identity of vessels, by giving anatomical overview, as the 3D

ultrasound angiography only displayed the part of the anat-

omy that was covered in the 3D ultrasound image acquisition.

Image guidance with 3D ultrasound angiography was

performed with a pointer device or tracked surgical instru-

ments, such as the tracked CUSA or a tracked biopsy forceps.

With tracking of the CUSA, the surgeon was able to see the

position of the tip of the CUSA in relation to the tumor

capsule or margin, as well as the vessels of interest (Fig. 1).

We found this to be a useful safety measure during resection

when there were vessels adjacent to or inside the tumor.

In some of the cases (cases 26, 31, 34, 39, 44, 49, and

50), the role of navigation with 3D ultrasound angiographic
Fig. 4. Large olfactory meningioma (case 25). Green arrows outline tumor. A: C

cerebral artery being displaced by the tumor (white arrows). C: Ultrasound angiog

cerebral artery (white arrows) adjacent to the tumor. D: Ultrasound angiography bef

angiography after tumor removal. The branches from the anterior cerebral artery

ultrasound angiography image data ensure that accuracy is good even if brain sh

legend, the reader is referred to the web version of this article).
imaging was to tailor an approach with minimal invasive-

ness. With angiographic image guidance, a safe route to the

tumor could be chosen, with less need for dissecting and

visually inspecting vessels.

With tracking of the biopsy forceps, frameless stereo-

tactic biopsies were acquired with image guidance. Angio-

graphic imaging with ultrasound was found to be helpful in

deciding sites for biopsy sampling with minimal risk of

bleeding. We found that ultrasound angiography sufficiently

displayed small vessels (about z0.5 mm) in the brain tissue

for safe image-guided biopsy sampling. One patient in our

series (case 57) had an infarction of the middle cerebral

artery, which passed close to a metastasis. Except this case,

we have not recorded any vascular complications in

our series.

The cases where navigated ultrasound angiography was

found to be helpful and the role of navigated ultrasound

angiography in those cases are presented in Table 2.

In 26 (42%) of the cases, ultrasound angiography was

found to be helpful, in 10 (16%) possibly helpful, and in 26

(42%) not helpful.
T image showing the tumor. B: DSA showing branches from the anterior

raphy showing the same branches as indicated in panel (B) from the anterior

ore the resection. E: Ultrasound angiography during resection. F: Ultrasound

are clearly visualized during these phases of the operation. Updated 3D

ift has occurred. (For interpretation of the references to color in this figure
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4. Case descriptions

4.1. Case 11

A 58-year-old woman complained of hoarseness and

swallowing difficulties. A left recurrent laryngeal nerve

paresis was found on clinical examination, and MRI

investigation showed a tumor in the left middle cranial

fossa and jugular fossa with close anatomical relation to the

internal carotid artery (Fig. 3A and B). She was operated

using a pterional approach. The tumor was found to be a

chordoma by frozen sections, confirmed later by histopath-

ological analysis. Before reaching the tumor, 3D ultrasound

and 3D ultrasound angiography image data were acquired.

During surgery, navigating with the pointer and the

calibrated CUSA showed the position of the internal carotid

artery in relation to the tip of the instrument. This was found

valuable for safe resection because the artery was not visible

in this phase of the operation. Further dissection revealed

the carotid artery (Fig. 3C), and we could verify that the

navigation system showed the correct position of the artery

when directing the pointer at the artery (Fig. 3E and F).

Using neuronavigation with ultrasound angiography

images, surgery was performed without any complications,

and the patient had an uneventful recovery without any new

neurological deficits.

4.2. Case 25

A 52-year-old man presented with progressive dementia.

A CT scan revealed a large interhemispheric tumor in the

anterior cranial fossa (Fig. 4A). Preoperative DSA showed

branches of the anterior cerebral artery passing close to the

tumor (Fig. 4B). An image-guided extirpation of the tumor

via the bifrontal approach was performed. During surgery,

intraoperative 3D ultrasound angiography showed branches

from the anterior cerebral arteries and their close relation to

the tumor (Fig. 4C). Debulking and resection of the tumor

were performed with tracked CUSA, which enabled moni-

toring of the CUSA tip in relation to the vessels, clearly

revealed by 3D ultrasound angiography. Several 3D ultra-

sound angiography image acquisitions were performed

during different stages of the operation (Fig. 4D-F), ensuring

that inaccuracy due to brain shift was minimal. Neuro-

navigation with intraoperative ultrasound angiography thus

served to increase the safety of the procedure. The postop-

erative recovery was uneventful. At follow-up, the patient

had a significant improvement in cognitive function.
5. Discussion

In image-guided surgery, angiographic imaging may be

valuable in addition to tissue imaging. In image guidance of

aneurysm and AVM surgery, preoperative angiographic

image data, MR Angiography and CT Angiography, have

successfully been imported and used in neuronavigation

[2,13,20,21,27] and have been found to be valuable for

localization of aneurysms and AVM feeders. In addition, in
tumor surgery, preoperative angiographic image data (CT

angiography and MR angiography) may be used in neuro-

navigation. Advanced neuronavigation with CT angiogra-

phy has been found to be valuable for tailoring surgical

approaches and identification of hidden vessels (ie, vessels

not exposed in the surgical field) during resection [17].

However, in cases with brain shift, preoperative images may

become inaccurate during surgery [3,7,16]. Intraoperative

imaging, tissue and angiographic, may therefore be neces-

sary to maintain the accuracy in neuronavigation. Both

intraoperative MRI and ultrasound are modalities for

acquiring intraoperative angiographic image data for use

in neuronavigation. Intraoperative ultrasound integrated

with neuronavigation is now a convenient alternative, as

modern ultrasound Doppler technology is capable of

depicting intracranial vasculature with sufficient image

quality [5,6,19,24,30,31].

Sure et al [23] has reported land-marking of vessels in a

conventional neuronavigation system with the help of a

tracked 2D ultrasound probe using color flow Doppler and

found that marking the position of vessels adjacent to a

tumor facilitated image-guided tumor resection. The solu-

tion we have used enables navigation directly in the 3D

ultrasound angiography images without need for land-

marking on a preoperative MRI data set. In addition,

updated 3D ultrasound angiographic image data may

quickly be acquired and used in neuronavigation.

Not surprisingly, we found navigated 3D ultrasound

angiography to be of value during surgery on tumor cases

with large and important vessels adjacent to or embedded in

the tumor (Table 2). Five of these cases (patients 19, 25, 30,

32, and 40) were patients with large meningiomas arising

from the skull base, displacing important arteries. With

online resection using the CUSA, monitoring the position of

the tip of the CUSA relative to the position of vessels helped

the surgeon to do a more complete resection of the

meningiomas before starting the dissection of the capsule,

probably reducing the traumatization of the cerebral cortex

during this phase. Updated 3D ultrasound angiography

image data gave angiographic images of sufficient quality

for navigation during the different stages of the resection. In

addition, in 9 cases (patients 10, 13, 22, 26, 31, 34, 44, 48,

and 49) with tumors in the medial part of the temporal lobe,

we found that visualization of vessels in the basal cistern

(eg, the great cerebral vein and the middle cerebral artery)

was helpful for safer resection and biopsy sampling.

In other cases, ultrasound angiography was not found

helpful, such as in superficial gliomas not close to larger

vessels. Nevertheless, even in such cases, unexpected

vessels may give the surgeon unpleasant surprises, and

confirmation that important vessels were not present close to

the tumor was found reassuring by the surgeon.

In skull base surgery, the vessels are usually attached

to the skull base and are therefore not subject to brain

shift [3,22]. Nevertheless, in MRI-based neuronavigation,

inaccuracy in image registration may still lead to inaccurate
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targeting of skull base vessels. As no image registration is

needed in neuronavigation based on 3D ultrasound angiog-

raphy [28], this technique is still valuable because image

registration errors are avoided.

One limitation of the 3D ultrasound–based neuronaviga-

tion is that covering the whole area of interest during 3D

ultrasound image data acquisition can be difficult, for

example, in cases with large tumors. Furthermore, in skull

base surgery, the skull base itself may hinder ultrasound

imaging of the entire tumor, for example, in cases where a

large skull base tumor is invading both the middle and the

posterior cranial fossa. Still, it is our experience that careful

planning of the surgical approach and keeping in mind

optimal positioning of the ultrasound probe may reduce

such problems to a minimum. Moreover, simultaneous

display of MRI and 3D ultrasound in neuronavigation may

be helpful, giving overview and anatomical orientation in

cases with large tumors that are difficult to cover entirely

with ultrasound.
Fig. 5. Multimodal visualization. A: Glioma (same patient as in Fig 2B, case 38). U

of the MR-imaged tumor (yellow). Ultrasound angiography (green) and MR an

angiography and MR angiography do not completely overlap, and this may be due

vessels than the MR angiography, and the vessels appear thicker. Still, the v

angiography. The ultrasound angiography only shows parts of the anatomy. B: M

(segmented) here shown in red. Image slices from T1 MRI and ultrasound give

patient as in Fig 2E, case 32). A volume rendered representation of the tumor is sh

angiography in green. The visualization in a 3D scene demonstrates the spatial rela

to color in this figure legend, the reader is referred to the web version of this art
6. Technical considerations

For angiographic imaging with the Doppler technique,

both color flow and power Doppler technique may be

used. Power Doppler displays the vessels because of the

power of the Doppler signal in shades of red as an overlay

on the ultrasound tissue image. In contrast to color flow

Doppler imaging, power Doppler does not have flow

velocity or direction information but is less angle-depen-

dent, there is no aliasing and the modality is more flow

sensitive [15,18]. Because of less angle dependence, vessel

continuity is also better with power Doppler than with

color flow Doppler, and vessels will be visualized even if

the ultrasound beam hits the vessel at angles close to 908.
In an application with free-hand 3D ultrasound image

acquisition, the ultrasound beam will almost always hit a

vessel with several different angles; therefore, there is

minimal risk of missing a vessel when acquiring 3D ultra-

sound angiography image data.
ltrasound image slice placed in a 3D scene with a segmented representation

giography (red) show the vessels in relation to the tumor. The ultrasound

to brain shift or registration error. The ultrasound angiography displays more

ascular anatomy is recognized on both ultrasound angiography and MR

eningioma (same patient as in Fig 2C, case 53). Ultrasound angiography

orientation and show the tumor. C: Foramen magnum meningioma (same

own in grayscale, whereas MR angiography is shown in red and ultrasound

tionships between the tumor and vessels. (For interpretation of the references

icle).
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In contrast to MR angiography, ultrasound angiography

shows both arteries and veins at the same time. We

consider this an advantage, as one usually is interested in

preserving both arteries and veins during surgery. It is

however not possible to discriminate between arteries and

veins using the power Doppler imaging technique alone.

Still, adjusting the blow velocity rejectQ setting on the

ultrasound scanner may be helpful for showing only vessels

with high flow velocities, in which case, most veins will be

bfiltered out.Q Using triplex display may also be of help to

discriminate between arteries and veins by evaluating the

Doppler spectrum. Using the ultrasound probe as a pointer

will enable targeting of a vessel with neuronavigation while

using triplex display, and in this way, it is possible to

evaluate the targeted vessel with triplex. We did however

use triplex in the present study. With larger vessels, it was

often possible to decide whether the targeted vessel was an

artery or a vein by using anatomical knowledge and

comparing with arterial MR angiography in cases where

this was available.

In ultrasound angiography imaging, the ultrasound data

are used for simultaneous imaging of both tissue and

angiographic imaging. We have not experienced wherein the

quality of the ultrasound tissue part of the image is

significantly decreased on ultrasound angiography images.

There are, however, some drawbacks of 3D ultrasound

angiography with power Doppler. The high sensitivity of

power Doppler may lead to the visualization of too many

vessels, as small and surgically less important vessels are

depicted. Sometimes, this may result in confusing images

that are difficult to interpret. In our experience, reducing the

gain setting on the ultrasound scanner may reduce this

problem by filtering out the smaller vessels. For better

orientation, simultaneous display of preoperative MRI and

MR angiography is also useful in such cases.

Blooming may also be a problem with power Doppler, as

the power Doppler signal tends to expand beyond the vessel

walls; consequently, the vessels may seem larger and thicker

than they really are. In addition, the 2D ultrasound image

plane itself has a certain thickness that varies with the depth;

thus, the resolution in the elevation direction (normal to the

scan plane) of the ultrasound beam affects the image quality

in 3D ultrasound. Therefore, the vessels in reconstructed

(ultrasound angiography) images tend to appear bulkier

when viewed on slices orthogonal to the scan plane.

Finally, power Doppler is relatively sensitive to flash

artifacts, which occur as red fields or stripes (Fig. 2). Flash

artifacts may, for example, occur when the probe is in a

cavity filled with saline, when motion in the saline is

detected by the power Doppler (Fig. 3C). This is another

consequence of the high motion sensitivity of power

Doppler, which can occur relatively often during free-hand

3D ultrasound angiography acquisition. Flash artifacts can

be reduced with gentle movement of the probe during image

acquisition and by adjustments on the ultrasound scanner,

such as adjusting the lower limit for detectable flow.
The overall clinical accuracy of the SonoWand system

may be as low as 2 mm in a clinical setting when using

intraoperative imaging to compensate for brain shift [11].

We did not systematically measure accuracy in this study.

Nonetheless, in each case a vessel was exposed in the

surgical field, we directed the pointer at the artery for

accuracy testing, as in Fig. 3F. In each case, we observed

that the position of the pointer corresponded with the

position indicated by the navigation system, as shown in

Fig. 3E. Although not a precise measurement of accuracy,

we found these accuracy tests to indicate that the clinical

accuracy of the navigation system was satisfactory.
7. Limitations of this study

This technical evaluation study of navigated 3D

ultrasound angiography demonstrates the straightforward

application of neuronavigation with this imaging modality

in 62 cases. To prove any benefit for the patient, a study

with a different design is needed. The cases selected for

evaluation of ultrasound angiography were cases wherein

ultrasound-based neuronavigation was chosen in advance.

Small, extra-axial tumors that were easy to localize were

not included in this material because they were not

operated with image guidance. In other tumor cases, which

were operated with image guidance, ultrasound angiogra-

phy was not used because the surgeon felt that it would not

be of value. Most of the operations, and thus also the

evaluation of the helpfulness of ultrasound angiography,

were performed by one surgeon. Still, the 3 surgeons who

participated seemed to judge the usefulness of 3D

ultrasound angiography similarly. Nevertheless, different

surgeons may judge the helpfulness of navigated ultrasound

angiography differently, for example, some surgeons would

not trust the navigation system enough to leave out

dissection of important vessels. All this has to be kept in

mind when interpreting the results of this study.
8. Future prospects

Ultrasound angiography still has potential for significant

improvements, and developments along several venues are

to be expected:

New signal processing methods such as BFI [12] may

better visualize flow inside vessels and hopefully reduce the

problem of blooming. Ultrasound contrast-enhancing agents

have been reported to be helpful in tumor neurosurgery for

assessing the vasculature close to and inside the tumor

[8,14] and may improve the quality of ultrasound angio-

graphic imaging.

New multirow probes will have a more optimal beam

shape with better resolution in the elevation direction (eg,

normal to the scan plane). This will further improve the

image quality of ultrasound angiography because elevation

resolution is a limiting factor for image quality with the

present technology. Real-time 3D probes will be able to
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acquire 3D ultrasound data sets directly without free hand

movement, and this will minimize flash artifacts.

New multimodal visualization techniques where preop-

erative MR and intraoperative ultrasound are integrated in

the same 3D scene are already available [10]. This may

probably further enhance the surgeon’s perception of

anatomic and spatial relationships between tumor and

adjacent vessels (Fig. 5). Diffusion tensor imaging of tracts

and FMRI of eloquent cortex may also be visualized.

Furthermore, robust volume-to-volume registration tech-

niques for registration of preoperative MR angiography data

to intraoperative ultrasound angiography data may make it

possible to adjust preoperative MR image data in cases of

brain shift.
9. Conclusions

On the basis of our experience with navigated intra-

operative ultrasound angiography, we believe that this

imaging modality is sufficient for intraoperative imaging

of arteries and veins. Image guidance with 3D ultrasound

angiography may increase the safety in surgery of tumor

cases where an important vessel is adjacent to or inside a

tumor. It may facilitate tailored approaches, and frameless

stereotactic biopsies may be performed with increased

safety. Furthermore, with updated 3D ultrasound angiogra-

phy imaging, accuracy of angio-based neuronavigation may

be maintained in cases of brain shift.
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Commentary

In the past several years, intraoperative imaging has

gained increasing importance. With the newest medico-

technical achievements such as high-field (1.5–3 T) MRI

and multislice CT, a certain renaissance of intraoperative

imaging has started. However, the setting up of such

diagnostic tool requires a major financial background.

Consequently, Unsgaard et al started to promote the

intraoperative navigated ultrasound technology by introduc-

ing a 3D ultrasound navigation system. In previous

publications, this group described a very nice system that

is capable of producing a 3D imaging ultrasound data set

that is used for navigation and can be supported by the

display of preoperatively acquired corresponding MRI

images. In their article, the authors demonstrate the

integration of power Doppler (Duplex or color mode)

signals in their 3D navigation data set. The figures, as

shown by the authors, are of very high quality; let us hope

that the drawbacks of the intraoperative ultrasound imaging

of vessels, such as the exaggeration of the caliper

(blooming), can be reduced in future.

Frequently, for us neurosurgeons, the vascular anatomy is

the most interesting part to recognize in a navigational data
set. Therefore, we believe that particularly the 3D visual-

ization of the vascular anatomy, as presented here, is of

major benefit during surgery of a broad variety of

intracranial pathologies. In our experience, such technology

is of particular benefit when vessels are encased or distorted

by tumors or when evaluation of hemodynamics within a

complex AVM is intended [1]. The usefulness of a similar

technique for treatment of vascular lesions has also been

previously illustrated by the same group [2]. One of the

most interesting questions to answer in the future will be

whether the ultrasound technology will allow to evaluate the

neck of a clipped aneurysm to exclude a remnant.

However, alongside the economic aspect, acquisition

time and quality of intraoperative visualization of the

vascular anatomy are further advantages of the ultrasound

technology when compared with the MRI and/or CT

intraoperative imaging solutions.
Dorothea Miller, MD

Oliver Bozinov, MD

Ulrich Sure, MD

Clinic for Neurosurgery, University Hospital

Philipps-University Marburg

Marburg, 35033 Germany
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UMORS of the spinal cord account for 2 to 4% of all
central nervous system tumors.16 They are found in
approximately 20% of spinal tumors in adults and

35% in children.2 The most common histological types are
glial tumors (80%).7,9 The surgical treatment of spinal cord
tumors began almost a century ago. In 1905 Cushing3 per-
formed decompression of a spinal cord tumor. Today most
tumors are treated using microsurgical techniques after the
patient undergoes detailed preoperative investigation and
planning. The spinal cord, however, is a very complex
neurological structure and the potential of serious opera-
tive neurological morbidity is present.11

Conventional neuronavigation systems have become
frequently used for planning and performing spinal sur-

gery. The systems are based on preoperative computed to-
mography images or C-arm perioperative images. The
main indication for these guidance systems is quality con-
trol during fusion surgery involving pedicle screws. They
are not applicable in spinal cord tumor surgery. 

Ultrasonography has been used in guiding intraspinal
surgery for many years.10,12–14,18 Limited image quality and
certain practical aspects, however, have limited its use.
Technological advances in ultrasonography have been
considerable in recent years. Renewed interest in ultra-
sonography as a practical intraoperative modality in neu-
rosurgery has arisen due to the advent of phased-array
probes with small footprints and optimal focusing at a
range of depths that allow for treatment in a minimally in-
vasive fashion. Other alternative intraoperative guidance
systems focusing on soft-tissue structures in the spinal ca-
nal have not been available. One problem with 2D ultraso-
nography in spinal surgery is positioning of the operating
instruments. When the lesion is seen on the 2D image, the
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üThe authors describe the technical application of three-dimensional (3D) ultrasonography navigation in spinal cord
tumor surgery.

The spinal cord is a complex neurological structure in which there is the potential for causing neurological morbid-
ity during tumor resection. Standard neuronavigation systems based on computed tomography or C-arm images are
not adapted to tumor surgery in the spinal cord. 

Since 2004 the authors have been using a 3D ultrasonography-based neuronavigation system. During surgery, two-
dimensional ultrasound images were acquired and reconstructed into 3D image data to assist in tumor resection. The
navigation cameras read the position of a patient reference frame attached to a spinous process, the ultrasonography
probe, and surgical instruments. Five- and 10-MHz phased-array ultrasonography probes equipped with optical track-
ing frames were used for image data acquisition.

Spinal cord tumors were visualized using ultrasonography, and 3D ultrasonography–guided tumor biopsy sampling
and resection were performed.

The practice of attaching the reference frame to a spinous process adjacent to the spinal cord tumor, as well as per-
forming image acquisition just before starting the resection, reduced the possible sources of inaccuracy.

The technical application of a navigation system based on intraoperative 3D ultrasound image reconstruction seems
feasible and may have the potential of improving functional outcome in association with spinal cord tumor surgery.
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orientation of the probe needs to be taken into account to
estimate the lesion’s location in the physical space. The
surgeon has to remember the position of the probe when
applying practical use of the images. When acquiring the
2D images, this might be difficult when the surgical cavi-
ty has to be filled with saline and the probe subsequently
removed before the instruments are inserted. 

The practical limitations inherent in the use of 2D ultra-
sonography in spinal surgery are overcome by using a 3D
ultrasonography–based navigation system. A 3D ultraso-
nography image volume is acquired by tilting/translating
the probe over the ROI. The 3D image volume is then
automatically transferred to the navigation system, and
navigation based on intraoperative images can be per-
formed directly without any registration procedure. Thus,
the localization of the lesion can be accomplished by sim-
ply using a conventional navigation pointer or any other
instrument equipped with a tracking frame.

The aim of this paper is to describe a new concept in
which 3D ultrasonography–guided navigation is used in
the resection of spinal cord tumors. The technical use is il-
lustrated in three clinical cases. 

Clinical Material and Methods

Since 2004 we have used a 3D ultrasonography–based
navigation system in patients with intraspinal pathological
entities. In the present report we describe the technical ap-
plication of this technique in the treatment of spinal cord
tumors.

The Ultrasonography-Based Neuronavigation System

The ultrasonography-based intraoperative imaging and
neuronavigation system (SonoWand; Mison, Trondheim,
Norway) used in the present study has three functions: as
an ultrasound imager, a conventional neuronavigation sys-
tem, and an integrated, ultrasound-based neuronavigation
system that uses the features of both technologies.17 The
system is based on optical tracking technology and comes
with precalibrated ultrasound probes optimized for neuro-
surgery.5 Two different probes were used: a 5-MHz (4–8-
MHz) flat phased-array probe (optimal resolution at
depths 2.5–6 cm) and a 10-MHz flat phased-array probe

(optimal resolution at depths 0.5–4 cm) (Fig. 1). Because
the 10-MHz probe has just recently been made available
for 3D navigation, most of the ultrasound images illustrat-
ing the technical use were obtained with the 5-MHz probe. 

Navigation and Data Acquisition

To attach the reference frame to the patient, we had a
spine clamp developed. This clamp was attached to a spi-
nous process adjacent to the tumor area (Fig. 2). In one pa-
tient (see Case 1), however, the reference frame was at-
tached to the head holder because the lesion was located
in the cranial part of the cervical cord. To acquire the 3D
data, the surgeon tilts or translates the probe over the ROI
using his/her free hand. The 2D ultrasound images are re-
constructed to a 3D data set ready for navigation. The 
procedure takes approximately 1 minute. The ultrasound
probe is not present in the operating field after the acqui-
sition of a 3D volume, unless additional 3D ultrasound da-
ta sets are acquired or real-time 2D imaging is wanted.
The workflow of this procedure and setup of equipment is
summarized in Fig. 3. 

Navigation based on 3D ultrasonography can be per-
formed directly without registration of anatomical land-
marks because the images are acquired in the same coor-
dinate system as the navigation is performed. Therefore,
no patient or image registration error will affect the over-
all accuracy of the system when navigation based on 3D
ultrasound images is utilized.6
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FIG. 1. Probes used in 3D ultrasound image–based navigation:
the 5-MHz probe (left) and the 10-MHz probe (right).

FIG. 2. The spine clamp and patient reference frame. Left: Disassembled. Right: Assembled and attached to a spin-
ous process adjacent to the laminectomy.

Three-dimensional ultrasonography



Neuronavigation can be performed using a tracked
pointer device or with any calibrated surgical instru-
ment—for example, a biopsy forceps, CUSA (Valleylab,
Boulder, CO), or an endoscope. The trajectory and posi-
tion of the pointer or surgical tool tip are displayed as a
line with crosshairs or a dot (depending on the version of
the navigation software) in the corresponding images. The
pointer and surgical tool can be elongated virtually using
an offset feature.

The display modalities commonly used are as follows:
1) orthogonal slicing (three 2D slices oriented as axial,
sagittal and coronal slices) and 2) any-plane slicing (one
slice defined by the axis and rotation of the pointer or cus-
tom-calibrated tool [for example, the biopsy forceps]). 

The accuracy of 3D ultrasound–based navigation in
which the SonoWand system is used in a laboratory set-
ting may be as low as 1.4 mm. The accuracy in the present
clinical situation can easily be tested by pointing at a de-
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FIG. 3. Workflow in 3D ultrasonography–based spinal tumor surgery. A: The ultrasound probe with the tracking
frame attached is put into the saline-filled cavity. The 2D ultrasound images can be viewed. B: By tilting and translat-
ing the probe, the 2D ultrasound images with position information are stored and reconstructed into a 3D image volume.
C: With 3D ultrasound, neuronavigation can be performed using a pointer device or any tracked surgical instrument, such
as the CUSA or biopsy forceps (see inset; photograph obtained using the operative microscope).



fined structure, such as the surface of the spinal cord, in
the operative field. 

Description of the Surgical Procedure

A standard laminectomy was performed, and the spine
clamp with the patient-reference frame was attached to the
adjacent spinous process. The operation cavity was gently
filled with saline before a 3D ultrasound image data set
was acquired by tilting the probe in the operation cavity,
covering the ROI. 

With neuronavigation based on the recently acquired
3D ultrasound image data, the pointer was used to deter-
mine the optimal site for dural opening. For frameless ste-
reotactic biopsy sampling, a calibrated biopsy forceps was
used. This tool was calibrated by pointing it at a hole in
the center of the patient-reference frame. The biopsy sam-
ples were then collected using image guidance. Resection
of the tumors was either done using conventional micro-
surgical technique or, in some of the cases, with the CUSA
equipped with a tracking frame for online image-guided
resection. 

Updated 3D image data were obtained when required
because of suspected anatomical shift or to assess the pre-
sence of residual tumor. At the end of the procedure the
spine clamp was removed and the operation wound was
closed. 

Illustrative Cases

Case 1

This 42-year-old man presented with right-sided facial
pain. Magnetic resonance imaging revealed a lesion in the
spinal cord at the C-1 level. The findings were consistent
with the diagnosis of a cavernous hemangioma. The pa-
tient’s head was fixed with a Mayfield headholder and the
patient reference frame was attached to the headholder be-
cause the lesion was located in the cranial part of the cer-
vical medulla. During the procedure we had preoperative
MR imaging data with fiducials available, and these im-
ages were registered and used for planning of the incision.
A lateral suboccipital approach was performed. When the
dura mater was exposed, 3D ultrasound images were ac-
quired and used for image guidance. Both the 5- and 10-
MHz probes were used; however, at this time we did not
have a tracking frame available for the 10-MHz probe,
and thus image guidance could be performed using the 3D
ultrasound data obtained with the 5-MHz probe only. We
found that both the 5- and the 10-MHz probe provided im-
ages of sufficient quality, but that of the 10-MHz probe
was superior. We noticed a distinct discrepancy between
the preoperative MR imaging and the intraoperative ultra-
sound data during navigation (Fig. 4A and B), presumably
a consequence of both anatomical shift and inaccuracy in
image registration of the MR imaging data. 

The cavernous hemangioma was not easily visualized
on the surface of the spinal cord, but by applying 3D ultra-
sonography navigation, an accurate site for incision in the
spinal cord was defined. The lesion was extirpated using
conventional microsurgical technique. Sequential intraop-
erative ultrasonography provided information on the ex-
tent of resection (Fig. 4C). 
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FIG. 4. Case 1. A: Intraoperative image showing a cavernous
hemangioma (black arrow) in the upper cervical spinal cord. The
position of the cavernous hemangioma was not obvious to us when
inspecting the surface of the spinal cord. B: Snapshot from the
neuronavigation system. In this case preoperative MR images were
available, and the reference frame was attached to the headholder
(in the other cases the reference frame was attached to the spine
clamp). Note the shift between the MR (upper) and the ultrasound
images (lower). The blue line shows the position of the biopsy for-
ceps, and the yellow dot indicates the tip of the instrument. The
elongated line with the cross at the end demonstrates the offset fea-
ture. The arrows point to the cavernous hemangioma. C: Sequen-
tially obtained ultrasound images using the 10-MHz probe. Upper
row: Ultrasound images acquired prior to resection. Arrows point
to the cavernoma. Lower row: Ultrasound images after resection of
the cavernoma, in this case demonstrating the removal of the
lesion. 
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Case 2

This 82-year-old man presented with progressive my-
elopathy and urinary incontinence. Imaging showed a
lesion in the spinal cord at the conus level (Fig. 5A). A
T11–12 laminectomy was conducted and the dura mater
was exposed. The spine clamp was attached to the adja-
cent spinous process, and 3D ultrasound images were ac-
quired using the 5-MHz probe. 

Ultrasonography provided good visualization of the le-
sion (Fig. 5B). The biopsy forceps was calibrated to the
navigation system, and, based on the 3D ultrasound im-
ages, a site for biopsy sampling was chosen (Fig. 5C and
D). The lesion was diagnosed as an anaplastic astrocytoma.

Case 3

This 48-year-old woman with a history of breast cancer
was referred to our unit. There was imaging documenta-
tion of a cystic lesion in the conus medullaris and an asso-
ciated syrinx. She presented with mild gait unsteadiness.
A resection of the lesion was planned. A T11–12 laminec-
tomy was undertaken and the dura was exposed. The spine
clamp was attached to the T-10 spinous process, and 3D
ultrasound images were obtained using the 5-MHz probe.
We did not yet have the tracking frame for the 10-MHz
probe. 

We found that the cysts and the solid parts of the lesion
were well visualized by 3D ultrasonography (Fig. 6).

Even the septa between the cysts were clearly visualized.
Two-dimensional images with the 10-MHz probe were
also acquired. With neuronavigation based on the 3D ul-
trasound images, biopsy samples were taken, the cysts 
fenestrated, and a limited tumor resection performed. The
histological diagnosis was intramedullary ependymoma.
Due to the coexisting advanced breast carcinoma and the
patient’s strong desire to maintain function, complete re-
section was not performed. 

Discussion

General Considerations

Intramedullary spinal cord tumors are rare lesions, but
when they occur surgery is commonly the treatment of
choice. One of the most important predictors of treatment
outcome is complete excision.11

Two-dimensional real-time ultrasonography has been
used for many years to guide the anatomical identification
and resection of spinal tumors, but poor image quality and
certain practical aspects have limited its use. Recent re-
finements in image quality, however, have led to a renais-
sance in applying ultrasonography. New imaging modali-
ties, such as ultrasound strain imaging, may further
increase the clinical usefulness of ultrasonography in neu-
rosurgery.15
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FIG. 5. Case 2. This patient harbored an anaplastic astrocytoma in the thoracic spinal cord. Using the calibrated biop-
sy forceps, the biopsy site was determined. The white arrows point to the dura mater (in A and B). A: Axial T1-weight-
ed Gd-enhanced MR image demonstrating the enhancing tumor (red arrow). B: Ultrasound image. The blue line with
the yellow dot indicates the position of the biopsy forceps. The tumor (red arrow) is hyperdense. C: Photograph of the
biopsy forceps with the tracking frame. D: Photograph of the biopsy sampling procedure. 



Ultrasonography Navigation

Three-dimensional ultrasound image guidance is an im-
portant, evolving modality. With our system, the 3D ultra-
sound volume is built up of 100 to 200 2D images by tilt-
ing or translating a precalibrated ultrasonography probe
covering the ROI. It takes approximately 1 minute to ac-
quire and reconstruct a 3D ultrasound volume. Three-di-
mensional ultrasonography–based navigation may thus be
close to providing “real-time” data, but of course this de-
pends on how often images are updated. Image-to-patient
registration is not necessary because the ultrasound acqui-
sition is performed in the same coordinate system as nav-
igation. Definition of spatial relationships and anatomical
structures is generally easier with 3D than 2D ultrasound
images because the interactive reslicing and display of the
image volume from any angle is possible. What makes this
modality a practical tool is the preoperative registration,
intraoperative sequentially obtained ultrasound images
that update the situation, and the intuitive understanding of
spatial relationships. Combining high-quality 3D ultra-
sonography with navigation is the only neuronavigation-
based solution available for use in intramedullary spinal
cord tumor surgery. Computed tomography– or MR im-
aging–based systems for this purpose are, to the best of our
knowledge, not available. With the use of 3D ultrasound
image guidance in spinal cord tumor surgery, resection can
be guided by updated 3D ultrasound images, thus reducing
the potential risk of traumatizing normal medulla. 

Probes/Image Quality

High image quality and resolution are vital for success-
ful image-guided surgery. The quality of the 3D volumes
is dependent on the quality of the 2D images. Higher fre-
quency in ultrasonography means improved resolution but
also reduced tissue penetration. Contemporary probes are
electronically tuned, and optimal resolution can be ob-
tained simultaneously at a broad range of depths. In our
three cases, we used a 5-MHz probe for 3D image acqui-
sition, but now a 10-MHz probe is available for the navi-
gation system. Because the 10-MHz probe has an optimal
image quality at a closer range (0.5–4 cm), it is preferable
for spinal cord tumor surgery. Anatomically the spinal can-
al is well suited for 10-MHz probes because the ROI is
close to the probe. A phased-array probe spreads out like a
fan covering a large sector, whereas the image acquired us-
ing a linear-array probe is limited to the width of the probe.
This makes phased-array probes preferable. Whether bet-
ter image quality and resolution will assist in dif-
ferentiating between histological tumor types has yet to be
proven. The same goes for new image modalities such as
ultrasound strain imaging in which differences in elastic
properties of the spinal cord may be visualized. The
authors of a recent publication have shown that ultrasound
strain imaging can discriminate the elastic properties of
normal brain and low-grade astrocytoma;15 this imaging
modality may prove to be a useful adjunct to convention-
al ultrasonography.
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FIG. 6. Case 3. This patient harbored a cystic ependymoma. A: Sagittal MR images: the cyst, with a septum within
(arrow [left]) and an overview of the sagittal spine (right). B: Axial MR image showing the cystic tumor (left) and the
equivalent ultrasound image obtained using the navigation system (right). The 3D ultrasonography provides images of
high quality. C: By pointing at the medullary surface or the wall of the cystic cavity (white line), the accuracy of the
modality in this clinical setting can be appreciated. The dot at the end of the white line touches the dura. D: Ultrasound
images obtained using the neuronavigation system. Note how the septum within the cyst is shown.
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Accuracy, Reference Frame, and Anatomical Shift

Several sources of inaccuracy in image-guided spinal
cord surgery are present. In addition to accuracy limita-
tions of the hardware, anatomical shifts (termed “brain
shift” in cranial neurosurgery) might represent a problem.
The accuracy of the SonoWand system has been tested in
the laboratory setting by Lindseth and colleagues6 and was
measured to be approximately 1.4 mm. 

Changing the patient from supine to prone position may
cause at least the conus medullaris to change position.19

Laminectomy and dural opening can also theoretically
change the position of the spinal cord. When 3D ultra-
sound image acquisition is conducted immediately before
the tumor resection, these sources of inaccuracy are kept
to a minimum. 

Furthermore, the practice of attaching the reference
frame to a spinous process adjacent to the spinal cord tu-
mor reduces inaccuracy due to small changes in patient
positioning intraoperatively and thus has an advantage
over attaching the reference frame to the operating table,
a solution chosen by Bonsanto, et al.,1 in syrinx surgery.
Furthermore, inaccuracy due to respiratory intraoperative
spinal motion4 may be kept to a minimum when attaching
the frame to the spinous process because the vertebrae and
the spinal cord probably move in a similar fashion during
respiration.

Other sources of inaccuracy are virtually impossible to
avoid without real-time imaging. The spinal cord moves
in a pulsatile fashion with each cardiac cycle. Mikulis et
al.,8 reported a pulsatile craniocaudal displacement of the
cervical cord of 0.4 to 0.5 mm, whereas no definite motion
was seen in the midthoracic cord or conus medullaris.
This source of shift, however small, must always be kept
in mind by the surgeon when using equipment such as
this.

The overall clinical accuracy of this system in associa-
tion with spinal cord tumor surgery has not been system-
atically tested because the aim of the present study was to
establish and evaluate the feasibility of a method for 3D
ultrasound image–guided spinal cord tumor surgery. We
did, however, conduct a qualitative accuracy test in each
of the operations by directing the pointer at the surface of
the dura mater after 3D ultrasound image acquisition
(Figs. 5 and 6), and in each case we observed that the posi-
tion of the pointer suggested by the navigation system and
the position of the pointer in the operation field were in
near-total agreement. This shows that at least the clinical
accuracy in the anteroposterior axis was satisfactory. 

Conclusions
Spinal cord tumors were visualized using ultrasonogra-

phy, and tumor biopsy and resection were performed guid-
ed by 3D ultrasonography navigation.

The practices of attaching the reference frame to a spi-
nous process adjacent to the spinal cord tumor and
performing image acquisition just before starting the
resection reduced several sources of inaccuracy. The tech-
nical application of a navigation system based on intraop-
erative 3D ultrasound reconstruction seems feasible and
may have the potential of improving functional outcome
in spinal cord tumor surgery.
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OBJECTIVE: To study the application of navigated stereoscopic display of preoperative
three-dimensional (3-D) magnetic resonance angiography and intraoperative 3-D
ultrasound angiography in a clinical setting.
METHODS: Preoperative magnetic resonance angiography and intraoperative ultra-
sound angiography are presented as stereoscopic images on the monitor during the
operation by a simple red/blue technique. Two projections are generated, one for each
eye, according to a simple ray casting method. Because of integration with a naviga-
tion system, it is possible to identify vessels with a pointer. The system has been
applied during operations on nine patients with arteriovenous malformations (AVMs).
Seven of the patients had AVMs in an eloquent area.
RESULTS: The technology makes it easier to understand the vascular architecture during
the operation, and it offers a possibility to identify and clip AVM feeders both on the
surface and deep in the tissue at the beginning of the operation. All 28 feeders identified
on the preoperative angiograms were identified by intraoperative navigated stereoscopy.
Twenty-five were clipped at the beginning of the operation. The other three were clipped
at a later phase of the operation. 3-D ultrasound angiography was useful to map the size
of the nidus, to detect the degree of brain shift, and to identify residual AVM.
CONCLUSION: Stereoscopic visualization enhances the surgeon’s perception of the
vascular architecture, and integrated with navigation technology, this offers a reliable
system for identification and clipping of AVM feeders in the initial phase of the operation.

KEY WORDS: Arteriovenous malformation, Brain shift, Intraoperative imaging, Neuronavigation, Resection
control, Sonography, Stereoscopic visualization, Three-dimensional ultrasound
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We have available a navigation sys-
tem with a module for navigated
stereoscopic display of preopera-

tive magnetic resonance angiography (MRA)
and intraoperative ultrasound angiography
(Doppler). The potential applications for this
module are surgery on tumors close to or
surrounding important vessels, aneurysm sur-
gery, and especially arteriovenous malforma-
tion (AVM) surgery because of the challeng-
ing angioarchitecture of AVMs. We report
here our initial experiences with navigated
stereoscopy in AVM surgery.

Different modalities are available for treat-
ing AVMs. Radiosurgery seems to be the best
way to treat small and deep-seated AVMs,

especially in eloquent areas, but the risk of
hemorrhage remains until the AVM is com-
pletely closed (3). AVMs may also be treated
by embolization. Alone, this technique is usu-
ally not sufficient to completely close AVMs
(8). Eventually, new large feeders will develop
from small feeding vessels that are impossible
to reach by embolization (12). Embolization is
therefore used primarily in combination with
microsurgery or radiosurgery. Despite the de-
velopment of the embolization and radiosur-
gery technique, microsurgical resection re-
mains an important treatment modality for
AVMs (5).

Surgical resection can be a rather challeng-
ing procedure, especially if the AVM is large
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and located in an eloquent area. The vascular architecture of
the AVM vessels is usually very complex and difficult to
understand at the beginning of the operation, so the common
surgical technique has been to identify the draining veins and
work around the nidus of the AVM, clipping the feeders as
they appear in the surgical dissection groove. Preoperative
embolization may be useful to reduce the flow in the AVM
and thus reduce the difficulties during the dissection (12).

Another logical way to obtain an effect similar to preoper-
ative embolization is to clip the larger feeders accessible by
microsurgery as the first step in the operation. In that way, the
patient could be spared an extra procedure. The feeding ves-
sels in an AVM are usually very tortuous. Therefore, identifi-
cation of the feeders at the beginning of the operation de-
mands navigation. A conventional neuronavigation system
has been used previously for this purpose (9). It can, however,
be difficult to identify these tortuous vessels by looking at
cross sections from three-dimensional (3-D) volumes, which is
the traditional way to display image volumes. A stereoscopic
display, in which the whole vessels are displayed in a true 3-D
image, would probably be more helpful. We have available an
ultrasound-based intraoperative imaging and navigation sys-
tem with a prototype of a stereoscopic module. We report our
experiences with the use of this module in AVM operations.

PATIENTS AND METHODS

Patients
Nine patients with AVMs were operated on in the period

1999 to 2002 with the assistance of the SonoWand intraoper-
ative imaging system. The symptoms that led to the diagnosis
are shown in Table 1. One of the patients (Patient 7) had
undergone endovascular embolization of her AVM 10 years

earlier. It did not cure her, but it made her epilepsy easier to
control. But during the last 2 years before operation, her
epilepsy was difficult to control with medication.

Seven patients had AVMs in eloquent areas. The Spetzler-
Martin grade was II for four patients, III for four patients, and
IV for one patient. For diagnostic work-up, all the patients
underwent conventional angiography and magnetic reso-
nance imaging (MRI). The day before the operation, they
underwent 3-D MRA with fiducials. Six of the patients had
intraoperative ultrasound angiography. All patients had post-
operative angiography some months later.

Navigation Equipment
The system applied (SonoWand; MISON A/S, Trondheim,

Norway) uses preoperative MRI and computed tomography,
as well as intraoperative ultrasound (Fig. 1A) (4). MRA is
registered to the patient by skin fiducials. This procedure
takes approximately 10 minutes. The intraoperative 3-D ultra-
sound volumes are acquired within the same coordinate sys-
tem as navigation is performed, so no registration is needed.
The time needed from a freehand ultrasound acquisition is
started until the volume is available for navigation is typically
30 seconds. Because both MRI and ultrasound are registered
to/acquired in the same tracking system, no coregistration is
needed. The MRA data were from a Picker (Picker Interna-
tional, Inc., Cleveland, OH) or a Siemens (Siemens Medical
Solutions, Erlangen, Germany) 1.5-T machine with a slice
thickness of 1.5 mm. The ultrasound data were obtained with
a 4- to 8-MHz flat phased array probe with optimal focusing
properties at 3 to 6 cm using the power Doppler modus (Fig.
1C). The accuracy of ultrasound-based navigation using the
SonoWand system in a clinical setting has previously been
reported to be less than 2 mm (7), whereas the mean phantom
accuracy was measured to be 1.4 ! 0.45 mm (n " 4860).

A pointer steers the display
on the monitor. The display
modalities available are 1) or-
thogonal slices: three 2-D
slices oriented in the axial, sag-
ittal, and coronal directions
(Fig. 2A); 2) any-plane slices:
one slice defined by the posi-
tion and orientation of the
pointer (Fig. 2B); and 3) stereo-
scopic projections: two ren-
dered projections (virtual real-
ity display) from the volumes
are displayed according to the
orientation of the pointer (Fig.
2C).

Stereoscopic System
The stereoscopic display

module is prototype software
made available to our re-

TABLE 1. Patient demographicsa

Patient
no. Age (yr)/sex Symptoms Spetzler-Martin

grade Eloquent Localization

1 52/M Headache, SAH III Yes Parietal, right

2 19/F Headache, syncope II Yes Parietal, left

3 42/F Headache, dizziness IV No Frontal, left

4 45/F Lower-quadrant hemianopia III Yes Occipital, left

5 32/F Strong headache II Yes Occipital, left

6 47/M Epilepsy II Yes Parietal, right

7 32/F Epilepsy III Yes Parietal, right

8 52/M ICH, visual disturbance II Yes Occipital, right

9 32/M SAH, ICH, visual disturbance III Yes Occipital, right

a SAH, subarachnoid hemorrage; ICH, intracerebral hematoma.
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search group for initial testing and evaluation. The module
can handle both MRI and computed tomography as well as
ultrasound volumes (10). To create the stereoscopic display,
two perspective projections are generated, one for each eye,
according to a simple ray casting technique. Each of the pro-
jections is generated by use of a semitransparent volume
rendering method, in which high-intensity objects in the vol-
ume, such as blood vessels, have a low transparency and thus
will hide more distant objects. The voxel values are mapped
directly to color and opacity through continuous transfer func-
tion, avoiding strict classification algorithms. Each pixel in a
projection is generated as a function of all the voxel values
through the image volume along the beam from the observer
position. The stereoscopic image is presented on the naviga-
tion monitor as simple red/blue projections.

All vessels that are visible in the angiography volume can be
displayed in the stereoscopic image. MRA showed vessels
down to 1.5 mm in diameter. The ultrasound angiography was
just as sensitive as the MRA, but the stereoscopic display was
usually more difficult to interpret (see Results). This visual-
ization method gives the surgeon a 3-D depth view of the
anatomy and vascular architecture when he or she is wearing
special red/blue anaglyph glasses.

Guidance by Stereoscopic Display
A pointer controls the stereoscopic projection interactively.

Pressing a foot switch and pointing in a selected direction will
change the projection view (Fig. 3). When the foot switch is
released, the projection will be frozen, making it possible for
the surgeon to interpret 3-D information from any direction
during planning and surgery guidance.

The position of the pointer tip is stereoscopically displayed
as a small sphere. It is also possible to set the virtual tool tip
indicator ahead of its true position (i.e., using an offset). In that
case, it is shown as a circle. When this virtual circle is located
inside or behind a vessel in the stereoscopic display, it changes
color. In that way, it is possible to determine both the direction
and the distance down to a vessel from the surface of the brain
(Fig. 4). The accuracy involved in localizing a vessel on the
basis of 3-D ultrasound angiographic data using the stereo-
scopic module is very close to the reported navigation accu-
racy based on slicing a 3-D ultrasound volume (7). The only
additional error source is the interpretation performed by the
volume rendering module when the voxel values belonging to
the object of interest are established. This error is very small,
because the contrast in angiographic data (both MRI and
ultrasound) is very good (see Discussion).

Procedure
At the beginning of the operations, 3-D MRA volumes were

registered to the patients aided by fiducials in the usual way.
During the planning phase, before the skin incision, different
stereoscopic views were set for the surgeon to understand the
vascular architecture and to find the projections that were
most useful for dissecting the deep-seated feeders (Fig. 3). The
strategy for the operation was decided, and a craniotomy of

FIGURE 1. Photographs showing equipment used. A, intraoperative
ultrasound-based navigation system; B, optically tracked pointer; C, opti-
cally tracked ultrasound probe.

FIGURE 2. Diagrams showing display techniques. A, orthogonal slicing;
B, any-plane slicing; C, stereoscopic projections.
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optimal location and size could be planned. After the craniot-
omy and before the dura was opened, a 3-D ultrasound an-
giogram was acquired. This was performed by tilting and
moving the probe over the area of interest. For superficial
AVMs, we used gelatin standoff (1-cm-thick plate of sterile
gelatin) to obtain a more optimal distance between the vessels
and the probe and thus better ultrasound images. After the
dura was opened, feeders that were available on the surface of
the brain were identified by both the microscope and the
stereoscopic visualization module before they were clipped.
Then, appropriate offsets were applied to the virtual indicator
to find the direction and the distance to the deep-seated feed-
ers. After dissection, identification, and clipping of the deep-
seated feeders, the nidus was dissected, the veins were
clipped, and the whole AVM was removed from the operation
cavity.

RESULTS

Setting of Perspective and Identification of Feeders
At the beginning of the operation, the stereoscopic perspec-

tive projection of the MRA was set in different directions. A
new perspective could be set within seconds (Fig. 3). This was
very useful. It was also useful to be able to set the viewpoint
for the perspective at different distances from the AVM,
changing between overview and close-up details (Fig. 5, B and
D).

After the dura had been opened, the next step of the operation
was to set the perspective in the same direction as the microscope
or the view of the surgeon. Occasionally, it was possible to
recognize feeders by simply comparing the surface view with the

stereoscopic view (Fig. 5, A
and B). But even superficial
feeders were mostly dipping
in and out of sulci, making it
difficult to identify feeders on
the surface without naviga-
tion. It was therefore very use-
ful to have a pointer-driven
stereoscopic view that could
identify vessels on the surface
(Fig. 5, C and D). In that way,
the surgeon could decide
which vessels on the surface
were feeders, follow these
feeders close to the nidus, and
clip them.

In the first three opera-
tions, we did not have a ste-
reoscopic view with offset
capabilities. We therefore
had to use the stereoscopic
module in combination with
the traditional orthogonal
slicing (axial, coronal, and

sagittal) of the 3-D data set to identify feeders deep in the
brain tissue. When a feeder was found, it was followed a short
distance to make sure it did not have the tapering of a normal
vessel and to verify that it approached the nidus. This ap-
proach was possible but challenging.

When the offset feature became available in combination
with the stereoscopic display technique, it was easier to find
the optimal place on the surface to start the dissection as well
as the direction of the dissection in the tissue to reach the
deep-seated feeders (Fig. 4). The virtual tip (visualized as a
circle) changes color when it is in or behind a vessel. In that
way, it is possible to measure the distance from the surface to
the feeder.

3-D Ultrasound Angiography for Correction of Brain
Shift and Resection Control

Sometimes, we experienced a mismatch between the posi-
tion of the pointer tip when pointing at a blood vessel and the
spot in which the bright dot appeared in the stereoscopic MRA
scene (Fig. 6). For some of the feeders, we found a disagree-
ment of the dot and the tip of the pointer ranging from 1 to 4
mm. This disagreement could be a result of either inaccurate
registration or brain shift. This disagreement can be a prob-
lem, especially when the feeder is running parallel and close to
a normal vessel. 3-D ultrasound angiography acquired imme-
diately before the identification procedure will evade the reg-
istration and brain shift problem and give an accurate location
of the feeders. This discrepancy between the stereoscopic view
of the MRA and the ultrasound angiography could be dem-
onstrated on the display (Fig. 7), and by looking through the
microscope, it was found that the ultrasound angiography

FIGURE 3. Setting the viewpoint. The surgeon interactively changes the view using a traced pointer (A), and new
stereoscopic projections can be seen through the red/blue glasses in real time. Two different views are seen in the
figure, one from above (B) and one from below (C).
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gave the correct position. In one patient, the identification of
one of the feeders was possible only because of the ultrasound
angiography.

Even though ultrasound angiography can be useful to cor-
rect shift, the quality of the stereoscopic display of 3-D ultra-

sound angiography is not yet as good as the stereoscopic
visualization of 3-D MRA. The feeders and other vessels often
appear wider than they really are because of a certain smear-
ing effect in the ultrasound angiographic scan. Ultrasound is
sensitive to veins, and the simultaneous imaging of both ar-
teries and veins sometimes makes it difficult to interpret the
stereoscopic display of ultrasound angiography. Conversely,
the ultrasound angiography shows the nidus better than the
MRA does (Fig. 7). With the present quality of stereoscopic
ultrasound angiography, we would prefer to have both the
MRA and ultrasound angiography displayed simultaneously
to better interpret the ultrasound angiography, but this is not
yet available.

Clipping of Feeders and Resection Control
Altogether, the nine AVM patients had 28 feeders that were

described in the preoperative angiograms. Twenty-five of
these feeders were clipped in the initial phase of the operation
on the basis of stereoscopic information from both 3-D MRA
and ultrasound angiography. The feeders were located in
sulci, and it was possible to reach them by opening the sulci
without traumatizing normal tissue.

The three other feeders were identified and clipped in a
later phase of the operation. In one patient (Patient 7), one of

FIGURE 4. The offset feature in the stereoscopic visualization module. A,
intraoperative photograph showing how a pointer with appropriate offset is
used to find the optimal location for starting the dissection down to one of
the deep-seated feeders. B, in the stereoscopic view, the dot indicates the
tip of the pointer, while the circle indicates the end of the offset. C, the
same view while moving the pointer a little closer to the brain surface.
Notice the change of color, indicating that the virtual circle (i.e., the offset
of the pointer) is just crossing the vessel. D, the feeder has been dissected
free and is clear for clipping.

FIGURE 5. A surface view (A) and a stereoscopic view (B) with the same
perspective. A feeder is identified by pointing to a vessel (C) that is recog-
nized as a feeder in the stereoscopic projection (D).

FIGURE 6. Brain shift identification. The pointer is placed on a vessel
(A), but the dot in the stereoscopic view is outside (below) the same vessel
(B). The arrow indicates the expected position of the stereoscopic dot.

FIGURE 7. Brain shift correction and nidus visualization. The pointer tip
is placed on the vessel (as seen from the microscope), but the dot in the
stereoscopic view of the MRA data is above the vessel (A). Conversely, the
dot in the visualization of the ultrasound angiographic data is very close
to the vessel (B). As can be seen in the figure, ultrasound angiography
shows the nidus better than MRA does.
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five larger feeders approached the nidus from behind the
AVM, deep in the sylvian fissure. It was impossible to identify
and clip this vessel early in the operation without making a
dissection that could traumatize the normal tissue. This feeder
was therefore left until so much of the nidus was dissected
that the feeder could be reached behind the nidus.

In another patient (Patient 9), the accuracy of the registra-
tion of the MRA to the patient was insufficient. Therefore, the
identification of the feeders had to be based only on the
stereoscopic display of ultrasound angiography. All four feed-
ers were identified, but for two of them, the surgeon did not
trust the finding until a later phase of the operation because of
the quality of the ultrasound angiographic images.

Early clipping of the feeders before dissection of the nidus
greatly reduced the turgor of the nidus. In only one patient
(Patient 2) did the turgor of the nidus remain high throughout
the dissection, and she bled much more than expected (2000
ml). In this patient, at the end of the operation, we found a
large feeder running parallel to the draining vein that was not
shown on the preoperative angiogram.

We also had the impression that the trauma to the sur-
rounding tissue was reduced, because the reduced flow in the
nidus and the reduced bleeding tendency from the nidus
made it easier to dissect the nidus away from the normal
tissue.

Intraoperative ultrasound angiography can be used to con-
trol the extirpation (Fig. 8) and to detect residual AVM. In one
patient (Patient 7), intraoperative 3-D ultrasound angiography
revealed residual AVM that was immediately removed.

Clinical Outcome
The clinical results are shown in Table 2. Four of the seven

patients with AVM in an eloquent area had a temporary
worsening of their neurological status. One patient (Patient 7)

has acquired a permanent neurological deficit. As shown in
Figure 9, she had a Grade III AVM in the right parietal region.
As expected, she sustained an immediate postoperative
hemiparalysis, but after only a few days, she began to regain
control, and after 3 months, her only sequela was a small
paresis of her left ankle, hardly noticeable when she is
walking.

One patient (Patient 3), who had a Grade IV AVM, had to be
reoperated on three times during the first postoperative night
because of hemorrhage. It was initially interpreted as perfu-
sion pressure breakthrough, but at the last operation, some
residual AVM was detected and removed. After that event, we
started to perform intraoperative ultrasound angiography.
She also had two aneurysms, one on the anterior communi-
cating artery, which was later coiled, and one on the internal
carotid artery, which is still untreated. This patient acquired
epilepsy after the operations.

The other seven patients all had excellent outcomes. One of
them (Patient 6) had a postoperative hematoma, which prob-
ably was caused by high systolic blood pressure (230 mm Hg)
for a short period after his awakening from the narcosis. It was
removed immediately, and it did not affect his outcome. The
cohort is too small to make any statement about neurological
complications and outcome.

All patients underwent postoperative conventional digital
subtraction angiography (DSA). No residual AVM was found.

DISCUSSION

Accuracy
In this study, navigation has been based on intraoperative

ultrasound angiography as well as preoperative MRA. The
navigation inaccuracies for the two modalities are indepen-
dent. It is very difficult to measure the navigation inaccuracy
in a clinical setting, because of 1) the lack of easily accessible
well-defined structures inside the head; 2) problems with
quantifying the difference between the anatomic structure/
surgical tool distance as seen in the patient and the corre-
sponding distance in the image information presented to the
surgeon; and 3) the problem with distinguishing between the
inaccuracy caused by the system error, the registration, and
the brain shift (7). Often, we have to resolve to measure the
laboratory accuracy by use of a rigid phantom and carefully
list the additional error sources that apply in a clinical setting.
For navigation based on preoperative MRA data, the two main
error sources are the image-to-patient registration and the fact
that the data are not updated to compensate for brain shift. For
a rigid phantom, these errors can be made negligible. How-
ever, in a clinical setting, both errors can be considerable,
especially the brain shift problem. In contrast, registration is
not needed for navigation on the basis of intraoperative ultra-
sound, because the acquisition is made in the same coordinate
system as navigation is performed, and a new acquisition can
be made when needed to compensate for brain shift. The
ultrasound navigation inaccuracy is therefore close to the mea-

FIGURE 8. Resection control. A
stereoscopic projection of preopera-
tive MRA data (A). The same
view of ultrasound angiography
data acquired before (B) and after
(C) nidus resection, respectively.
This AVM had a large feeder from
the arteria cerebri posterior (*1)
and some smaller feeders from the
arteria cerebri media. One of these
feeders, located in front of the nidus, shows considerable circulation proxi-
mal to the clipping (*2), indicating its role in supplying nutrient vessels.
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sured laboratory inaccuracy, given that speed-of-sound issues
are minimized by the system and ultrasound-based naviga-
tion is performed on a recent ultrasound volume (real-time
3-D ultrasound will eliminate the brain shift problem
completely).

A thorough investigation of the ultrasound-based naviga-
tion inaccuracy using the SonoWand system was conducted
by Lindseth et al. (7). The clinical inaccuracy was estimated to
be less than 2 mm on the basis of slicing of tissue data,
whereas the mean phantom inaccuracy was measured to be
1.4 ! 0.45 mm (n " 4860). In the present study, we used
angiographic data that were visualized stereoscopically. The
use of angiographic data instead of tissue data does not have
any impact on accuracy. The additional error caused by ste-
reoscopically rendering the angiographic data instead of slic-
ing through it is also negligible, because the angiographic
contrast is very good.

As opposed to navigation inaccuracy, which is a measure of
the misalignment between a physical object and the image

information presented (either
MRI or ultrasound), fusion
inaccuracy is a measure of
the misalignment between
the two modalities. Although
fusion inaccuracy in princi-
ple tells nothing about the in-
dependent navigation inac-
curacy based on MRI and
ultrasound, the measure is
often used as an estimate of
the brain shift. However, it is
important to be aware of the
fact that to deduce that an
observed misalignment be-
tween preoperative MRI and
intraoperative ultrasound is
caused by brain shift, we
have to know that the system
used has a very small MRA-
and ultrasound-based navi-

gation inaccuracy in the laboratory, that the preoperative MRI-
to-patient registration is very accurate, and that the ultra-
sound display is based on a recent acquisition.

In addition to direct ultrasound-based navigation, intraop-
erative ultrasound data can also be used to update the preop-
erative MRI data, which are then used for navigation. How-
ever, it is important to bear in mind that although such an
indirect approach in theory could make the updated MRI-
based navigation inaccuracy as small as the intraoperative
ultrasound-based navigation inaccuracy, this will be very
hard to achieve in practice, because automatic MRI-to-
ultrasound registration is a challenging task that will intro-
duce additional error sources.

Stereoscopic Navigation-controlled Display of MRA
To be able to approach an AVM in an optimal way, it is

important to understand the 3-D vascular architecture. For better
planning of the operation, Bulitt et al. (1) described the use of a
program on a home personal computer to better visualize the
complex 3-D vascular anatomy. This is evidently useful, but to
really get help from such a 3-D visualization during dissection, it
must be related to the true anatomic structures via a navigation
system. Russell et al. (13) have shown the benefit of frameless
stereotaxy to plan the optimal trajectory, to minimize the skin
incision and the craniotomy sizes, and to confirm the AVM
margins during the resection.

In the present study, we have tested a system for stereoscopic
navigation-controlled display of preoperative MRA and intraoper-
ative ultrasound angiography in planning and resection of AVMs
(10). In three of the patients, we also used a program to make a
preoperative stereoscopic model of the AVM. We found it useful,
but it was far more useful to be able to set a stereoscopic projection
over the head of the patients before the craniotomy. It helped us to
decide the location of the craniotomy and to acquire an impression

TABLE 2. Results

Patient
no.

Ultrasound
angiography Postoperative complications Present status

1 No Epileptic seizure, left hemiparesis Normal

2 No Headache Normal

3 No Hematoma (#3), epilepsy Epilepsy (coiled aneurysm)

4 Yes Small increase in hemianopia Quadrantic hemianopia, as before operation

5 Yes No Normal

6 Yes Hematoma Normal

7 Yes Hemiparalysis Small paresis, left ankle

8 Yes No Normal

9 Yes No Visual disturbance, as before operation

FIGURE 9. Patient 7. A large AVM in the right parietal region is shown
by the DSA images (A and B) and the stereoscopic visualization of the
MRA data (C).
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of the vascular architecture relative to the structures visible on the
brain surface after the craniotomy.

When we started our work with stereoscopic navigation-
controlled identification and clipping of feeding arteries, we
were not aware of the work by Muacevic and Steiger (9) in
Munich. They used conventional navigation technology to
identify and clip feeders in the initial phase of the operation.
This technology is also available in our system, but we did not
perform a systematic testing of the usefulness of this way of
identifying feeding vessels compared with the use of stereo-
scopic display. In the first three operations, we did not have
the stereoscopic offset, and we used the conventional orthog-
onal display to find deep-seated feeders. The senior author
(GU) found it more difficult to trust that the vessel displayed
by conventional navigation was a feeder and not an en passant
normal vessel. The stereoscopic display made it much easier to
understand the vascular architecture, because the length of the
tortuous vessel was displayed, not only a cross section.

Even though stereoscopic display was superior for visual-
izing feeders on the basis of MRA, it also had its drawbacks.
First, it was necessary to interrupt the operation to put on
red/blue glasses. An operation assistant did that in a few
seconds, so it was not a big problem, but it should be solved
in a better way in the future by using, for example, an autoste-
reoscopic monitor so that 3-D vision is achieved without the
need for special glasses.

Another drawback, which is the same for both conventional
navigation and stereoscopic display based on preoperative
data, is the registration error and the brain shift. Together,
these error sources can cause an error of several millimeters.
By pointing at defined structures on the surface, such as the
bifurcation of a vessel, it is possible to approximate the size
and direction of this error. It is, however, challenging to com-
pensate for this error in the surgeon’s mind, especially when
he or she is dissecting for a deep-seated feeder.

Stereoscopic 3-D Ultrasound
Intraoperative 3-D ultrasound angiography is a way to

eliminate this error. In some of the AVMs, we obtained intu-
itive stereoscopic 3-D ultrasound angiography images that
could be used to identify feeders. In one patient, a feeder was
identified by ultrasound that could not be seen on preopera-
tive 3-D MRA. Unfortunately, however, this did not work for
all the AVMs, because we were not always able to generate a
good stereoscopic view of the region of interest. Some possible
reasons for this could be poor ultrasound data acquisitions,
the presence of veins and small blood vessels that hindered
sight to the relevant details, blurred representation of all blood
vessels, or simply inexperience in using complex new proto-
type software. These issues are currently being investigated to
improve the method.

Real-time two-dimensional (2-D) ultrasound has been used
to localize AVMs and their feeders (2, 6, 14). We also found
that 2-D ultrasound could be useful for orientation about the
nidus and the feeding and draining vessels. In our hands,

however, 2-D ultrasound was not sufficient for precise local-
ization of the feeders.

Intraoperative DSA is useful for resection control in AVM
surgery (11). Ultrasound may be an alternative to DSA for
quality control after an assumedly complete resection (14).
Even though we do not have much experience in detecting
residual AVM with 3-D ultrasound angiography, we think it
will have an advantage compared with 2-D ultrasound, for the
following reasons: with 3-D ultrasound, it is easy to compare
preoperative MRA or ultrasound angiography with the intra-
operative finding. We also think that it will be proved useful
to have a navigated localization of the detected residual AVM
vessels.

The cohort is too small to be able to say anything about the
outcome. The results we obtained by navigated stereoscopy
and early clipping of feeders is probably at the level of what
can be obtained by conventional methods in skilled neurovas-
cular centers. However, it must be taken into consideration
that the method has been in development and that we operate
on rather few AVMs per year. A clinical evaluation of oper-
ating on AVMs with this method will necessitate a larger
study.

CONCLUSION

Navigated stereoscopic display of angiography offers a
technology that can be used successfully to identify and clip
AVM feeders in the initial phase of the operation.

DISCLOSURE

The producer of SonoWand, MISON A/S, is a spin-off
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COMMENTS

Despite advances in endovascular therapy, microsurgery
remains essential in treatment of arteriovenous malfor-

mations (AVMs). Embolization of an AVM is performed rou-
tinely in our department, even if not all the feeders can be
occluded, because it facilitates microsurgery by reducing in-
traoperative bleeding. Microsurgery of an AVM must be
planned thoroughly. Questions that must be answered during
the planning process and the procedure include: Where
should the incision and the bone flap be place to enable to a
sufficient exposure? Where should dissection of an AVM be-
gin? How are the feeders located in relation to the nidus?
Which vein is the draining vein, which must be left as the last
to be occluded? Was the whole AVM removed?

The authors attempt to answer these questions by use of three-
dimensional (3-D) magnetic resonance angiography and 3-D ul-
trasound. As the authors state, the number of patients is too
small to draw definite conclusions regarding the effectiveness
and safety of the tools used, but it is still worthwhile to attempt
to find ways to perform safer and better microsurgery. With their
methods, the authors were able plan the approach better and
visualize the AVM to plan the dissection and occlusion of the
feeders more precisely. It still is important to coagulate even the
smallest feeders that probably cannot be seen with ultrasound to
prevent postoperative hematomas. A very small amount of brain
tissue and the feeder, which has a thin and abnormal wall, are
taken within the bipolar forceps to perform coagulation in a more
efficient way (“dirty” coagulation).

In this series of nine patients, two patients (22%) developed
postoperative hematoma, and the other patients underwent
surgery repeatedly (up to three times!) because of AVM rem-
nants. This emphasizes the importance of postoperative or

preferably intraoperative angiography, as it may be difficult to
resect all parts of the AVM, even with modern techniques.
However, how were the many reoperations planned and per-
formed to localize the remnant AVM? Why was intraoperative
angiography not performed during the first reoperation?

In general, to prevent postoperative hematomas during in-
tracranial neurosurgery, it is useful to keep the patient’s head
elevated above level of the heart and to maintain systolic
blood pressure at approximately 100 mm Hg during surgery
and afterward, in the intensive care unit. After we remove
large AVMs, we keep the patient sedated overnight to prevent
blood pressure peaks during awakening in the immediate
postoperative period. Because AVMs are quite rare and often
complex, therapy for patients with AVMs should be guided by
experienced neurovascular surgeons working with endovas-
cular surgeons. As collective experience is gathered, we will
learn from difficulties to enable better care for the next patient.

Mika Niemelä
Juha Hernesniemi
Helsinki, Finland

The authors report their recent experiences of AVM resection
with assistance of stereoscopic navigation-controlled display

of preoperative magnetic resonance angiography and intraoper-
ative ultrasound angiography. Their application of new modal-
ities seems to be helpful in planning skin incision, craniotomy,
and imaging surgical approach just before and during opera-
tions. Visualizing 3-D vascular architecture during the brain op-
eration may reduce vascular damage or intraoperative bleeding.
As the first step in AVM surgery, dissection of main feeding
arteries should be thoroughly performed, and these modalities
may provide surgeons with a level of confidence. However, as
the authors discuss, inaccuracy caused by registration error and
brain shift should be adequately corrected by the surgeon or with
more refined modalities. Furthermore, as most feeding arteries
have arterial branches to the normal brain tissue and apparently
normal arteries have many branches to the nidus, all vessels
should be dissected to the nidus to distinguish proper feeding
branches from normal branches. Feeding arteries behind the
draining veins also should be explored and severed even if
intraoperative ultrasound fails to detect them. The adequate con-
trol of blood supply from perforating vessels is critical. The
useful contribution of the authors’ modalities in these important
steps during AVM surgery seems doubtful, and the necessity
and accuracy of the modalities are still to be addressed and
proven in an objective manner.

Kazuhiko Nozaki
Nobuo Hashimoto
Kyoto, Japan

The authors present a new technique for stereoscopic display
of preoperative magnetic resonance angiography and intra-

operative ultrasound angiography data. Integration and coregis-
tration of the two techniques allow for an intraoperative naviga-
tion system that was applied to AVM surgery in this study. The
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