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  Pref ace   

 Seeing is believing: intraoperative imaging has always been of great help in 
fi nding and defi ning different brain and spinal lesions, and neurosurgeons 
have always had a great interest in its development. Many tools are available: 
neuronavigation has been for years a standard tool in almost every neurosur-
gical unit, but it has the limitations of being based on preoperative imaging 
which cannot be updated. 

 Intraoperative computed tomography (iCT) and magnetic resonance imag-
ing (iMRI) have become a standard intraoperative tool, despite not being true 
real-time tools that can provide direct guidance, and being costly and time 
consuming; however, image interpretation is straightforward. 

 This is probably related to the fact that CT and MRI are the main diagnos-
tic tool for CNS pathologies and all neurosurgeons are accustomed to it. 

 This is not the case of ultrasounds (US), which are scarcely used for adult 
cerebral and spinal diagnostics, except for some vascular diseases, and there-
fore represent a sort of “gray area” for neurosurgeons, neuroradiologists, and 
radiologists and for even those interested in ultrasound. 

 iUS has been used in neurosurgery since the 1960s, with the pioneering 
work of Dyck et al., and are still under development. Despite becoming more 
widespread, they still are far from being considered a routine tool and fully 
understood in their great potential by the neurosurgical community. 

 Some authors, prior to this work, tried to standardize this technique and 
defi ne basic rules to apply into the neurosurgical theater, as it is the case for 
other parts of the human body. It has to be noted that it is diffi cult to transmit 
to the reader the multiple features and opportunities offered by US applica-
tion in neurosurgery: images are usually taken from examinations that last for 
some minutes and represents only partially the fi ndings. Videos obtained dur-
ing the examination are by far more complete and contribute to the under-
standing of the underlying anatomy, but do not include the manual movement 
of the US probe that allows the surgeon to translate the two-dimensional US 
fi ndings into the three-dimensional surgical fi eld within the brain, spinal 
cord, and nerves. US is also an operator-dependant technique, and the ability 
to set different parameters is pivotal to obtain good quality imaging. Therefore 
the machine commands have also to be understood by the surgeon, which add 
further diffi culties to an already complex task. In fact the intraoperative set-
ting differs completely from its diagnostic counterpart and rules apply differ-
ently. Furthermore in the past, due to technical limitations, US imaging was 
very poor, especially compared to CT and MRI, and this also did not contrib-
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ute to its use as a surgical tool. Moreover, the lack of standardization, specifi c 
knowledge, and training contribute to the consideration of iUS as an adjunct 
rather than a stand-alone tool in the neurosurgical armamentarium. 

 In the last years, there have been major technical advances which benefi t-
ted greatly the quality of US images that are now comparable in terms of 
spatial resolution and are by far superior in terms of temporal resolution and 
readiness to those obtained with iCT or iMRI. 

 The intraoperative use of US has been refi ned and made more understand-
able, for example, with the use of high-resolution power Doppler and 3D 
navigation, and interesting additional features, such as the use of ultrasound 
contrast agents or elastosonography, are under investigation. 

 Our aim of this book is to bring to the attention of the neurosurgical and 
radiological community the recent advances in sonology and their great 
potential for the application of intraoperative ultrasound in neurosurgery, 
relying on the experience gathered by leading experts in different fi elds. 

 We will address all the advantages and disadvantages of this great real-
time intraoperative tool, always keeping in mind that the full exploitation is 
achievable through a synergistic effort between neurosurgeons, neuroradiol-
gists, and sonologists, bringing together all different clinical needs. 

 Therefore, in the fi rst part of the book, we addressed and explained the 
physics and basic principles of ultrasound, as well as its major clinical 
application. 

 We then explore the use of standard B-mode and Doppler, from the semei-
otics to exam execution and machine setting in general radiology, and then 
we tried to translate this experience in the fi eld of neurosurgery aiming at a 
standardization of the US experience: machine settings for brain, spine, and 
peripheral nerves evaluation, how to perform the examination, major ana-
tomical topographical and pathological US fi ndings. 

 In the following chapters, advanced US techniques such as fusion imaging 
for virtual navigation, contrast-enhanced ultrasound, and elastosonography 
are highlighted, discussing their application in already standardized body dis-
tricts, such as the liver, and their application, potential role, and future exploi-
tation in neurosurgery. 

 We truly believe that IOUS will progressively become a pivotal tool for 
intraoperative imaging in neurosurgery and that its multiple features and 
future development will lead to new frontiers in intraoperative imaging and 
therapeutics, such as the possibility to detect tumor remnants with CEUS or 
elastosonosgraphy, deliver chemotherapeutic agents using microbubbles, 
control tumor regrowth, or deliver high-focused ultrasound through artifi cial 
ultrasound compatible bone fl ap. We hope that this book will provide some 
explanations and answers to the most common questions in this regard, but 
also highlight the multiple possibilities still to be exploited. 

 Milano, Italy   Francesco Prada  
 Busto Arsizio, Italy   Luigi Solbiati 
 Como, Italy    Alberto Martegani 
 Milano, Italy    Francesco DiMeco  
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      Clinical Ultrasound: Historical 
Aspects                     

     Prakash     Shetty      and     Aliasgar     V.     Moiyadi     

         Ultrasound has been used in medical imaging for 
over six decades. It is one of the most widely 
used technologies for diagnostic as well as thera-
peutic purposes. Ultrasound is popular compared 
to other diagnostic modalities because it is non- 
radioactive, portable and relatively cheap. 
Technically, ultrasound waves are sound waves 
having frequency above the threshold for human 
hearing (20 kHz). 

1.1     Origins of Ultrasound 
Imaging 

 The history of ultrasound dates back to the mid- 
1700s with the postulation of the existence of 
non-audible sounds (Lazzaro), the discovery of 
the piezoelectric effect and the Doppler phenom-
enon in the 1800s and the development of 
A-mode (1950s) and later B-mode dynamic scans 
(late 1970s) to present-day cutting-edge technol-
ogy developing at a rapid pace [ 1 ]. 

 Lazzaro Spallanzani (1729–1799), who was an 
Italian priest and physiologist, fi rst proved the 
existence of non-audible sound. In a series of 
detailed experiments on bats, he found that they 
could fl y without colliding into obstacles in total 
darkness. He hypothesised that bats navigated 
using sound waves rather than sight in darkness 
(echolocation). Johann Christian Doppler (1803–
1853) was an Austrian physicist who put forward 
a hypothesis stating that the observed frequency 
of a wave depends on the relative speed of the 
source and the observer. According to this effect 
(subsequently called the Doppler effect), if the 
source was moving towards the observer, then the 
observed frequency of the wave would be higher, 
and when moving away from the observer, it was 
lower. Today, this effect is routinely used to deter-
mine the velocity and direction of blood fl ow and 
helps in the imaging of blood vessels using ultra-
sound. In 1880, the French physicist Pierre Curie 
and his brother Jacques Curie  discovered the 
piezoelectric phenomenon in some solids. The 
piezoelectric effect stated that some solids like 
quartz when subjected to mechanical stress gener-
ated electrical charge, and further, the reverse 
phenomenon was also possible. This important 
principle was used later to develop ultrasound 
transducers which produced ultrasonic waves on 
application of electric current and were able to 
reconvert the refl ected sound waves into electrical 
signals for generation of an ultrasound image. As 
with other technologies, further advances in ultra-
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sound owed its development to war. The French 
government called upon Paul Langevin, one of 
the Curie brothers’ fi rst students, to develop a 
device capable of detecting enemy submarines in 
the First World War. He along with a Russian 
immigrant engineer, Constantin Chilowsky, built 
such a device based on ultrasound technology in 
1915. Reginald Aubrey Fessenden (1866–1932) 
built the fi rst working SONAR system for echolo-
cation using the principle of detecting refl ected 
sound waves in 1914. It could detect icebergs in 
sea up to 2 miles away. In 1928, Soviet physicist 
Sergei Sokolov suggested the use of ultrasound 
technology for detecting fl aws in metal sheets 
and joints.  

1.2     Intraoperative Ultrasound 
and Neurosurgery 

 The use of ultrasound in medicine was a result of 
ingenious individuals trying to adapt ultrasound 
technology, which was already in use by the mili-
tary and maritime industry. The initial ultrasound 
images were graphical representations in the 
form of A-mode scan and later on developed into 
recognisable anatomical patterns as seen in the 
B-mode scan imaging. Karl Theodore Dussik 
was a pioneer in using ultrasound for brain imag-
ining and is called the father of ultrasonic diagno-
sis. He was a neurologist from the University of 
Vienna and as early as 1941, presented his idea of 
using ultrasound as a diagnostic tool. The fi rst 
ultrasound images of the brain and ventricles, 
obtained with the help of an early prototype built 
by Dussik and his brother Friedrich, were pub-
lished in 1947. They called the procedure “hyper-
phonography”. This was the fi rst attempt at 
imaging a human organ. They used a through- 
transmission technique with two transducers on 
either side of the head to produce the image. 
Later in 1952, it emerged that the images pre-
sumed to be of the ventricle were in fact a result 
of the artefact of the skull bone, and the transmis-
sion technique was abandoned in favour of refl ec-
tion technique which was subsequently used by 
all pioneering centres in Europe, the United 
States and Japan. 

1.2.1     A-Mode Scan Period 

 A (amplitude modulation)-mode scan ultrasound 
was the earliest single dimensional graphical 
ultrasound imaging method. A single transducer 
was used to produce as well as collect the refl ected 
ultrasound. The  X -axis represented the distance of 
the object from the transducer and the  Y -axis rep-
resented the amplitude of the refl ected wave 
(echo). Echogenic objects were characterised on 
the basis of amplitude and the time of occurrence 
of the wave on the ultrasound plot. This type of 
scan is still used in modern ophthalmology where 
measurements of various chambers are more 
important than anatomical details (Fig.  1.1 ). 
The use of A-mode ultrasound for localisation of 
brain tumour was investigated by French et al. 
(1950), using post-mortem specimens of cerebral 

  Fig. 1.1    A-scan graph: The  graph  shows the waves and 
their amplitude refl ected off various structures of the eye, 
viz., ( a ) anterior surface of the cornea, ( b ) anterior surface 
of the lens, ( c ) posterior surface of the lens, ( d ) retina and 
( e ) retroglobe structures       
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neoplasms, which showed increased refl ectivity 
as compared to the normal brain [ 2 ]. William 
Peyton, a neurosurgeon, was the fi rst to use ultra-
sound in an operating theatre for tumour localisa-
tion in a patient suffering from parietal 
glioblastoma in 1951 [ 3 ]. The tumour also showed 
an increased echogenic pattern as seen in the pre-
vious post-mortem studies. There were many 
reports by various authors looking into the possi-
ble use of echoencephalography in brain tumour 
surgery [ 4 – 6 ]. Tanaka et al. (1965) were able to 
image tumours in the frontal and temporal lobes 
preoperatively through the intact skull using a 
2.25 MHz transducer using the refl ection tech-
nique and confi rmed them intraoperatively or dur-
ing autopsy [ 7 ]. Walker and Uematsu tried to 
characterise various brain lesion intraoperatively 
using a 5 mHz formalin sterilised probe [ 8 ]. They 
found that the acoustic characteristic in case of 
low-grade astrocytoma was similar to the normal 
brain, and it was diffi cult to differentiate the mar-
gins of the tumour. Other high-grade tumours, 
cysts, metastases and meningiomas produced 
identifi able acoustic patterns. Backlund (1975) 
used the ultrasound along with the stereotactic 
Leksell frame to identify various echo-producing 
structures in the biopsy path [ 9 ]. The A-scan 
obtained from the planned biopsy path was over-
laid on the stereotactic fi lms of the patient to iden-

tify various solid and cystic structures based on 
the A-scan echo data. Several other authors 
described the intraoperative imaging properties of 
various tumours. There was also an attempt at 
correlating the ultrasound wave pattern with the 
tumour histology. This did not yield any conclu-
sive results, but the role of ultrasound in tumour 
localisation during surgery was established.

1.2.2        The B-Scan Period 

 The B-mode ultrasound was devised in the late 
1940s and was available for commercial use in 
the early 1960s. It was less popular than A-mode 
ultrasound till the late 1970s as it was bulky, dif-
fi cult to use and had poor depth penetration. 
B-mode ultrasound is a two-dimensional imaging 
method obtained by moving the transducer in a 
plane above the object. The image obtained was 
the tomogram (slice view) of the object. The 
magnitude of refl ected echo is displayed as 
brightness of a point (hence, the name B = “bright-
ness” mode). The fi rst B-mode images were sim-
ple black or white pictures. However, the use of 
grey-scale imaging was a critical step in generat-
ing vivid, easily identifi able anatomical images 
(Fig.  1.2 ) and increasing the popularity of ultra-
sound [ 10 ].

  Fig. 1.2    ( a ,  b ) Typical B-scan 
dynamic mode imaging 
pictures of an intracranial 
glioma showing 
heterogeneous (mixed 
hyperechoic and anechoic 
areas) mass       
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   Meanwhile in the late 1970s and early 1980s, the 
CT and MRI imaging technology provided imaging 
which had resolution not seen until then, with highly 
accurate details about tumour location and dimen-
sion. This prompted more neurosurgical procedures 
as more lesions were detected. There was a need for 
safe intraoperative method for localising the sub-
cortical lesion to minimise damage, which the CT 
and MRI failed to provide. The development of 2D 
real-time sector scanning ultrasound revolutionised 
the use of ultrasonography in the intraoperative set-
ting. Rubin in 1980 published a preliminary report 
of real-time ultrasound scanning using a rotating 
sector scanner in two cases of brain tumours and 
emphasised the role of ultrasound in visualising 
brain structures during surgery [ 11 ]. Rubin along 
with Dohrmann developed probes with three differ-
ent frequencies for neurosurgical use – 3, 5 and 
7.5 MHz. Simultaneously, others also published 
their observation about real-time ultrasound scan-
ning in brain surgeries [ 12 ,  13 ]. Masuzawa pub-
lished 54 cases of intraoperative sector scanning 
and found that ultrasound was 89 % helpful in 19 
cases of supratentorial lesion, with no cortical injury 
or infections [ 14 ]. Koivukangas reported the fi rst 
European study on real-time sector scanning during 
brain surgery and emphasised the importance of 
ultrasound in defi ning pathological anatomy [ 15 ]. 
Chandler et al. using real-time sector scanner in 18 
cases of tumour surgery stressed on the critical 
assistance in localisation of subcortical tumour by 
ultrasound [ 16 ]. There were many diffi culties and 
pitfalls earlier, described by Pasto (1984), especially 
in case of low-grade gliomas whose image charac-
teristic closely resembles the normal brain. It 
required experience to detect the subtle mass effect 
due to the tumour in such cases [ 17 ]. The use of 
ultrasound intraoperatively increased during the 
1980s, with new applications being reported. 
Shkolnik (1981) reported the use of intraoperative 
ultrasonography for placement of ventriculo-perito-
neal shunt tube in infants with hydrocephalus and 
also for cystoperitoneal shunt for an infant with 
midline brain cyst [ 18 ]. Enzmann (1984) reported 
the use of intraoperative ultrasonography through a 
burr hole using a small 5 mHz transducer in fi ve 
patients. The images obtained closely matched the 
computed tomographic images and helped in per-
forming brain biopsies in these patients [ 19 ]. Berger 

et al. in 1986 developed an ultrasound-based stereo-
tactic device that permitted biopsies of intracranial 
lesion through a burr hole, with visualisation of 
pre-, intra- and post-procedure status of the lesion 
using ultrasound [ 20 ]. Compared with CT-based 
stereotactic frames, the procedure time was less and 
complications like hematoma could be detected 
early after the biopsy. It was also useful in paediatric 
patients as the need for general anaesthesia during 
transport to the CT scanner was also avoided. Over 
the years, CT- and MRI- based frame and frameless 
systems have gained popularity for localisation and 
biopsy. However, still many centres prefer the ultra-
sound as a handy tool for biopsy. Also, if there is an 
error during calculation or if the stereotactic frame 
becomes loose, then the ultrasound becomes an 
important adjunct for biopsy. Development of por-
table ultrasound scanners has facilitated the use of 
US conveniently during neurosurgical procedures 
(Fig.  1.3 ).

1.3         Beyond 2D US 

 The 2D ultrasound continued to be used through-
out the 1980s and 1990s. One of the drawbacks 
with the 2D ultrasound was the problem with ori-
entation and the need to continuously see the 
instrument in the fi eld while navigating. 
Koivukangas described an ultrasound  holographic 
B (UHB) imaging technique [ 21 ]. This was a 
very early attempt at reconstructing 2D US data. 
It essentially utilised not only the amplitude of 
the refl ected echo but also the phase which could 
accurately depict the position of the particular 
echo. Despite its early promise, UHB imaging 
did not gain much clinical application. Since 
then, the development of navigation and 3D 
ultrasound technology in the last decade has 
solved many of the issues plaguing conventional 
B-mode imaging (Fig.  1.4 ). Navigated US has 
emerged as a very useful and reliable tool for 
resection control.

   From the early days of limited A-scan US to 
the present era of high-resolution navigated 3D 
ultrasound images, US technology has evolved in 
leaps and bounds, empowering the neurosurgeon 
and supplementing the therapeutic armamentar-
ium at the neurosurgeon’s disposal.     
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2.1             Introduction 

 Ultrasonography is an imaging method which is 
widely used in medicine and is based on the pro-
cessing of the echo signal generated by the interac-
tion between the matter and an ultrasound beam. 

 The application of ultrasound in medicine was 
developed starting from the primitive A-mode 
and B-mode static systems, borrowed from met-
allurgy and from military technologies, and 
exponentially implemented over the past decades 
with the realization of equipment presenting 
many interesting features. Among these are the 
capability of producing real-time images ren-
dered in the gray scale and the possibility of mak-
ing functional and morphological examinations 
of the blood fl ow phenomena with color and 
power Doppler analysis; of providing 3D volume 
analysis, in real time; and recently, of assessing 
tissue elasticity with elastographic systems and 
taking advantage of the capabilities of analysis of 
the microcirculation and organ damage due to 

contrast media and algorithms dedicated to their 
analysis. The few notations below are not cer-
tainly meant to examine exhaustively the com-
plex topic of physics of ultrasound but rather to 
be an essential explanatory hint and a stimulus to 
increase the physical basis underlying this fasci-
nating world of images.  

2.2     The Nature of Ultrasound 

 Sound is a modality of transmission of energy, 
in this case, mechanical energy that, similarly 
to the waves of the sea, takes place without 
energy conveyance but by means of transmis-
sion of the vibration of a particle of matter to a 
contiguous particle. For this reason, sound 
cannot be transmitted through a vacuum but 
must necessarily be provided with a physical 
medium to be able to propagate. From a physi-
cal point of view, sound can be described as a 
wave phenomenon, the sound wave, which can 
be defi ned according to the properties of typi-
cal wave phenomena: wavelength (λ), fre-
quency (ƒ) (which are related to each other by 
the equation  l = 1⁄ f   ), amplitude which 
expresses the amount of energy transported 
and propagation speed which depends on the 
nature and temperature of the medium in which 
the sound propagates [ 1 ,  2 ]. 

 Its units are meter for the wavelength; Hertz 
(Hz) for the frequency; watts/cm 2 , Pascal (Pa), 
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or decibel (dB) for the width; and meter per 
second (m/s) for the speed of propagation. 
Ultrasound is a peculiar type of sound waves 
with very high frequencies (>20,000 Hz). 
Ultrasound systems applied to medicine make 
use of ultrasounds with a frequency of between 
2 × 10 Hz and 18−20 × 10 6  Hz, that is, between 
2 and 18–20 MHz with very short wavelengths 
and therefore with features that allow the study 
of the anatomical structures with a high spatial 
resolution. In fact, the theoretical axial spatial 
resolution depends on the equation  λ /2, and it is 
therefore understood why high frequencies 
allow to obtain higher spatial resolution. 
Wavelength and thus its reciprocal, frequency, 
are together with the medium of propagation 
the determining elements of an important prop-
erty of ultrasound, the ability of propagation, 
which is the distance to which ultrasound can 
be transmitted in the medium. This capability is 
related to the ratio 1 dB/cm/MHz from which 
derives that the higher is the frequency of ultra-
sound, the lower is the transmission capability 
in depth.  

2.3     The Nature of the Medium 
in Which the Ultrasound 
Propagates 

 As described above, the nature of the medium in 
which ultrasound propagates affects the speed 
and capability of propagation. In particular, 
propagation velocity is directly proportional to 
the density of the medium ( ρ , expressed in g/
cm 3 ) and inversely proportional to its elasticity 
(i.e., the ability to regain its original shape after 
deformation). The set of the physical properties 
of the medium in the interaction with an ultra-
sonic beam is defi ned acoustic impedance (Z) 
that expresses the characteristics of the medium 
when opposing to the passage of the acoustic 
wave; its unit is Rayl (by the English scientist 
Rayleigh) [ 3 ]. 

 The equation which expresses acoustic imped-
ance is

  Z = cρ×    
    Z  (acoustic impedance)  

   ρ  (density of the medium)  
   c  (speed of sound in the medium)     

2.4     Interaction 
between Ultrasound 
and Matter 

 The attenuation that the ultrasound beam under-
goes when crossing a tissue, which is expressed 
by the acoustic impedance of that particular tis-
sue, depends on the phenomena of interaction 
between the beam and the material of which the 
fabric is composed and in particular by the inho-
mogeneity of the tissue. In fact, a tissue is typi-
cally composed of different materials, solids 
and liquids, with different physical characteris-
tics and therefore different acoustic impedance. 
At the site where different components of a tis-
sue come in contact, abrupt variations of the 
acoustic impedance are generated, that is, from 
the point of view of the propagation of ultra-
sound, “interfaces” are created (Fig.  2.1 ). At the 
level of the interfaces, phenomena of interaction 
between the ultrasound beam and matter take 
place, which give reason of the attenuation of 
the beam.

   These phenomena are the following:

•    Refl ection: that is, the reversal of the direction 
of propagation so that the ultrasound beam is 
propagated toward the source of emission. 
This signal, which is defi ned echo (return) is 
called “specular” when the angle of refl ection 
is equal to the incident one and “diffuse” when 
this angle is different.  

•   Refraction: at interface, the beam propagates 
in the same direction but with a different angle 
from the incident one.  

•   Transmission: when the acoustic impedance is 
zero or negligible and the beam conserves 
both direction and energy.  

•   Absorption: when the energy of the ultrasound 
beam is of the order of magnitude of the 
acoustic impedance and the whole beam fades 
out, transformed into heat energy [ 4 ,  5 ].    

 As previously seen, attenuation therefore 
depends either on the characteristics of the 
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 ultrasound beam and on the frequency or the 
impedance of the acoustic propagation medium. 
Furthermore, only the refl ected component of the 
ultrasound beam, the returning echo, contributes 
to the construction of the image; in particular, 
specular echoes generate the “diagnostic” image 
and diffuse echoes generate noise (type of arti-
fact) in the image. The amplitude of the returning 
echo, and therefore its strength, is proportional to 
the difference in acoustic impedance between 
adjacent structures, namely, at their interface [ 6 ]. 

 Air is characterized by a low propagation 
velocity (330 m/s) and a very low acoustic imped-
ance (0.0004 × 10 6  Rayls, Kg/m 2 /s). Biological 
tissues, made largely of water, have similar propa-
gation velocity and acoustic impedance, speed 
ranging from 1450 m/s for fat to 1580 m/s for the 
muscle and acoustic impedance from 1.38 to 1.70 10 6  
Rayls (Kg/m 2 /s) from fat to muscle. Bone tissue is 
an exception as it has a propagation velocity of 
4080 m/s and an acoustic impedance of 
7.80 Rayls/kg/m 2 /s. Therefore in biological tis-
sues, the ultrasound beam may experience both 
phenomena of refraction and refl ection and trans-
mission, and, given the variety of interfaces being 
penetrated, multiple specular echoes will be pro-
duced, at different distances from the emission 
source. For a given ultrasonic beam at a given fre-
quency and amplitude, the intensity of the pro-
duced echoes will depend on the difference in 
acoustic impedance at the interface and on the 
distance from the emission source. At the inter-

face with structures characterized by very low 
(e.g., air in the viscera or lungs) or very high (e.g., 
bone) acoustic impedance, the sound will be 
totally refl ected, thus generating an intense specu-
lar echo. Sound cannot propagate beyond these 
interfaces, and therefore, an “acoustic vacuum” or 
posterior shadow cone will be created.  

2.5     Ultrasound Generation 

 In clinical ultrasound, the ultrasonic beam, of 
which we have described the main features, is gen-
erated by the so-called transducers or probes [ 7 ]. 

 The ultrasound probes work both as genera-
tors of the beam and as receivers of the return-
ing echo and are essentially constituted by an 
electrical interface and by a set of quartz crys-
tals or of synthetic ceramics capable of generat-
ing a “piezoelectric effect.” The piezoelectric 
effect consists in the ability of these crystals to 
deform when subjected to an appropriate elec-
trical current and to return to their original 
molecular confi guration at the cessation of the 
electrical impulse (Fig.  2.2 ). The sudden return 
to the original confi guration causes a resonance 
phenomenon consisting in a mechanical vibra-
tion with the physical characteristics of ultra-
sound. The beam thus generated can be 
transmitted only if the probe is acoustically 
coupled with the tissue to be examined by means 
of water or of suitable gel, allowing a complete 

  Fig. 2.1    The surface between 
two tissues with different 
acoustic impedance is called 
interface: when the ultrasound 
beam crosses an interface, it 
can be partially or completely 
refl ected, generating an echo       
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transmission of the beam. This phenomenon is 
bivalent: in fact, when the crystal is struck by 
the returning echo, they have the capability to 
deform and produce an electrical pulse which is 
proportional to the intensity of the echo. The 
characteristics of size, physical constitution, 
and shape of the crystals and the intensity, fre-
quency, and shape of the electrical impulse 
determine the frequency of functioning of the 
probe and the characteristics of the ultrasound 
beam. The probes can be constituted by a single 
oscillating crystal, therefore capable of produc-
ing a conical beam of ultrasound, or by hun-
dreds of crystals arranged next to one another to 
form different beam shapes. In particular, the 
most frequently used geometries are linear 
(crystals arranged on a line, emitting surface 
fl at) and convex (crystals arranged in a semicir-
cle, emitting surface crescent-shaped). A par-
ticular confi guration of the probe is the sector, 
having a fl at contact surface which is small in 
size but which is capable of producing a triangu-
lar ultrasound beam. The ultrasound beam tends 
to spread in all directions, so that in order to 
obtain a preferential direction (along the open-
ing of the probe), it is necessary to use an 
“acoustic lens” capable to focus the beam in the 
two dimensions of the space covered by the base 
of the probe. Actually, the coherence of the 
beam is maintained up to a distance that depends 

on the diameter of the crystal (Fresnel zone); 
deeply in this plane (Fraunhofer zone), the beam 
tends to diverge. The point of transition between 
the two areas is the so-called area of focusing of 
the probe. In modern probes, the use of complex 
acoustic lenses allows to obtain multiple points 
of focus. The process of emission of the beam 
uses the crystal for only 0.1 % of the total time 
of functioning; the emission phase has a dura-
tion in the order of microseconds. For the 
remaining 99.9 % of the time, the crystal is in 
the process of reception, or listening, of the 
returning echoes.

2.6        Signal Reception and Image 
Formation 

 The crystals of the probe are capable to trans-
form the returning echoes into electrical 
impulses [ 8 ,  9 ]. The pulse width is proportional 
to the amplitude of the returning echoes, and 
the time elapsed between the emission of the 
pulse and the returning echo is a measure of the 
depth at which the interface which produced 
the echo is positioned. In clinical ultrasound, 
this estimation is performed by fi xing the value 
of the speed of propagation of ultrasound at 
1540 m/s. There are different ways of repre-
senting the returning echoes. Historically, the 

  Fig. 2.2    Ultrasound 
transducers generate and 
receive impulses through the 
piezoelectric properties of 
crystals: when excitated by an 
electric impulse, they produce 
an ultrasonic impulse, and 
vice versa when hit by a 
returning echo, they generate 
an electric impulse, which is 
then converted into a digital 
image       
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fi rst mode used was the A-mode (amplitude 
mode) in which the returning echoes were rep-
resented as peaks on a line. This mode is 
monodimensional and does not allow to obtain 
an image. The B-mode (brightness mode) rep-
resents the returning echo as bright spots on a 
line. The brightness of the point is proportional 
to the amplitude of the returning echo. This 
mode is monodimensional, but by obtaining 
multiple adjacent lines, it is possible to manu-
ally build an image. Also if the image thus 
obtained is processed in a shade of gray propor-
tional to the amplitude of the echo (gray scale), 
it is possible to enrich the image detail. In the 
case of the real- time B-mode, the subsequent 
acquisitions of adjacent scan lines are not per-
formed manually but by means of complex sys-
tems of correlation (serial, asynchronous, 
parallel) of the different groups of crystals that 
form the probe. In this way, it is possible to 
obtain two-dimensional images with a temporal 
frequency (more than 15 images per second) 
such as to produce a kind of movie with acqui-
sition modalities similar to those of a movie 
camera. Modern equipment can transform the 
obtained images in digital images that are gen-
erally represented in 256 levels of gray (8-bit 
depth) and in a 256 × 356-pixel matrix.  

2.7     Characteristics of the Image 

 The image obtained by ultrasound is an image of 
refl ection, and as such, it is naturally inhomoge-
neous since deep echoes, coming from the ana-
tomical parts more distant from the probe, are 
obviously more attenuated. In order to overcome 
this limitation, devices have systems for selec-
tive enhancement of the received signals to com-
pensate for this asymmetrical attenuation. The 
TGC (time gain compensation) allows precisely 
to selectively amplify the late (and therefore 
more attenuated) echoes [ 10 ]. In general, the sig-
nal of the hepatic and splenic parenchyma serves 
as reference parameter. We will refer to the word 
isoechoic for echoes of intensity comparable to 
that of these reference parenchyma and hyper-

echoic or hypoechoic for those of higher or 
lower intensity (Fig.  2.3 ). It is understandable 
that this classifi cation, albeit universal, is highly 
operator dependent. Considered anechoic is 
everything that does not produce a returning 
echo as, for example, the fl uid contained in a 
simple cyst (Fig.  2.4 ). A key feature of the image 
is spatial resolution. It can be distinguished in 
axial resolution (Fig.  2.5 ), along the axis of 
propagation of ultrasound and lateral resolution 
(Fig.  2.6 ), perpendicular to it. The axial resolu-
tion depends on the frequency in a direct rela-
tion, and its theoretical maximum value cannot 
be greater than half the wavelength of the beam. 
Therefore, probes with greater frequency allow 
to obtain higher resolutions although they are 
limited by the fact that their penetration capacity 
is proportionately lower. Lateral resolution 
depends on the size of the crystals. Even in this 
case, smaller crystals provide greater resolution 
at the expense of the capacity of penetration.

2.8           Artifacts in Ultrasound 
Imaging 

 Ultrasounds present some typical artifacts that 
can generate false information but sometimes are 
useful to the correct interpretation of the image 
[ 11 ,  12 ]. Therefore, they will be divided into use-
ful and harmful. 

 Useful artifacts are the following:

•    Posterior wall enhancement (Fig.  2.7 ): it takes 
place rearward formations of fl uid such as 
cysts and derives from the fact that the ultra-
sound beam through the cyst is not attenuated 
contrary to what happens to the contiguous 
beams. Therefore at a level deeper than the 
cyst, it generates echoes with a greater ampli-
tude than the adjacent beams, especially at the 
hard interface between fl uid and solid. It may 
be useful to differentiate a liquid structure 
from a highly hypoechoic but solid one.

•      Shadow cone (Fig.  2.8 ): it is generated at the 
interface between structures with marked differ-
ence of acoustic impedance, generally between 
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tissues and bone or calcifi ed  structures (such as 
kidney stones). It may be useful to identify a 
kidney or choledocic stone or parenchymal 
 calcifi cation. In the case of air, the shadow cone 
is not absolute because phenomena of reverber-

ation are generally present as well. In this case, 
the refl ection is so radical as to produce a 
refl ected secondary beam which is then refl ected 
secondarily from the surface of the transducer 
and is represented (since it is late) as a linear 
echo below the shadow cone.

•      Edge shadowing: it appears as a thin 
hypoechoic line that extends from the side 
wall of an anechoic yet provided with wall, for 
clarity structure (such as the aorta) when this 
is insonated transversely. It is useful, in the 
case of the aorta, to improve the accuracy of 
measurement (being a very obvious echo).  

•   Comet-tail artifact (Fig.  2.9 ): it is a particu-
lar reverberation artifact which is generated 
by multiple refl ections between the front and 
rear wall of small calcifi cations. It depends 
on the size, shape, and composition of 
microcalcifi cations. It can be useful in rec-
ognizing them.

  Fig. 2.3    Three focal hepatic lesions are reported, with different echogenicity compared to normal hepatic parenchyma: 
hyperechoic, isoechoic, and hypoechoic       

  Fig. 2.4    Fluid collections are completely anechoic, not 
having interfaces nor texture       
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      Harmful artifacts are essentially reverberation 
artifacts that are created at the interface of struc-
tures with large difference in acoustic imped-
ance, generally structures containing air. As 
already explained in these cases, secondary 
refl ected beams can be generated and interpreted 
as real, and this can determine erroneous topo-
graphic interpretations (diaphragm position, 
refl ection of hyperechoic lesions of the liver 
above the diaphragm) or even create nonexisting 
lesions (Fig.  2.10 ). They are usually found 
beneath the diaphragm domes.

2.9        The Biological Effects 
of Ultrasound 

 In principle, both very high and very low sound 
frequencies can cause damage. We have seen 
that the mechanical energy transmitted via 
ultrasound can be absorbed in the form of heat. 
In addition, mechanical vibration can cause 
rupture of ties or cavitation (i.e., the formation 
of vacuoles) in intracellular compartment. 
These phenomena, however, are strongly 
dependent on the energy of the beam and on the 

  Fig. 2.5    Axial resolution: the 
ability of the system to 
differentiate between two 
structures that lie at different 
depths along the axis of the 
ultrasound beam and depends 
upon pulse length. 
 L  refers to the pulse lenght, 
 A  and  B  represent 2 echo 
generating structures,  d1  is the 
distance between these 2 
structures. If d is >1/2 
wavelength, the 2 structures 
will be identifi ed as 2 distinct 
structures; if d is <1/2 
wavelength, the 2 structures 
will be identifi ed as one       

  Fig. 2.6    Lateral resolution: 
the ability of the system to 
differentiate between two 
structures that lie at the same 
depth perpendicular to the axis 
of the ultrasound beam and 
depends upon pulse width       
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time of application of  ultrasound and require, in 
order to occur, exposures of the order of sec-
onds. We have seen that the emission time of a 
crystal is of the order of microseconds, and the 
energies used by the ultrasound in diagnostic 
medicine are extremely low (no more than 
50 mW/cm 2 ). The biological hazards in the 
diagnostic fi eld are therefore null [ 13 ].     
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3.1             Introduction 

 As reported in the previous chapters, ultrasound 
imaging is based on a relatively simple principle, 
i.e., the refl ection of ultrasound waves by the 
 biologic tissues. On the other hand, late-end 
ultrasound systems are very sophisticated 
machines that need to be set up carefully to 
achieve good diagnostic performances. The setup 
process is usually performed by the vendor once 
the system is installed, according to the needed 
clinical applications. In daily practice, however, 
there is a number of different parameters that can 
be adjusted to optimize the ultrasound image.  

3.2     The Console of the 
Ultrasound System 

 As obvious, each vendor produces ultrasound sys-
tems that differ in terms of many features, includ-
ing the external design and, occasionally, the 
names given to the various commands and tools. 
However, the main commands are generally eas-
ily and directly accessible from the console (Fig. 
 3.1 ). Also, note that many recent ultrasound sys-
tems are provided with touch screen displays 
where the advanced tools pertinent to the ongoing 
examinations are summarized.

3.2.1       Trackball 

 It is a sort of a “reverse” edition of a mouse that 
is normally used on personal computers. Rotating 
the ball makes the pointer moving on the moni-
tor to perform different operations: indicating, 
measuring a lesion, set markers, and so on. In 
some systems, it is also used to set the correct 
depth of the beam focus. The trackball is usually 
surrounded by a number of buttons (in the sys-
tem displayed in Fig.  3.1 , there are four buttons 
surrounding the trackball) that can be used to 
select functions, similar to what happens for 
conventional mouses. While buttons on mouses 
usually have fi xed functions (i.e., left button, 
select; right button, context menu), these buttons 
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are totally programmable and can be used for 
different actions. Trackball is indicated as #1 on 
Fig.  3.1 .  

3.2.2     Depth 

 This command is used to set the optimal image 
depth. All probes are set to a specifi c standard 
image depth. According to the depth of the lesion/
organ to assess, the image can be made deeper or 

more superfi cial to achieve optimal visualization 
of the whole target. Increasing the depth, the 
ultrasound image will penetrate more in the tis-
sues and the image will result smaller. Reducing 
the depth, the ultrasound image will be reduced 
to the most superfi cial tissues and will result big-
ger; however, spatial resolution is also reduced 
and the image may be unsatisfactory. This com-
mand should not be confused with the zoom tool, 
which is used to magnify a specifi c area of inter-
est, regardless of the depth. Figure  3.2  shows the 
same structure with two different depth settings.

3.2.3        Focus 

 Focus management may be embedded in the 
trackball (see above) or done with a separate 
command. Focus should be carefully placed in 
the center of the imaged area to achieve optimal 
visibility. Note that the number of focal point can 
be varied (usually up to four), using a different 
command. Examples of correct and incorrect 
focus positioning are shown in Fig.  3.3 .

3.2.4        Gain 

 This tool is very similar to a control for image 
brightness. Essentially, it controls the amplifi ca-

  Fig. 3.1    Console of a commercial ultrasound system. A 
large number of commands can be seen, which are usually 
arranged differently among various vendors. However, 
three main commands are usually very similar regardless 
the brand.  1  trackball surrounded by four buttons,  2  freeze 
button,  3  time gain control setting       

a b

  Fig. 3.2    Two different depth setting. ( a ) The image is set 
very deep. The Achilles tendon ( arrowheads ) is seen rela-
tively small but spatial defi nition is good.  C  calcaneus. ( b ) 

The image is set very superfi cial. The Achilles tendon is 
magnifi ed but spatial defi nition is relatively poor       
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a b

  Fig. 3.3    ( a ) Correct and ( b ) incorrect focus positioning 
in a longitudinal scan of the Achilles tendon. ( a ) The ten-
don ( arrowheads ) has well defi ned margins, particularly 
the deeper, and nicely seen fi brillar echotexture. The focus 
is indicated by a small side triangle ( arrow ) and is cor-

rectly positioned at the level of the tendon.  C  calcaneus. 
( b ) The focus is positioned very deep ( arrow ) and the ten-
don is poorly seen. Note the ill-defi nition of the deep mar-
gin and of the fi brillar echotexture       

tion of electronic signal produced by ultrasound 
waves. It controls the strength of the echoes that 
are received from the probe. From a practical 
point of view, gain increase will result in a 
brighter image. Different gain settings are shown 
in Fig.  3.4 .

3.2.5        Time Gain Control (TGC) 

 In the previous chapters, it has been reported 
that ultrasound beam progressively attenuates as 
it progresses into the body tissues. TGC allows 
for correcting the sensitivity of the ultrasound 
system at different depth, thus compensating 
signal loss in deeper portions of larger organs 
(e.g., liver, brain, etc.). As can be seen, this 
command is composed by a series of sliders that 
can be set independently, thus allowing for opti-
mization of the gain in every single layer. As 
depth of different layers on ultrasound image 
depends on the time needed by the ultrasound 
beam to go forth and back, this tool is named 
 time gain control . TGC command is indicated as 
#3 on Fig.  3.1 .  

3.2.6     Frequency 

 In the previous chapters, it has been reported that 
the higher the frequency, the higher the spatial 
resolution and the lower the penetration of the 
ultrasound beam. Conversely, the lower the fre-
quency, the lower the spatial resolution and the 
higher the penetration of beam. The frequency is 
an intrinsic property of each probe and cannot be 
changed. However, modern probes are called 
multifrequency, which means they have a spec-
trum of frequencies that can be used for imaging. 
This tool allows for adjusting the frequency of the 
probe within a specifi c range, thus resulting in 
more detailed or more penetrating images. 
Different frequency settings are shown in Fig.  3.5 .

3.2.7        Freeze 

 This is probably the most frequently used com-
mand and usually has the biggest button on the 
console. Being ultrasonography a real-time 
 imaging modality, it shows images in motion. 
This command is used to fi x a single frame on the 
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a

c

b

  Fig. 3.4    Different gain settings. On the same axial scan 
of the left lobe of the thyroid ( Th ), the gain is set at ( a ) 
low, ( b ) intermediate, and ( c ) high level. In ( a ), gain is too 
low, as contrast between the thyroid and the surrounding 

muscles is poor. In ( c ), gain is too high, as the carotid 
artery ( C ) seems to contain some hyperechoic material. In 
( b ), gain is set at an intermediate, correct level.  T  trachea       

a b

  Fig. 3.5    Effect of frequency variation using two different 
high-resolution broadband linear array probes. In ( a ), the 
Achilles tendon ( arrowheads ) is imaged using a 
6–13 MHz probe. The fi brillar echotexture can be seen 
and beam penetration is reasonably deep. Here, the image 

is cut at 3-cm depth.  C  calcaneus. In ( b ), the tendon is 
imaged using a 6–18 MHz probe. The fi brillar echotexture 
is seen in higher detail, resembling histological section; 
however, image depth is as limited as 2 cm from the skin 
surface       
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screen. While the image is frozen, the operator 
can perform a number of actions (e.g., place anno-
tations, measure diameters, store and print, etc.). 
Freeze command is indicated as #2 on Fig.  3.1 .  

3.2.8     Caliper 

 This tool is used to measure a distance (e.g., the 
diameter of a lesion, the length of an organ, etc.). 
When this tool is selected, the pointer usually 
becomes a small cross. The cross is placed on one 
side of the lesion and one of the buttons of the 
trackball is pressed. Then, using the trackball, the 
cross is moved on the other side of the lesion and 
the button is clicked again. The system usually 
traces a line between the two marks and the mea-
sure is displayed over/aside the image. Note that, 
in most system, when the caliper button is 
pressed, a number of different measurement 
options can be selected (e.g., area, angle, etc.), 
usually from a side menu. Use of calipers is 
shown in Fig.  3.6 .

3.3         General Semeiology 

 Being ultrasound an imaging modality mainly 
based on gray-scale images, a tissue or an organ 
can be brighter or darker of another. The intrinsic 
brightness of a tissue or organ is generally known 
as  echogenicity . In conventional ultrasound ter-
minology, the echogenicity of a tissue should be 
compared to that of a different surrounding struc-
ture (e.g., a muscle when dealing with the thy-

roid, the right kidney when dealing with the liver, 
etc), stating that “it is brighter than…” or “it is 
darker than…” (Fig.  3.7 ). However, in current 
clinical practice, the terms that are reported 
below are generally used as synonyms of bright 
and dark.

3.3.1       Hyperechoic 

 A tissue that is brighter than another (e.g., the 
subcutaneous fat is hyperechoic compared to the 
underlying muscles). In general, it is used as a 
synonym of bright.  

  Fig. 3.6    Use of calipers to 
measure the right thyroid lobe 
( Th ). Anterior-posterior 
diameter is indicated by 
caliper #1 ( arrows ), while 
medial-lateral diameter is 
indicated by caliper #2 
( arrowheads ). Measures are 
reported on the side of the 
image ( curved arrow ). 
 T  trachea,  C  carotid       

  Fig. 3.7    Different echogenicities of solid organs in the 
abdomen. The renal medulla ( M ) is very bright, the liver 
( L ) has intermediate brightness, and the renal cortex ( C ) is 
dark. It can also be said that the liver parenchyma is 
hyperechoic compared to the renal cortex (this is a cases 
of mild hepatic steatosis). Also, the renal medulla is more 
hyperechoic than the liver       
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3.3.2     Isoechoic 

 A tissue that is as bright as another (e.g., the kid-
ney cortex isoechoic to the normal liver paren-
chyma). In general, it is used to report the 
appearance of a lesion (e.g., a liver nodule that is 
isoechoic to the surrounding parenchyma).  

3.3.3     Hypoechoic 

 A tissue that is darker than another (e.g., the mus-
cles are hypoechoic compared to the overlying 
subcutaneous fat). In general, it is used as a syn-
onym of dark.  

3.3.4     Anechoic 

 As ultrasound images are the graphical represen-
tation of ultrasound waves refl ecting on tissue 
interfaces, purely fl uid structures or collections 
have no signal at all (i.e., are totally anechoic), as 
the beam has no interfaces to refl ect on. For this 
reason, areas in which the ultrasound beam is not 
refl ected are called anechoic (without echoes). 
Absence of echoes is shown in Fig.  3.8 .

   As reported in the previous chapters, the ultra-
sound image is strictly related to the ratio between 
beam that crosses interfaces between the differ-
ent layers of biologic tissues and beam that is 
refl ected. Also, within the single layer of tissue, 
there are interfaces that further contribute to 
determine the intrinsic appearance of an organ, 
generally known as  echotexture . The echotexture 

of a biologic tissue strongly refl ects the histologi-
cal arrangement of the tissue itself. Different 
types of echotextures are:  

3.3.5     Solid 

 This echotexture is generally typical of paren-
chymal organs, such as the liver, the thyroid, the 
spleen, and also the brain. The ultrasound image 
has the typical appearance of a homogeneous, 
fi nely granular tissue. Examples of solid echotex-
ture are shown in Fig.  3.7 .  

3.3.6     Liquid 

 It is basically a synonym of anechoic. Examples 
of purely fl uid areas are the bladder, the arter-
ies and the veins, and also the brain ventricles. 
When fl uid in a collection is not purely 
anechoic, the composition may be different 
from normal hyaline fl uids (e.g., pus collec-
tion). An example of fl uid collection is shown 
in Fig.  3.8 .  

3.3.7     Mixed 

 When areas of hyperechoic and hypoechoic tis-
sue, or fl uid and solid tissues, coexist in the same 
tissue, organ, or lesion, the echotexture is defi ned 
as mixed (e.g., a mixed nodule of the thyroid, in 
which solid tissue and cystic areas coexist in the 
same lesion). This type of echotexture is not gen-
erally typical of normal organs. A mixed thyroid 
nodule is shown in Fig.  3.9 .

3.3.8        Multilayered 

 Muscle bellies are made by muscular fascicles 
interspersed with perimysial septa. This arrange-
ment is seen on ultrasound as a typical hypo- 
hyperechoic multilayered texture on a long-axis 
scan. On a short axis, a kind of geometrical 
appearance can be appreciated. Multilayered 
echotexture is shown in Fig.  3.10 .

  Fig. 3.8    Ultrasound scan of the common carotid artery 
( C ). No interfaces are present within the vessel, as it con-
tains fl uid. Thus, the artery appears totally dark       
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3.3.9        Fascicular 

 Peripheral nerves are made by nerve fascicle 
interspersed with fat. On a long-axis scan, they 
appear like hypo-hyperechoic striated bands run-
ning between muscles and under the retinacula. 
On a short-axis scan, they have a typical honey-
comb appearance. Example of fascicular echotex-
ture is shown in Fig.  3.11 .

3.3.10        Fibrillar 

 Tendons are made of highly refl ective collagen 
fi bers packed together. Thus, they appear as 

  Fig. 3.9    Mixed thyroid nodules ( arrows ). Note the coex-
istence of solid and liquid areas in the same nodule. 
 C  carotid artery       

a b

  Fig. 3.10    Multilayered appearance of muscle tissue on 
( a ) long- and ( b ) short-axis scan. ( a ) On a long-axis scan, 
the regular pattern of hyperechoic perimysial septa 

( arrow ) and hypoechoic muscle fascicles ( arrowhead ) can 
be seen. ( b ) On a short-axis scan, the typical mosaic 
appearance can be seen ( curved arrow )       

a

b

  Fig. 3.11    ( a ) Long-axis scan and ( b ) short-axis scan of 
the median nerve at the forearm ( arrowheads ). On the 
long axis, note the striped, fascicular echotexture, given 
by nerve fascicles interspersed with perineural fat. On a 

short axis, the typical honeycomb appearance can be 
clearly seen ( arrows ). The surrounding muscles ( M ) are 
hypoechoic compared to the nerve. The subcutaneous tis-
sue ( S ) is hyperechoic compared to muscles       
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strongly hyperechoic fi brillar bands between 
muscles. Example of fi brillar echotexture is 
shown in Fig.  3.12 .

3.3.11        Highly Refl ective 

 Ultrasound has two bitter enemies: the bone and 
air. Both refl ect a high amount of the incident 
ultrasound beam (i.e., the bone refl ects about 45 
% and air refl ects about 99.95 % of the incident 
ultrasound beam). This explains why coupling gel 
is needed to fi ll the air gap between the probe and 
the surface of the organs, image of gas- containing 
structures is largely unfeasible (e.g., lung, bowel, 
etc.), or scanning the brain without opening the 

skull is not possible. Highly refl ective appearance 
of the bone cortex is shown in Fig.  3.13 .

          Further readings 

  Støylen A. Basic ultrasound, echocardiography and 
Doppler for clinicians.   http://folk.ntnu.no/stoylen/
strainrate/Ultrasound/    . Accessed 30 June 2015  

  Wikiradiography.   http://www.wikiradiography.net/page/
Ultrasound+Physics    . Accessed 30 June 2015  

  Xu D. Optimizing an ultrasound image.   http://www.
nysora.com/mobile/regional-anesthesia/foundations- 
of- us-guided-nerve-blocks-techniques/3085- 
optimizing- an-ultrasound-image.html    . Accessed 30 
June 2015  

  UCLA team. Regional anesthesia, basic principles.   http://
www.usra.ca/tissueecho.php    . Accessed 30 June 2015      

a

b

  Fig. 3.12    ( a ) Long- and ( b ) 
short-axis scan of the Achilles 
tendon ( arrowheads ). On the 
long axis, note the typical 
hyperechoic fi brillar 
echotexture that differentiates 
this structure from nerves (see 
Fig.  3.11 ). On the short axis, 
the tendon has a fi ne 
salt-and-pepper echotexture       

  Fig. 3.13    Hyper-refl ective 
surface of the radius 
( arrowheads ). The ultrasound 
beam is almost completely 
refl ected by the bone cortex. 
The signal seen below the 
cortex ( asterisks ) is an artifact       
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4.1             Introduction 

 Intraoperative imaging is nowadays of routine 
use in almost every neurosurgical procedure. 
The main tools are represented by neuro-navi-
gation systems (NN), which are based on preop-
erative imaging; consequently they cannot 
describe the changes that occur during surgery 
[ 1 – 4 ]. The necessity to not rely only on preop-
erative imaging leaded to introduce intraopera-
tive imaging such as magnetic resonance 
imaging (MRI), computed tomography (CT), 
and fl uorescence imaging. Each of these tech-
niques suffers from major limitation: MRI and 
CT are not real time, representing only the situ-
ation at the time of image acquisition, while 
fl uorescence is not an anatomical imaging 
modality because it can be observed only on the 
surface of the surgical bed [ 5 – 7 ]. 

 Intraoperative ultrasound (IOUS) provides 
real-time direct visualization of the explored 
area. Its use in neurosurgery has been fi rst 
described in 1978 by Reid [ 8 ]. Over the years a 
lot of neurosurgical procedures were reported 
to be guided by IOUS: lesion localization in 
the brain and spine, guidance of surgical resec-
tion, catheter placement, aspiration of abscess, 
decompression control in Chiari I malforma-
tion, and others [ 9 – 15 ]. Theoretically IOUS is 
particularly indicated in neurosurgery. Brain 
parenchyma has specifi c viscoelastic features 
that permit exceptional US propagation also 
because US beam is not attenuated by inter-
posed skin and subcutaneous connective tis-
sues [ 16 ]. Moreover IOUS is truly real time 
and characterized by a superb temporal and 
spatial resolution [ 17 ]. These aspects permit to 
visualize the real surgical-anatomical scenario 
during the entire surgical procedure and, in 
particular condition, to operate under direct 
IOUS control. 

 Notwithstanding that, currently, IOUS is not 
widespread in neurosurgery. This is mainly due 
to the fact that IOUS is not a routinely diagnos-
tic tool and there is a lack in the brain and spi-
nal US semeiotics and topographic anatomy: 
consequently most of neurosurgeons are not 
familiar whit US. In particular, brain and spine 
imaging is traditionally performed following 
the three panoramic orthogonal planes of MRI 
and CT (coronal, sagittal, and axial). On the 
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other hand, IOUS generates an unusual tomo-
graphic representation of what is visible in the 
insonation plan, that is, consequence of probe 
positioning and surgical approaches: the orien-
tation is usually rotated and it is sectorial and 
generally in an unusual plan. Additionally, 
IOUS is extremely demanding because of the 
number of parameters and settings of a US 
device and the various phenomena that take 
place during surgery and change the US semei-
otics. IOUS is therefore considered an operator- 
dependant technique with a steep learning 
curve [ 13 ,  15 ,  18 ,  19 ]. Therefore in the past, 
also given the low spatial resolution, other 
intraoperative imaging techniques have been 
preferred to IOUS, which remained far from 
being a standard tool. With the recent advance-
ment in spatial and temporal resolution, along 
with additional aid in imaging interpretation 
such as fusion imaging and CEUS, IOUS is 
becoming more exploited. However, general 
rules have to be applied, in order to properly 
perform an IOUS evaluation and obtain repro-
ducible information. In this chapter we will try 
to standardize the intraoperative settings for 
IOUS application in neurosurgery, together 
with main semiotics fi ndings.  

4.2     IOUS Equipment, Operative 
Setting 

4.2.1     IOUS Equipment 

 In our institution we use a last generation US 
device (MyLab, Esaote, Italy) predisposed for 
contrast-enhanced ultrasound, elastosonography, 
and fusion imaging between preoperative imag-
ing and IOUS for virtual navigation, using a 
dedicated virtual navigation software (MedCom 
GmbH, Germany). Anyhow, in general a last 
generation portable US device could be suffi -
cient. We generally employ a linear array multi- 
frequency (3–11 MHz) probe with trapezoidal 
view for both superfi cial and deep-seated lesions 
and also for Doppler execution (Fig.  4.1 ). For 

superfi cial lesions, a linear array high-frequency 
probe (10–22 MHz) might be used (Fig.  4.1 ) 
[ 19 ]. A small micro-convex multi-frequency 
probe can be used for small craniotomies or to 
explore surgical cavities.

   The physics of echo generation from US 
explains that the higher the US frequency, the 
higher the spatial resolution, but lower is the pen-
etration, and vice versa. For this aspect, it is 
really practical to have multi-frequency probes 
that can cover the most used frequency both for 
depth and superfi cial lesions.  

4.2.2     Operative Setting 

 The operating room must be large enough to 
permit the US device to be located on the left of 
the fi rst surgeon. The US device must be pre-
pared to be used by the operator during the sur-
gery, and the user interface (touch screen 
monitor and keyboard) must be accessible to the 
operator (e.g., covered by sterile transparent 
drape) (Fig.  4.2 ). The probe is wrapped in plas-
tic sterile sheet together with sterile 
US-compatible gel. It is mandatory that the sur-
geon can easily set the US device during all the 
surgery (Fig.  4.2 ).

   The patient must be positioned, when possi-
ble, to allow the surgical fi eld to be horizontal in 
order to be fi lled by saline solution for best US 
coupling. The craniotomy must be large enough 
to house the probe (maximum diameter: 3.5 cm) 
and permitting its free tilting and orientation 
(Figs.  4.2 ,  4.3 ,  4.4 ).

4.3          IOUS Exam 

 Main aim of intraoperative B-mode study is to 
visualize the entire lesion and its relationships with 
the healthy neurovascular structures/brain paren-
chyma. In order to do this, it is essential to use the 
correct magnifi cation power, and in some cases, a 
gel-pad spacer can be useful. It is of help to per-
form the fi rst scan with a wide fi eld of view, 
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 adjusting depth and angle of insonation, in order to 
visualize the main target along with its surrounding 
structures. Then the lesion should be examined 
with greater detail, reducing the depth, to better 
analyze its structures and surrounding tissues 
(Fig.  4.1 ). 

 The main parameters that have to be adjusted 
and allow to correctly visualize the target accord-
ing to changing in depth and width of fi eld are fre-
quency, power, and focus. It is also of great help to 
prepare different presets for different lesions. 

 The fi rst B-mode scan must be executed 
before opening the dura mater and later on, dur-

ing surgery, every time it is needed, and at the end 
of tumor resection to check for potential residual 
mass (Fig.  4.2 ). 

 We believe that the methodology of the exam 
should be standardized as much as possible, 
especially for those users not accustomed to 
echo-tomographic images. 

 The two-dimensional basal scan comprises 
two types of acquisition:

•    Orthogonal scan: the probe is positioned in the 
center of the craniotomy. The lesion has to be 
visualized on two orthogonal planes to obtain 

  Fig. 4.1    Magnifi cation power and probe frequency. First 
scan must be performed with a wide fi eld of view to visu-
alize the main target along with its surrounding structures 
( a ). Then the magnifi cation power must be increased to 
better understand lesion morphology and surrounding tis-

sue ( b ). The higher the US frequency, the higher the spa-
tial resolution, but the lower is the penetration ( d ), and 
vice versa ( c ). A multifrequency probe can cover the most 
used frequency both for deep and superfi cial lesions       
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  Fig. 4.2    Intraoperative setting. ( a ) The US machine is 
placed on the left hand side of the patient and the key-
board is wrapped in a plastic sterile cover to allow the 
surgeon direct access to all commands throughout the pro-
cedure. Main parameters to be changed are frequency, 
depth, and gain. Other tools are Doppler, contrast, and 

elastography. Through direct control of the machine, it is 
also possible to review the acquired images and further 
defi ne the surgical strategy. The probe is wrapped in plas-
tic sterile sheath together with sterile US gel and it is used 
to perform a fi rst scan on intact dura mater ( b ) and multi-
ple scans during surgery ( c )       

a complete overview and its major relation-
ships (Fig.  4.3 ).  

•   Probe tilting and shifting to perform a detailed 
study of the region of interest and to create a 
three-dimensional visualization of the lesion 
(Fig.  4.4 ).    

4.3.1     Orthogonal Scan 

•     Place the probe in the center of the craniotomy 
with the probe indicator oriented upward, 
toward patient’s front, or toward patient’s left 
side (depending on approach, craniotomy site 
and patient positioning).  

•   Depending on the craniotomy site, it will be 
possible to scan the lesion only on two orthog-
onal planes (Fig.  4.3 ):

 –    Sagittal–axial (e.g., in case of frontal 
approach)  

 –   Sagittal–coronal (e.g., in case of coronal/
parietal approach)  

 –   Coronal–axial (e.g., in case of pterional 
approach)     

•   Be sure to identify the lesion, its relation-
ships and other relevant structures/land-
marks. The orthogonal scan should fi rst be 
performed with a large depth (at least 
7–8 cm.), surpassing the midline, in order to 
evaluate the whole of the lesion along with 
its surrounding  anatomical landmarks. Then 
it is possible to zoom on the lesion to evalu-
ate its borders.     

4.3.2     Probe Tilting and Shifting 

•     Tilting the probe on two orthogonal axes, it is 
possible to enlarge the fi eld of view also below 
the craniotomy margins. This feature permits 
to fi nd a greater number of landmarks and as a 
consequence to understand insonation plane 
orientation and US semeiotics. Moreover, in 
case of large lesions, all the margins became 
examinable.    

 If the operculum is large enough, it is possible 
to shift the probe on two orthogonal axes in order 
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to complete the study, obtaining a mental 
 tridimensional reconstruction of the volume 
(Fig.  4.4 ). 

 The variation of the probe’s position should be 
done with slow movements in a standardized way:

•    From left to right for the sagittal plan  
•   From anterior to posterior for the coronal plan  
•   From top to bottom for the axial plan    

 Using the two-dimensional tomographic 
real- time visual information integrated with 
those provided by the hand movement and posi-
tion of the probe in the space, the operator 
should try to create a three-dimensional mental 
reconstruction of the region of interest. If avail-
able an automatic three-dimensional recon-
struction might be used. In some cases (e.g., 
posterior fossa, spinal surgery, keyhole 

  Fig. 4.3    Orthogonal scans. US probe on a three- 
dimensional model ( b ,  d ) and corresponding planes of 
insonation reconstructed from an MRI ( a ,  c ). As men-
tioned in the text, with each approach it is possible to per-
form a scan only on two orthogonal planes and their 

various declination. However it is not possible to obtain 
images along the plane that is perpendicular to the plane 
of the probe or parallel to main axis of the craniotomy 
(sagittal plane as in this case)       
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approaches, etc.) it is not possible to tilt and 
shift the probe because of the scarce space in 
the surgical fi eld. 

4.3.2.1     IOUS Cerebral Semeiotics 
 Normal ultrasound appearance of major structures 
and practical anatomical landmarks (Fig.  4.5 ):

•     Hyperechoic structures: skull, vessels wall, 
choroid plexuses, arachnoidal folds, epen-
dyma, dural fold, brain-lesion interface  

•   Hypoechoic structures: cerebrospinal fl uid, 
ventricles, connective fi bers  

•   Isoechoic structures: brain parenchyma    

 Normal brain parenchyma is generally homo-
geneous and iso-hypoechoic. The surfaces of the 
cortical gyri appear moderately hyperechoic for a 
depth of a few millimeters, corresponding to the 
gray matter, while the lobar white matter is more 
hyperechoic due to presence of vascular chan-
nels. Large connective structures such as the cor-

pus callosum are hypoechoic. The basal ganglia 
appear slightly hyperechoic, probably because of 
higher vasculature and presence of microcalcifi -
cations (Fig.  4.5 ). 

 Cerebral ventricles appear hypoechoic and 
typically surrounded by a thin hyperechoic rim, 
corresponding to the ependymal wall, which 
determines a strong interface between the 
parenchyma and CSF. Choroid plexuses are 
highly hyperechoic and can be visualized in the 
ventricles, representing one of the most reliable 
landmarks together with main dural folds. The 
falx cerebri and tentorium cerebelli appear as 
thin, linear, and hyperechoic structures. Vessel 
walls usually appear hyperechoic surrounding 
the hypoechoic lumen; this feature gives to 
main arteries the typical rail aspect (Fig.  4.5 ). 

 In most cases, contrast between tumor and 
healthy structures is suffi cient to distinguish tumor-
brain interface, also in case of perilesional edema. 
Acute edema is generally hypoechoic than tumors, 
whereas chronic edema can be iso- or hyperechoic. 

  Fig. 4.4    Probe tilting. US images of a right frontal metastasis, obtained tilting the probe ( a – d ). In the lower panel a 
three-dimensional model represent the corresponding probe orientation ( e – h )       
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Most primary or metastatic brain tumors are hyper-
echoic relative to the surrounding normal brain 
parenchyma and also to edematous tissues (hyper-
echoic). Some lesion may present extremely echo-
genic portions, as for calcifi ed nodules in 
meningioma, whereas cystic and necrotic regions 
appear as hypoechoic fl uid- fi lled cavities that can 
show back reinforcement phenomenon. On the 
other hand, highly infi ltrative lesions such as low-
grade gliomas have not well-defi ned margins, in 
particular in case of surrounding edema [ 20 ]. 

 It is mandatory to remember that the IOUS 
semeiotics is not static but dynamic. Surgical 
manipulation of tumor and brain leads to a drop 
in diagnostic accuracy, mainly due to the appear-
ance of artifacts [ 18 ,  21 ]. Blood clots and hemo-
static materials within the surgical cavity are 
hyperechoic and create an acoustic shadow that 
does not permit study of the cavity wall to fi nd 
the tumor-brain interface. 

 Moreover, the surrounding parenchyma tends 
to become edematous because of the surgical 
maneuvers; this feature makes the tumor and 
brain contrast less clear [ 18 ]. 

 All these aspects should be carefully taken 
into account in order to correctly understand the 
intraoperative US exam.  

4.3.2.2     Ultrasound Surgical Anatomy 
 Each neurosurgical approach leads to the expo-
sure of specifi c area and structures. IOUS visu-
alization varies accordingly to the approach and 
has never been standardized. Here we analyze 
the IOUS imaging obtained during the most 
common neurosurgical approaches, highlight-
ing major anatomical landmarks for each 
approach as seen in IOUS along the two main 
plane of insonation (Figs.  4.6 ,  4.7 ,  4.8 ,  4.9 , and 
 4.10 ).

       In every panel the two main IOUS planes are 
displayed, along with the corresponding 
 navigated MRI image and a three-dimensional 
model that explain the placement of the probe 
and the plane of insonation. Each approach of 
course can display only two planes of 
insonation, as it is not possible to obtain a plane 
that is perpendicular to the plane of the probe 
(Fig.  4.3 ).       

  Fig. 4.5    IOUS cerebral semeiotics and main landmarks along the two possible orthogonal planes in a parietal approach       
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  Fig. 4.6    Frontal approach. A case of a frontal-mesial 
metastasis is showed, which appears on IOUS as an 
hypoechoic cystic lesion surrounded by a bright hyper-
echoic rim. With the frontal approach, no coronal view is 

possible. ( a ,  b ) US and MR sagittal view, ( d ,  e ) US and 
MR axial view. ( c – f ) Three-dimensional model with 
probe positioning along the two main axes       

  Fig. 4.7    Temporal approach. A case of a right posterior- 
temporal high-grade glioma is showed, which appears on 
IOUS as an hyperechoic lesion with calcifi cations and 
small cystic areas. With the temporal approach no sagittal 

view is possible. ( a ,  b ) US and MR coronal view, ( d  ,   e ) 
US and MR axial view. ( c – f ) Three-dimensional model 
with probe positioning       
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  Fig. 4.8    Pterional approach. A case of a cystic cranio-
pharyngioma is showed, which appears on IOUS as an 
hypoechoic cystic lesion with a nodular hyperechoic 
component surrounded by a bright hyperechoic rim. 
With the pterional approach, no sagittal view is possible. 

Furthermore in small pterional approaches, it is some-
times diffi cult to evaluate the axial plane. ( a ,  b ) US and 
MR semi-coronal view. ( c ) Three-dimensional model 
with probe positioning       

  Fig. 4.9    Parietal approach. A case of a parasagittal 
meningioma, which appears on IOUS as an iso-hypoechoic 
homogenous lesion surrounded by a hyperechoic capsule. 

With the parietal approach no coronal view is possible. ( a , 
 b ) US and MR sagittal view, ( d ,  e ) US and MR axial view. 
( c – f ) Three-dimensional model with probe positioning       
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      Intraoperative Findings in Brain 
Tumor Surgery                     

     Jan     Coburger      and     Ralph     W.     König    

5.1            Introduction 

 Intraoperative ultrasound for brain tumor surgery is 
an established technique in clinical routine. 
Application is noninvasive and cheap and can be 
applied repetitively during any stage of surgery 
without any harm for the patient [ 1 ]. Since the fi rst 
description of intraoperative ultrasound (iUS) for 
neurosurgical use in 1982 by Chandler et al. [ 2 ], it 
has mainly been used for brain tumor surgery. 
Especially when approaching invasive intraaxial 
lesions, classical landmarks are often missing. iUS 
allows for a good orientation in these situations. 
Additionally, brain shift might change the anatomy 
signifi cantly. Until introduction of intraoperative 
MRI (iMRI), iUS was the only means of intraop-
erative imaging depicting residual tumor during 
surgery [ 3 ]. Since its fi rst use in neurosurgery until 
present, imaging capability has improved signifi -
cantly. Dedicated probes for dedicated indications 
are available. Another important innovation is the 
integration of ultrasound devices into neuronaviga-
tion systems [ 4 ,  5 ]. By this method, iUS images 
can be referenced to a preoperative MRI dataset, 
which is displayed in the reconstructed plane of the 

2D ultrasound image. Thus, interpretation of ultra-
sound fi ndings becomes much easier and occurring 
brain shift can be identifi ed early by comparing 
landmarks between intra and preoperative images. 
The main challenge when using iUS is interpreta-
tion of imaging fi ndings. Especially during the 
course of surgery, artifacts might increase and iden-
tifi cation of residual tumor can get challenging. 

 In the actual chapter, we will elucidate indica-
tions, techniques, and devices to optimize image 
quality in ultrasound-assisted brain tumor surgery.  

5.2     Indications 

 As far as our experience goes, there is an indi-
cation for the use of ultrasound in every intra-
axial brain tumor surgery. Each surgical step 
has its typical applications. At fi rst, before inci-
sion of the dura, ultrasound helps to assess 
whether the target lesion is centered in the cra-
niotomy (Fig.  5.1 ). Thus a simple verifi cation 
of neuronavigation can be performed, and if 
needed, based on iUS fi ndings, a safe extension 
of craniotomy can be performed before dural 
opening. Second, after dural opening by release 
of CSF or brain swelling, a signifi cant brain 
shift may occur which unexpectedly changes 
surgical anatomy. At this step of surgery, a 
quick ultrasound sweep might help to identify 
the targeted lesion and important landmarks 
close by (Fig.  5.2 ). Further, the ultrasound 
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 provides  information which gyrus is infi ltrated 
and which might be spared. Since intraopera-
tive ultrasound provides real-time information, 
when in doubt iUS provides more reliable 
information compared to neuronavigation.

    In case of marked brain swelling due to large 
tumors with cystic components, intraoperative 
sonography allows for save inline cyst puncture or 
even ventricular puncture before removal of the 

solid tumor mass. By this means, a lot of tension 
is relieved which eases further dissection. If a 
deep-seated lesion is approached, an ultrasound- 
based planning of a trajectory is recommended for 
fi rst, not missing the lesion. Second, the appropri-
ate sulcus leading to a lesion can be verifi ed 
(Fig.  5.3 ). During the course of surgery, we rec-
ommend using the ultrasound probe from time to 
time to adapt to surgically induced changes of the 

Transducer

Craniotomy

Targeted
lesion

  Fig. 5.1    Typical 
application of 
intraoperative ultrasound 
before dural opening: 
assessment of craniotomy 
size with regard to the 
targeted lesion       

  Fig. 5.2    Intraoperative screenshot of the neuronavigation 
system with an integrated 15 Mhz linear array transducer. 
The probes is at a coronary position depicting the border 
of an anaplastic astrocytoma between superior and medial 
temporal gyrus, right after dural opening before beginning 
of tumor resection. In the neuronavigation system, the tar-

geted lesion is depicted with a  white line . The white 
arrows show the direction of the occuring brain shift. Due 
to brainswelling the tumor is pushed in the direction of the 
ultrasound probe while it appears deeper in the corre-
sponding MRI image of the neuronavigation         
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tumor or brain surface. Thus, it is easier to distin-
guish artifacts from residual tumor at a later stage 
of surgery (Fig.  5.4 ). Additionally adjacent struc-
tures like corpus callosum or the ventricles can be 
identifi ed and the remaining distance tracked 
(Fig.  5.5 ). The short time consumed by the use of 
the iUS during tumor resection is easily out-
weighed by the increase of speed after gaining a 
confi dent idea of the surrounding structures.

     Despite intraoperative orientation, the main 
indication for iUS while approaching intraaxial 
lesion is residual tumor assessment. Especially 
in low-grade glioma surgery, distinguishing 

between most likely tumor-free tissue and 
 invasive glioma areas is challenging. Extent of 
resection is a signifi cant predictor of overall sur-
vival in low- as well as high-grade gliomas 
[ 6 ,  7 ]. Intraoperative ultrasound helps to increase 
extent of resection [ 8 ]. Most contemporary iUS 
probes for intracranial use can discriminate 
between tumor and normal brain tissue at least at 
the beginning of surgery. In the chapter “tumor 
depiction,” we will elucidate visibility of intra-
axial tumors in more detail. An issue while per-
forming iUS for residual tumor control is the 
appearance of surgery-induced artifacts which 

Fig. 5.2 (continued)

Cavernoma

Adjacent
sulcus

Transducer

  Fig. 5.3    Illustration of a 
small subcortical lesion 
(cavernoma). Ultrasound 
helps to fi nd the best 
trajectory to the lesion. Even 
identifi cation of an 
appropriate sulcus for a 
transsulcal approach can be 
performed       
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  Fig. 5.4    Chronological screenshots of the neuronaviga-
tion system using linear array intraoperative ultrasound as 
a resection control. (1) Precise localization of the affected 
gyrus ( upper row ). (2) Identifi cation of residual tumor and 

its adjacent anatomical structures ( middle row ). (3) Final 
inspection after tumor removal ( lower row ) (Copyright 
Coburger Acta neurochiru. 2015. Springer)       
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lead to a lower specifi city of iUS during the 
course of surgery [ 9 ]. Surgeons should be aware 
of possible false-positive fi ndings due to blood 
or local brain contusions. We will discuss the 
different types of artifacts and options for image 
optimization later on in this chapter. 

 When using iUS referenced to a neuronaviga-
tion device, some systems provide the option for 
intraoperative 3D dataset acquisition. This allows 
to acquire a new intraoperative image set as a 
base for neuronavigation comparable to an intra-
operative MRI Scan. We will comment on the 
topic of navigated iUS later on during this 
chapter.  

5.3     Ultrasound Transducers 
for Intracranial Use 

 Ultrasound transducers for intracranial use need 
to have a small aperture to be positioned in typi-
cal craniotomies. Basically, there are 3 types of 
ultrasound transducers. Naming is based on the 
positioning of the piezoelectric crystals in the tip 
of the probes (Fig.  5.6 ).

   Linear array transducers are producing parallel 
ultrasonic waves, thus creating a rectangular image 
with high-resolution and little artifacts. Based on 
the parallel sound waves, broadness of image is 

limited by the aperture of the transducer. Therefore 
overview is limited in probes with a small foot-
print which are needed for intracranial use. Usually 
high frequencies are used for linear transducers 
leading to a high image resolution. However, there 
is an inverse correlation of penetration depth and 
increasing frequency. Typical frequencies used are 
7–15 Mhz allowing for a penetration depth roughly 
from 2 to 7 cm. These parameters are highly vari-
able based on tissue and transducer used. 

 Sector array transducers provide a triangular 
image leading to an increasing fi eld of view 
and due to lower ultrasound frequencies 
 increasing penetration depth. Typical frequencies 
are 4–8 Mhz. A sector array transducer has a 
small footprint; therefore it can be used even in 
small craniotomies or burr holes while still pro-
viding a useful overview of the tissue beneath 
[ 10 ]. Apparently, resolution is lower as in linear 
array transducers. Especially, increasing penetra-
tion depth is going along with decreased lateral 
resolution as the ultrasound waves are diverging. 
Matrix array transducers are a special type of sec-
tor array transducers with piezoelectric elements 
arranged like a chessboard. Thus, a real-time 3D 
image or live cross-plane visualization can be 
created. This increases overview and enhances 
understanding of the respective intracranial 
pathology [ 11 ]. 

Lateral horn
of ventricle 

Choroid
plexus

Residual
tumor

Corpus
callosum

Resection
cavity

Transducer
Falx cerebri

  Fig. 5.5    Illustration of 
the important use of 
intraoperative US during 
resection. Continuously 
extent of resection and the 
distance to eloquent 
structures can be 
evaluated by this means       
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Real time 3d
image

Curved array
transducer

Linear array
ultrasound

Piezoelectric
elements

Parallel sound
waves

Sector array
transducer

Triangular
image

Burr hole/
small craniotomy

Trapezoid shaped
image

Matrix array
 transducer

  Fig. 5.6    The illustration shows the most commonly used 
types of transducers: ( left to right ) A linear array trans-
ducer produces parallel sound waves. Thus, resolution 
theoretically stays the same independent from depth. 
However the higher frequency leads to a decreased pene-
tration depth. Sector array transducers have a small aper-
ture and provide a trapezoid image. Therefore resolution 
is high close to the transducer and gets lower with increas-
ing depth; however fi eld of view is enlarged in the same 

matter. Thus, it allows for a wide fi eld of view through 
small openings. A curved array transducer has a curved 
arrangement of the piezoelectric elements. It combines 
the previous transducer types. Penetration depth and fi eld 
of view are increased while the fi eld of view and the reso-
lution close to the probe are still acceptable. Matrix array 
transducers are a special type of sector array transducers 
with piezoelectric elements arranged like on a chessboard. 
Thus, a real-time 3D image can be created       

 Curved array transducers are using lower fre-
quencies between 2 and 10 Mhz. The  positioning 
of the piezoelectric elements provides a compro-
mise between the both types mentioned above. 
Curved array ultrasound was developed for 

abdominal ultrasound in order to provide a good 
resolution for superfi cial liver ultrasound as well 
as deep lesions. Therefore in the past probes were 
rather large. With recent technical advances, 
smaller probes for intracranial use became avail-
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able, too. While resolution close to the transducer 
is high, it still provides a good overview due to 
the trapezoid imaging shape. Additionally, a pen-
etration depth which allows for a good intracra-
nial overview is provided (Fig.  5.7 ).

   Depending on the indication several types of 
transducers may be required. Based on the tech-
nical features, the best compromise for typical 
intraaxial lesions is a small curved array trans-
ducer. For intraoperative use, hockey stick shaped 
linear array high-frequency transducer have been 
developed by several companies. The hockey 
stick shape allows for an intracavital use. Thus, 
penetration depth is not a limiting factor and the 
advantage of the high local resolution can be 
seized [ 12 ] (Fig.  5.8 ). In low- and high-grade 
glioma  surgery, accuracy of residual tumor detec-
tion has been shown to be signifi cantly higher as 
compared to conventional sector array probes 
[ 13 ,  14 ].

   All types of ultrasound transducers can be ref-
erenced to a conventional neuronavigation sys-
tem (Brainlab Vector vision, Brainlab AG, 
Feldkirchen, Germany) [ 15 – 17 ] or are available 
for the SonoWand system (Trondheim, Norway) 

as a dedicated device of navigated intraoperative 
ultrasound [ 3 ].  

5.4     Tumor Depiction 

 Echogenicity of an intracranial tumor is depen-
dent on cell density. With increased cell density 
especially in high-grade gliomas or in metasta-
sis, a strong hyperechogenic signal can be 
depicted. Therefore, in low-grade gliomas, dif-
ferentiation of the border of the lesion again 
might be more challenging. This effect is more 
pronounced in sector or curved array transduc-
ers as in linear array probes (Fig.  5.9 ). As a fi rst 
step, we recommend to optimize contrast 
between most likely tumor-free tissue and 
tumor even before dural opening. Thus, based 
on imaging settings and depth of the lesion 
contrast, focus and other imaging settings can 
be optimized before any artifacts will obscure 
vision. In general contrast between “uninfi l-
trated” brain tissue and tumor is higher when 
using a linear array transducer [ 18 ]. Using a 
high-resolution linear array device, normal 

  Fig. 5.7    Tangential iUS image of a supratentorial metas-
tasis close to the falx using a curved array transducer. 
Tumor depiction after dural opening before start of tumor 
preparation ( left ). Final scan after tumor removal ( right ). 
Typical signals of residual blood at the fl oor of the resec-
tion cavity and along the tentorium. Residual tumor can 

only be excluded when comparing with previous images 
(no tumor along the tentorium). In comparison to the left 
image, a typical attenuation artifact is seen: The echo 
intensity of the cerebellar folia is increased (Images were 
provided by Mrs Nadji-Ohl, Department of Neurosurgery, 
Klinikum Stuttgart, Germany)       
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  Fig. 5.9    Comparison of a transcortical image of navi-
gated sector array intraoperative ultrasound ( upper row ) 
and linear array intraoperative ultrasound ( lower row ) 

with the corresponding iMRI image (T2 space) as calcu-
lated by the neuronavigation system (Copyright Coburger 
2015 Acta Springer)       

Hockey stick
shaped linear

array 
transducer  

Brain parenchyma 

Resection cavity 

  Fig. 5.8    Typical 
application of a hockey 
stick-shaped linear array 
high-frequency transducer. 
Using the device, even 
small resection cavities 
can be scanned 
meticulously without use 
of a coupling fl uid. Due to 
the small distance to the 
target and the absence of 
substances with different 
attenuation coeffi cients, 
attenuation artifacts are 
not relevant in this setup       
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subcortical tissue refl ects very little signal and 
appears blackish. In Fig.  5.10  we provide a 
schematic table comparing signal intensity of 
typical anatomical structures (green), patho-
logical structures (red and yellow), and surgi-
cally induced artifacts (gray). Obviously based 
on ultrasound conditions and transducers 
applied, a high variability may occur. Therefore, 
the provided gray scales have to be used as a 
schematic illustration and not as a calibration 
scale. Mair et al. established a grading system 
for ultrasound visibility of typical intracranial 
lesions and its discrimination at the border 
[ 19 ]. Grade 0 describes lesions that are not vis-
ible. Grade 1 describes tumors diffi cult to visu-
alize without an exact border with normal brain 
tissue. Grade 2 is a clearly identifi able lesion 
lacking a clear boarder with normal brain tissue 
and grade 3 is a lesion clearly identifi able with 
a clear border with normal tissue. Figure  5.11  
shows an illustration by the abovementioned 
authors describing grade I to grade III lesions. 
Figure  5.12  shows a characteristic of typical 
intracranial lesions by the same authors and the 
respective visibility using intraoperative ultra-
sound. The specifi c value of the cited study is 
that the authors used sector and linear array 
probes from 5 to 12 MHz. Therefore the data 

provide an extraordinary overview on ultra-
sound depiction in 105 intracranial lesions. 
Depiction of tumor borders is not only depen-
dent on the quality of the ultrasound images but 
on the type of lesion itself. Especially diffuse 
low-grade gliomas and lymphomas do not have 
a histologically defi ned border. In high-grade 
gliomas, intraoperative ultrasound is capable to 
identify different multiforme compartments of 
the solid lesion (Fig.  5.13 ) like necrosis, cysts, 
bleedings, irregular dense tumor, and the inva-
sion zone. Especially the latter is diffi cult to 
differentiate from edema. A direct comparison 
of intraoperative MRI and sector and linear 
array ultrasound showed that linear array ultra-
sound is more sensitive for tumor detection 
than the other two techniques. However, it also 
detects the infi ltration zone of the lesions 
(Table  5.1  unpublished data by our group). 
Histologically in glioblastoma, 60–100 % of 
tumor cell density can be found between 6 and 
14 mm distant to the border of contrast enhance-
ment [ 20 ]. Thus, an “over detection” might be 
favored by the surgeon. However, caution must 
be paid close to eloquent areas: Even though 
Gd-DTPA contrast enhancement does not enter 
an eloquent area, it does not mean the tumor 
does. New motor or language defi cits are not 
only associated with decreased quality of life 
but with signifi cant decreased overall survival 
[ 21 ]. Thus, when using these very detailed and 
sensitive imaging techniques in eloquent areas, 
we recommend using intraoperative monitor-
ing. Additionally, surgeons should always keep 
in mind that contrast enhancement in iMRI and 
tumor depiction using intraoperative ultrasound 
might not be congruent at the border of the 
lesion. From our experience especially in low-
grade gliomas, the signal of the FLAIR 
sequence of iMRI matches very well with 
iUS. In these entities, when using the iUS ref-
erenced to the navigation system, we recom-
mend performing a T2 space sequence 
providing a 3D dataset with isovoxel for a pre-
cise reconstruction of the corresponding pre- 
or intraoperative MRI image (Fig.  5.14 ) In 
HGG, the same goes for a T1 MPRAGE with 
contrast.

Echodensity
High echo Low echo

Blood

Tumor

Cortical
tissue

Subcortical
tissue

Water

Scar tissue

Edema

Plexus

Cyst

Meningea

Brain
contusion 

Necrosis

  Fig. 5.10    Schematic illustration comparing signal inten-
sity of typical anatomical structures ( green ), pathological 
structures ( red and yellow ), and surgically induced arti-
facts ( gray )       

 

5 Intraoperative Findings in Brain Tumor Surgery



50

         During resection, even though there is still 
solid tumor depicted under the microscope, we 
recommend periodic quick iUS sweeps to iden-
tify remaining tumor. This approach allows 
continuous assessment of subtle changes in 
ultrasound depiction between the solid tumor 
and the infi ltration zone. Otherwise interpreta-
tion might be diffi cult at a later stage of sur-

gery, when the solid tumor mass is almost 
removed. 

 Brain metastases are usually well circum-
scribed and have a defi ned border in MRI and in 
the corresponding ultrasound images. A typical 
depiction of a metastatic lesion is found in Fig.  5.7 . 
Many mainly solid and circumscribed metastatic 
lesions show infi ltrative zones, too. Usually in this 

  Fig. 5.11    Ultrasonographic visibility of brain lesions. 
( a ) Grade III: the lesion is clearly identifi able and has a 
clear border with normal tissue; artistic representation, 
preoperative CT with contrast, and intraoperative ultra-
sound; coronal image.  T  tumor,  F  falx,  LV  lateral ventri-
cles. ( b ) The lesion is clearly identifi able but has no clear 
border with normal tissue; CT with contrast—mesial tem-

poral tumor, power angio mode. Tumor and its relation-
ship to neighboring vessels are visible.  T  tumor,  WC  
Willis circle,  PCA  posterior cerebral artery. ( c ) The lesion 
is diffi cult to visualize and has no clear border with nor-
mal tissue but remains identifi able on MRI (T2).  T  tumor, 
 F  falx,  CP  choroid plexus in the lateral ventricles 
(Copyright Springer Mair et al. Acta neuro 2013)       
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  Fig. 5.12    Characterization of individual lesions using 
the grading system by Mair et al.: grade 0 describes 
lesions that are not visible. Grade 1 describes lesions dif-
fi cult to visualize and no clear boarder with normal tissue. 

Grade 2 is a clearly identifi able lesion but no clear boarder 
with normal tissue and grade 3 is a lesion clearly identifi -
able with a clear boarder with normal tissue       

  Fig. 5.13    High-resolution linear array ultrasound of a 
glioblastoma before tumor resection showing a precise dif-
ferentiation of the “multiforme” parts of the lesion includ-
ing necrosis and diffuse infi ltration of the adjacent cortex       

type of lesions, infi ltration zones are found only in 
certain parts of the lesion (Fig.  5.15 ).

5.5        Artifacts and Image 
Optimization 

 When performing intracranial ultrasound, a good 
knowledge of typical ultrasound artifacts is cru-
cial in order to interpret imaging results properly. 

Type and extent of artifacts change from type of 
transducer used and based on the tissue assessed. 

 Therefore, a change of transducer during sur-
gery might lead to a change of artifacts 
encountered. 

 Reverberation artifacts are refl ections of 
ultrasound waves causing a mirrored image or 
 multiple mirrored objects. In brain tumor sur-
gery, this type of artifact might occur when visu-
alizing a resection cavity fi lled with irrigation. 
The mirrored images will move when the trans-
ducer is changed. Thus, these artifacts are easily 
identifi able in most cases. Figure  5.16  shows a 
reverberation artifact as a combination of refl ec-
tion at the resection cavity and the frontal skull 
base. Due to the level of artifacts, it is not possi-
ble to assess residual tumor in the presented 
position of the transducer.

   Distortions and phase range artifacts are less 
common in neurosurgery since the brain is a 
rather homogenous organ. Usually this type of 
artifacts is elicited when a change of speed of 
sound occurs. Speed of sound in water, for 
 example, is much higher as in brain tissue. 
Potential issues might be a resection cavity fi lled 
with fl uid, a cystic lesion, or the ventricle. Errors 
in deep range might occur in this case since sound 
travels faster in water as in brain tissue. Thus 
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lesions behind a water-fi lled cavity could appear 
closer compared to lesions in brain tissue in the 
same depth. 

 A similar problem occurs based on different 
attenuations between different tissues. 
Attenuation in brain tissue is relatively high. 
Brain tissue even when infi ltrated by a tumor is 
relatively homogenous with regard to attenua-
tion. This is the reason for the high image quality 
in intraoperative ultrasound at the beginning of 
tumor resection. Water compared to brain tissue 
shows very little attenuation. Thus, if a resection 

cavity is fi lled with  irrigation, a signifi cant differ-
ence in attenuation between brain tissue at the 
walls of the resection cavity and the bottom of the 
resection cavity is found. Therefore, a different 
signal at the fl oor of the cavity might be cause by 
this type of artifact (Fig.  5.7 ). This area might 
appear hyperechogenic and might be confound 
with residual tumor. Additionally, blood and 
micro-contusions may cause hyperechogenic sig-
nals. Therefore the importance of regular ultra-
sound sweeps during the process of tumor 
resection cannot be stressed enough. Thus, atten-

  Fig. 5.14    Diffuse astrocytoma of the right operculum ( white line ). Linear array ultrasound ( left upper row ), corre-
sponding T2 SPACE MRI in the neuronavigation       
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uation artifacts are easily identifi ed since the arti-
fact will move deeper and increase while the 
resection cavity is enlarged. We encourage also 
to take screenshots during this process in order to 
have images to compare to the actual ultrasound 
images (Fig.  5.17 ). Another option to decrease 
attenuation artifacts is to decrease distance of 
probe and object of interest. Most transducers for 
intracranial use can be inserted in typical resec-
tion cavities. Especially hockey stick shaped lin-
ear array high-frequency transducer facilitate 
intracavital use. Using such a device, irrigation is 

not needed in most cases (Fig.  5.8 ). In glioma 
surgery we found that intracavital use of hockey 
stick shaped linear array high-frequency trans-
ducer is feasible in over 90 % of cases [ 14 ]. Serra 
et al. described the approach to meticulously scan 
the whole resection cavity. This maneuver is best 
performed with a hockey stick- shaped probe at 
least in smaller resection cavities. The angle of 
the lateral wall is otherwise more diffi cult to 
assess. Additionally use of a linear array trans-
ducer is favorable for this approach since best 
tumor depiction is found close to the transducer. 

  Fig. 5.15     Upper row : ultrasound images (US) of a deep- 
seated small metastasis (*) after dural opening before 
resection. Left 7 MHz US; right 15Mhz high-resolution 
US.  Lower row : US of the resection cavity after microsur-
gical complete removal; left 7 Mhz US displays resection 
cavity with an adjacent sulcus due to a manipulation arti-

fact; the tissue surrounding the resection cavity cannot be 
assessed. Right:15 Mhz high-resolution US reveals the 
infi ltration zone of the metastasis ( big arrows , histologi-
cally confi rmed). Typical surgery-induced artifacts are 
shown: blood at the bottom of the resection cavity ( small 
arrows ) and a gelfoam (#) that was inserted       
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A drawback of intracavital ultrasound using a 
transducer with a small  footprint is the relatively 
small fi eld of view and the uncommon perspec-
tive of the acquired images. Thus, orientation and 
retrieval of detected residual tumor can be chal-
lenging. A navigated use of the ultrasound trans-
ducer facilitates tumor detection. Additionally, a 
3D sweep can be performed to get an “off-line” 
overview of the walls of the resection cavity 
(Fig.  5.17 ).

   Another option to avoid attenuation artifacts 
easily feasible also with larger transducers is 
transcortical ultrasound. The lateral wall of the 
resection cavity is used as a “sound window” to 
assess the bottom and the walls for residual tumor 
(Fig.  5.18 ). Unsgaard et al. even propagated a 
second burr hole for continuous ultrasound imag-
ing as a resection control in glioma surgery [ 22 ].

   Selbek et al. described an acoustic coupling 
fl uid with the same attenuation coeffi cient as 

  Fig. 5.16    Sector array ultrasound image ( upper left ) of a 
residual tumor of a diffuse astrocytoma confi rmed by 
intraoperative MRI. Reconstructed intraoperative T2 
according to the ultrasound position ( upper right ), sagittal 

T1 + contrast ( lower left ), coronary T1 + contrast ( lower 
right ); residual tumor is marked with a continuous  gray 
line ; reverberation artifacts are marked with #       
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brain tissue. Data are still preliminary. First results 
show a signifi cantly better image  quality com-
pared to normal saline as irrigation fl uid [ 23 ]. 

 Irregularly shaped surfaces can be covered 
with an ultrasound gel pad to increase coupling 
of transducer and tissue. We frequently use 
these devices in peripheral nerve surgery at our 
center. In brain tumor surgery, it is rarely 
needed for this indication. However, gel pads 
can be useful to increase the distance between 
the tissue of interest and the probe. When using 

sector or some curved array transducer, a very 
superfi cial lesion might not be visualized 
appropriately due to the triangular or trapezoid 
fi eld of view. Slightly increasing the distance 
with a gel pad might be enough to gain an ade-
quate depiction. 

 Retrieval of areas of interest with the ultra-
sound which were found in the microscope and 
vice versa can be challenging. Orientation inside 
a resection cavity especially in deep lesions when 
visualization without retractor is not possible and 

a b c

  Fig. 5.17    Navigation display showing the reformatted ultra-
sound image slices on top of the corresponding reformatted 
MR image slice. Ultrasound image slice from 3D ultrasound 
volume acquired prior to start of resection ( a ), toward the end 
of resection with some tumor tissue  remaining ( b ), and after 

completed tumor resection ( c ). Notice the signal enhance-
ment below the cavity (marked with  arrows ) seen in c, which 
is not observed in a or b. Hence, it is very likely that the 
enhancement is an artifact and not remaining tumor (Selbek 
et al. [ 23 ] Acta Springer Copyright)       

Transducer Bone

Brain

Resection
cavity

Residual
tumor 

  Fig. 5.18    Illustration of a 
tangential transcortical 
ultrasound in order to 
decrease attenuation 
artifacts       
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neuronavigation for the ultrasound is not avail-
able adds to the problem. As a fi rst step, anatomi-
cal landmarks which can be identifi ed by both 
modalities like adjacent vessels, falx cerebri, 
ventricle, etc. should be identifi ed. If this is not 
possible, artifi cial landmarks are a helpful option 
to “mark” certain areas of interest. Wong et al. 
described the use of a blood-soaked gelfoam as 
an internal fi ducial [ 24 ]. Gelfoam is easily avail-
able and its intraoperative use is saved even if it 
remains in situ.     
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      Intraoperative Findings in Spinal 
Lesions                     

     Ignazio     G.     Vetrano       and     Francesco     Prada    

6.1             Introduction 

 Spinal tumor can arise from the spinal cord, nerve 
roots, vertebrae, meninges, or cauda equina. 
More than 2/3 of spinal tumors are non- malignant 
lesions. As far as their origin and relationship 
with neural structures is concerned, spinal tumors 
can be divided into extradural, intradural extra-
medullary or  intramedullary. Meningiomas, 
nerve sheath tumors, and ependymomas are the 
most frequent histotypes encountered [ 9 ,  40 ,  44 ]. 
Primary spinal cord tumors are one of the rarest 
types of tumors, representing about 4–8 % of all 
central nervous system tumors [ 9 ,  40 ]. 

 Surgical excision represents the standard 
treatment option, although it still yields a consid-
erable risk of neurological defi cits. This is par-
ticularly true in surgical removal of intramedullary 

tumors, where a myelotomy must be performed 
[ 5 ,  17 ,  39 ,  44 ]. Five to forty percent of patients 
who undergo surgical resection of an intradural 
tumor can  develop new neurological defi cits [ 5 , 
 39 ]. 

 Recently, the introduction of new surgical 
tools, along with intraoperative electrophysiolog-
ical monitoring, has contributed in signifi cantly 
reducing the risks of postoperative neurological 
defi cits [ 1 ,  6 ,  17 ,  39 ]. 

 Intraoperative imaging tools for spinal tumor 
surgery could improve this aspect of surgery, 
reducing the manipulation of neural structures, 
which may lead to worsening of neurological 
symptoms. 

 Magnetic resonance imaging (MRI) repre-
sents the gold standard for diagnosis and assess-
ment of intradural tumors. Nevertheless, MRI 
may not always accurately differentiate between 
intramedullary and extramedullary lesions. 
Furthermore, intraoperative MRI is not yet a 
standardized tool in spinal tumor surgery, harbor-
ing many technical limitations. 

 In recent years, the use of IOUS guidance has 
become progressively more widespread during 
neurosurgical procedures for brain tumor removal 
[ 2 ,  15 ,  19 ,  27 ,  30 – 32 ,  34 ]. 

 However, US appearance of spinal tumors has 
been described in few studies until now, and the 
role of IOUS is not yet well standardized in this 
surgical fi eld [ 2 – 4 ,  10 ,  12 ,  15 ,  19 ,  22 ,  24 – 26 ,  29 , 
 33 ,  35 – 38 ,  42 ,  43 ,  46 ]. 
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 The fi rst case of ultrasonographic visualization 
of a spinal tumor was reported in 1978 by Reid, 
who described a cervical spinal astrocytoma [ 36 ]. 
In 1984, Jokich presented a B-mode analysis of 
spinal cord alteration, focusing on spinal motion, 
in a limited series of  neoplastic and degenera-
tive disorders of the spine [ 18 ]. In 1991, Epstein 
presented a retrospective study about the charac-
teristics on ultrasound of a very large series of 
intramedullary lesions [ 10 ]. Other studies regarded 
traumatic spinal column surgery [ 7 ,  14 ,  16 ,  24 ], 
syringomyelia [ 8 ], diastematomyelia [ 13 ], and 
degenerative vertebral disk disorders [ 16 ,  20 ,  21 , 
 23 ,  28 ]. Obviously, some of these studies present 
some limitations due to technical characteristics of 
the machines available at the time. Regarding the 
surgery of spinal tumors, the application of IOUS 
has not been widely used thus far [ 4 ,  11 ,  12 ,  25 , 
 26 ,  29 ,  33 ,  37 ]. More recently, Regelsberger 
reported a large series of 78 patients, in which 
IOUS was used to localize spinal tumors [ 35 ]. In 
2012, Bozinov focused on the use of IOUS for 
localization and resection of intramedullary caver-
nomas [ 3 ]. A recent paper from Shamov attempted 
to assess the impact of IOUS on resection of extra-
medullary tumors [ 42 ]. The application of elastog-
raphy on spinal cord intraoperative examination 
represents to date only a sporadic report [ 45 ]. 

 All these studies tried to evaluate and validate 
the routine application of intraoperative 
ultrasound- guided surgery of spinal tumors.  

6.2     Instruments and Technique 

 A variety of probes can be used for intraoperative 
imaging of the spine, but the localization of the 
surgical access site requires an end-fi re confi gu-
ration for the IOUS probes. For evaluating the 
spinal cord, very high frequencies of 10 MHz or 
greater can be effectively used and provide out-
standing spatial and temporal resolution. At our 
institution, we routinely use a last-generation US 
device, also equipped with navigation 
system,(MyLab, Esaote, Italy) with a linear mul-
tifrequency (3–11 MHz) probe for deep-seated 
lesions or high frequency (7–18 MHz) for small 
or superfi cial lesions. 

 To achieve access to the spinal canal for tumor 
removal, patients are operated in prone position. 
The spinal region of interest is usually localized 
and marked with radiographic guidance before 
skin incision. 

 Standard hemilaminectomy, laminectomy, or 
laminotomy are performed. Patients are 
then examined with transdural and direct sonog-
raphy. The probe is placed in a transparent plastic 
surgical sterile sheath (CIVCO, USA), fi lled with 
US-specifi c transducing gel, to guarantee acous-
tic coupling at the transducer membrane. The 
probe is then placed in the surgical cavity that is 
irrigated with saline solution. Differently than 
brain IOUS examinations, only two major planes 
of insonation (axial and sagittal axes) are allowed 
(Fig.  6.1 ). Standard B-mode imaging is acquired 
before dural opening, in order to check if the 
bone removal is suffi cient and the lesion fully 
exposed. Furthermore, the lesion is identifi ed and 
measured on the two axes. Tumor US character-
istics, boundaries, and specifi c anatomical land-
marks are acquired.

   All lesions can be defi ned as hyperechoic, 
isoechoic, or hypoechoic as compared to the sur-
rounding tissues. Other characteristics of the 
lesions that are taken into account are diffuse or 
circumscribed appearance, homogeneity versus 
heterogeneity, presence of calcifi cations, and/or 
cystic/necrotic areas as well as their relationships 
with the surrounding structures. 

 Transdural US examination is helpful in 
adapting the entity of surgical exposure to the 
actual measures of the lesions, visualizing pre-
cisely the craniocaudal and lateral extension of 
the tumor. Targeting bone removal before dural 
opening reduces the risk of direct injury of the 
exposed neural structures. This could also avoid 
venous bleeding inside the intradural compart-
ment, due to decompressed epidural venous 
plexuses. 

 The use of color-mode Doppler US could be 
helpful in identifying major vessels surrounding 
lesions: in example,  cervical tumor  could some-
times displace vertebral arteries. 

 IOUS also allows the visualization of nerve 
rootlets and dentate ligaments, facilitating the 
mobilization of neural structures, especially in 
cases that have a predominant anterior location. 
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All intramedullary lesions are also evaluated with 
IOUS after dural opening, in order to correctly 
place the myelotomy and to adjust its length so to 
fully visualize and remove the lesion without 
unnecessary neural tissue manipulation. 

 Usually, the spinal cord appears enlarged due 
to the lesion which is partially or completely 
embedded within. In case of  infi ltrative lesions, 
the appearance is isoechoic to the spinal cord and 
the surface between tumor and myelin cannot be 
clearly distinguished. The surgical procedure 
should be limited to performing an internal 
decompression and obtaining a defi nitive histo-
logical diagnosis.  

6.3     Limitations 

 A few technical limitations have to be consid-
ered: the size of the tip of the currently used US 
probe (1 × 3.5 cm) sometimes could be larger 
than the actual surgical fi eld. 

 In case of diffuse bleeding or excessive use of 
hemostatic materials, which are highly hyper-
echoic [ 41 ], it is diffi cult to visualize the sur-
rounding parenchyma. 

 The evaluation of neoplastic remnants could be 
a challenge for intramedullary tumors. In fact, peri-
focal edema hinders the accurate differentiation of 
medullar structures to residual pathological tissue. 

  Fig. 6.1    US probe on a three-dimensional model and corresponding planes of insonation reconstructed from a CT. 
 Upper panel  shows an axial insonation plan, and  lower panel  shows a sagittal insonation plan       
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The quality of triggered data always depends by the 
stability of the patient’s heart rate, breath hold and 
probe position. Obviously, only examination on 
axial and sagittal axes is possible. The limited 
probe mobility also hinders the use of Doppler 
imaging, reducing the possibility to visualize ves-
sels that run perpendicular to the insonation angle. 

 To date, the role of elastography is very lim-
ited in spinal cord tumor evaluation, differently 
from its application on brain tumors. In fact, 
external pressure onto neural structures that are 
already compromised is unacceptable. Further 
studies could be necessary to evaluate the role of 
this technique.  

6.4     B-Mode Anatomical 
Landmarks 

 After bone removal, the spinal cord is visualized 
through the intact dura, which appears as a thin, 
linear, or curvilinear echogenic structure sur-
rounding the dorsal and ventral portions of the 
cord. The spinal cord itself is quite homogeneous 
and hypoechoic. B-mode examination distin-
guishes the bright echogenic line or parallel dou-
ble line of the central ependymal canal, which is 
located centrally inside the spinal cord. 
Alterations of the central canal represent an indi-

rect signal that could indicate the presence of 
intramedullary disease processes. 

 The cord is surrounded by hypoechoic cere-
brospinal fl uid within the subarachnoid spaces. 
The spinal cord is attached to the dural sac by 
the dentate ligaments, which appear as echo-
genic linear structures extending from the dura 
to the lateral margins of the cordon on each 
side. Nerve roots are also seen as linear echo-
genic structures within the subarachnoid space; 
these can be seen exiting along the ventral lat-
eral surface of the sac and can also be visual-
ized as a conglomerate group of linear echoes 
below the cord in the region of the cauda equina 
(Fig.  6.2 ).

   The size and shape of the cord and sac vary by 
location. In fact, the thoracic cord is usually the 
thinnest and most spherical, while the cervical 
cord is somewhat thicker and somewhat more 
oval. Caudally, the thoracic cord tapers to end in 
the conus medullaris. 

 Vertebral bodies under the dural sac appear as 
hyperechoic structures, separated by hypoechoic 
intervertebral disks. 

 The spinal cord shows two different rhythmic 
movements, one synchronous with the heart beat 
and one with the respiratory acts [ 18 ]. Alteration 
of the pulsation of the spinal cord represents an 
indirect signal of the presence of a lesion.  

  Fig. 6.2    IOUS axial ( a ) and sagittal ( b ) B-mode trans-
dural imaging of spinal cord herniation. IOUS is able to 
identify the spinal cord ( black asterisk ) with its features as 
well as the surrounding structures: the dura mater ( arrow-

head ), cerebrospinal fl uid space ( star ), posterior rootlets 
( thin arrow ), dentate ligament ( thick arrow ), and vertebral 
body ( black arrow )       
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6.5     IOUS in Spinal Lesions 

 Spinal lesions visualized with IOUS imaging 
presents typical fi ndings, related to the histopa-
thology and location. IOUS fi ndings for lesions 
affecting spinal compartment are summarized in 
Table  6.1 . Hence are reported descriptions of 
ultrasonographic characteristics of the most fre-
quent histotype for all compartments.

6.5.1       Extradural Tumors 

 Extradural lesions arise from bone and connec-
tive structures and include many osteal and soft 
tissue malignant tumors, but the most frequent 
extradural tumors admitted at neurosurgical cen-
ters are represented by nerve sheath schwanno-
mas. This kind of lesion is usually completely 
visible after bone removal. The bone scalloping 
due to the slow growth of benign tumors allows 
room for a good visualization of the distal portion 
of the lesion. Such lesions appear well circum-
scribed, with a hyperechoic capsule and a 
hypoechoic homogeneous texture. In case of 
extradural tumors, the adjunct of Doppler exami-
nation represents an ulterior aid in clarifying the 
relationship between lesions and vascular 
structures.  

6.5.2     Intradural Extramedullary 
Tumors 

 Extramedullary tumors include principally 
meningiomas and intradural schwannomas; other 
lesions, both benign and malignant, are repre-
sented by lipomas, dermoids, or metastases. 

 All of them can be easily recognized in B-mode 
because they appear more echogenic than myelinic 
structures. They are usually surrounded, at least in 
part, by subarachnoid fl uid, making tumor margins 
quite visible. The spinal cord is often displaced and 
at times may appear reduced in caliber, but the cen-
tral spinal canal will be maintained. 

 This is helpful in distinguishing an intramed-
ullary from an extramedullary lesion. 

 Oscillations of the spinal cord before dural 
opening, due to cardiac pulsation and respira-
tory movements, may sometimes be diminished 
at the site of a highly compressive extramedul-
lary mass. Paradoxically, if there is a great com-
pression, transmitted pulsations from 
compressed spinal arteries may increase these 
oscillations. 

6.5.2.1     Meningiomas 
 Spinal meningiomas are more common in the tho-
racic region with a female/male ratio of 10:1. 
Meningiomas appear as discrete, ovular, well- 

   Table 6.1    Ultrasonographic B-mode characteristics of spinal tumors   

 Histotype 

 B-mode features 

 Echogenicity 
 Appearance  Cystic-like areas and/or 

necrosis 

 Neurinoma  Often with low or 
isoechoic 

 Circumscribed  Sometimes microcystic or 
macrocystic appearance 

 Filum terminale ependymoma  Hyperechoic  Circumscribed  No 

 Meningioma  Hyperechoic  Circumscribed  Microcysts 

 Chordoma  Hypoechoic  Circumscribed  No 

 Metastasis  Variably hyperechoic  Nodular Heterogeneous  Large cysts/necrotic areas 

 Intramedullary ependymoma  Hyperechoic  Circumscribed 
 Homogeneous 

 Small/microcysts, syrinx 

 Hemangioblastoma  Variably hyperechoic  Nodular Homogeneous  Perilesional cyst, 
macrocystic appearance 

 Cavernoma  Hyperechoic  Circumscribed  No 

 Glioma  Variably hyperechoic  Heterogeneous  Sometimes intralesional or 
perilesional cyst 
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circumscribed, mildly hyperechoic lesions, com-
pared to normal spinal cord and cerebrospinal 
fl uid, with a fi nely granular, homogeneous appear-
ance for the presence of calcifi cations (Fig.  6.3 ). 
The dural attachment, in most cases, is not visible 
since it is anterolateral. The spinal cord and root-
lets are visible and displaced to the opposite side.

6.5.2.2        Schwannomas 
 Intradural schwannomas present as ovular, cir-
cumscribed, mildly hyperechoic lesions, though 
less homogeneous as compared to meningiomas 
(due to the presence of some microcystic areas). 
In these lesions, the spinal cord is often displaced 

anterolaterally and contralaterally, but in some 
cases, the nerve rootlets appeared stretched pos-
terior to the lesion (Fig.  6.4 ).

   The arachnoidal interface between the tumor 
and the spinal cord is usually intact and visible as 
a bright hyperechoic thin line, except for some 
cases such as large schwannomas or a melanotic 
schwannoma. This is due to disruption of the 
arachnoid plane by the tumor.  

6.5.2.3     Filum Terminale Ependymomas 
 Ependymomas arising from cauda equina struc-
tures are quite different from intramedullary ones. 
On B-mode examination, they usually show a 

  Fig. 6.3    Sequence showing axial ( a – d ) B-mode scans of 
a meningioma ( star ) that appears capsulated, homoge-
neous, and roundly shaped. The spinal cord is pushed 

anteriorly and laterally ( arrow ), with distortion of the 
arachnoidal structure (which is not recognizable due to 
the presence of the lesion)       
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clear demarcation from the surrounding nerve 
tracts, with a homogeneous signal intensity: they 
usually are hyperechoic as compared to myelin. 
Usually no cystic areas or necrosis is present.   

6.5.3     Intramedullary Tumors 

 Intramedullary tumors are usually distinguishable 
from their extramedullary counterparts. They usu-
ally appear variably hyperechoic when compared 
to the spinal cord, with a circumscribed and homo-
geneous aspect, sometimes with intralesional or 
perilesional cysts or dilation of the central ependy-
mal canal. The spinal cord, if normal, usually 
appears hypoechoic and homogeneous. At times, it 
can appear as hyperechoic due to the presence of 
tissue edema; in these cases, it may be diffi cult to 
distinguish between the lesion and the surrounding 
compressed and/or infi ltrated spinal cord. 

 Some intramedullary tumors such as heman-
gioblastoma or ependymomas have a typical 
appearance, including cystic intratumoral or peri-
tumoral structures. These are expression of the 
inherent nature of the underlying tumor, whereas 
other times may represent areas of cystic degen-
eration within a solid tumor. Hemorrhagic 

 material or proteinaceous material may give a 
relatively hyperechoic appearance to these cystic 
tumors. However, tumor-related syrinx could 
also be present and be diffi cult to distinguish 
from peritumoral cysts. In general, the septations 
within tumor-derived cysts are thicker and more 
nodular compared to the thin septations that may 
be seen with a syrinx (Fig.  6.5 ).

   Otherwise, intramedullary gliomas refl ect, also 
sonographically, their histopathological character-
istics. Due to their glial origin, it can be very diffi -
cult to distinguish them from medullary tissue. 

 If lesions are deeply embedded into the spinal 
cord and do not emerge on its surface, is neces-
sary to perform a myelotomy along the posterior 
sagittal sulcus, which not always is clearly dis-
cernible. In these intramedullary cases, IOUS is 
used to correctly place the myelotomy, thus mini-
mizing spinal cord manipulation. In other cases, 
for example, with gliomas, the tumor appears 
isoechoic to the spinal cord and the surface 
between tumor and myelin is not clearly recog-
nized. The surgical procedure can be limited to 
performing an internal decompression and 
obtaining a specimen for histopathological 
 examination; IOUS represents a guide for obtain-
ing pathological tissue specimen. 

  Fig. 6.4    Thoracic schwannoma: IOUS scan identifi es the 
tumor ( star ) compressing the surrounding spinal cord, 
which appears slightly enlarged and hyperechoic due to 
spinal cord edema; tumor-myelinic structures interface is 
still identifi able ( triple arrows )       

  Fig. 6.5    Syrinx or peritumoral cyst? In general, the sep-
tations within tumor-derived cysts are thicker and more 
nodular compared to the thin septations ( arrows ) that 
maybe seen with a syrinx, in case of intramedullary 
lesions       
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6.5.3.1    Ependymomas 
 Intramedullary ependymomas appear hyper-
echoic as compared to neural tissues, with a cir-
cumscribed homogeneous aspect. They are 
usually associated to some small/microcystic 
polar areas, sometimes to syrinx (Fig.  6.6 ).

6.5.3.2       Hemangioblastomas 
 Hemangioblastoma is a highly vascular intra-
medullary lesion that could also extend into the 
intradural space as well. It may be superfi cial 
while in other cases may present deeply embed-
ded within the spinal cord. It appears hyper-
echoic with a nodular, homogeneous aspect, 
often with perilesional cyst and macrocystic 
appearance. An associated syrinx could be pres-

ent and diffi cult to distinguish from tumoral 
cysts (Fig.  6.7 ).

6.5.3.3       Cavernomas 
 Intramedullary cavernous malformations are 
very rare lesions. Cavernomas have a highly 
hyperechoic presentation, with microcystic and 
microcalcifi cation areas (Fig.  6.8 ). They appear 
less circumscribed with respect to other intra-

  Fig. 6.6    Intramedullary ependymoma ( star ). Axial ( a ) and sagittal ( b ) IOUS fi ndings show the enlarged spinal cord 
( thick arrows ) without apparent cord edema. The central ependymal canal is also well demonstrated with IOUS       

  Fig. 6.7    Axial B-mode scan of a hemangioblastoma, 
depicting an ovalar lesion ( star ) surrounded by cystic cav-
ity with septations ( thin arrow ). The spinal cord ( thick 
arrow ) appears quite hyperechogenic, due to the edema       

  Fig. 6.8    Axial visualization of intramedullary cavernoma 
( star ), embedded into the spinal cord that appears 
hypoechoic. Cavernomas usually have a highly hyper-
echoic presentation, with microcystic and microcalcifi ca-
tion areas. Other structures are visible: the dura mater 
( arrowhead ), posterior rootlets ( thin arrow ), and dentate 
ligament ( thick arrow )       
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medullary lesions like hemangioblastoma. 
Cavernomas may be superfi cial, right on the sur-
face of the spinal cord, and other times embedded 
into the spinal cord and covered by myelinic 
structures. It is at times possible to detect rem-
nants of hemosiderin along the resection line, due 
to intralesional bleeding.

6.5.3.4       Astrocytomas 
 Astrocytomas are highly infi ltrative and some-
times hypervascular tumors. Due to their origin 
from the glia, it can be very diffi cult to distin-
guish them from the surrounding spinal cord. 

Usually, the border between intact myelin and 
tumor is not sonographically evident. The spinal 
cord appears enlarged. This kind of lesions usu-
ally appears with fi ne, granular hyperecho-
genicity and blurred margins. In such case, IOUS 
guides to obtain specimen for intraoperative his-
topathological examination (Fig.  6.9 ).

         Conclusions 

 IOUS appears to be a fast, safe, and economic 
tool and represents a real-time dynamic proce-
dure that can be performed during spinal 
tumor surgery. 

  Fig. 6.9    Axial ( a ,  b ) and sagittal ( c ,  d ) scans of intramed-
ullary low-grade astrocytoma ( star ). The lesion, highly 
infi ltrative, appears with fi ne, granular hyperechogenicity 

and blurred margins. The border between intact myelin 
and tumor is not evident. The spinal cord is enlarged. 
Some intratumoral cysts are evident ( arrows )       
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 This technique allows full evaluation of the 
lesion before dural opening and adds valuable 
real-time information in regard to the ana-
tomic relationships between the tumor and the 
surrounding neural and vascular tissues. 

 IOUS also allows to tailor the extension of 
the neurosurgical approach to the true extent of 
the tumor. This avoids further bone removal 
while the dura is already opened with the edema-
tous spinal cord protruding through the opening, 
thus avoiding possible surgical complications. 

 IOUS could  be helpful in adapting and 
maybe reducing the extent of myelotomy in 
cases of intramedullary tumors, reducing 
unnecessary spinal cord manipulation. 

 The evaluation of the anatomy underneath 
the surface of the surgical fi eld may improve 
the  surgical strategy. This facilitates neural 
and vascular structure manipulation and ulti-
mately the surgical removal of the lesion.     
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      Intraoperative Findings 
in Peripheral Nerve Pathologies                     

     Ralph     W.     Koenig     ,     Jan     Coburger     , 
and     Maria     Teresa     Pedro   

7.1             Introduction 

 For many years, intraoperative B-mode ultra-
sound has been part of the clinical routine in cra-
nial and spinal neurosurgery, mainly for 
localization and resection control [ 3 ,  4 ,  21 ,  24 ]. 
In peripheral nerve surgery, intraoperative appli-
cation of ultrasound did not play any role so far, 
primarily because of the technical demands war-
ranted to visualize peripheral nerves and periph-
eral nerve pathologies. Nowadays, as a 
consequence of an ongoing software and trans-
ducer development, high-frequency, high- 
resolution ultrasound of peripheral nerves from 
its fi rst description by Fornage [ 9 ] became a 
highly versatile tool in the diagnostic work-up of 
peripheral nerve pathologies: entrapment, 
trauma, tumor, and neuropathies [ 13 ,  22 ]. 

 The fi rst intraoperative application of high- 
resolution ultrasound in peripheral nerve surgery 
was described by Lee et al. [ 17 ]. Usage was 
mainly limited to correct localization of different 
nerves and nerve pathologies and based on this, 
planning of the surgical approach and skin inci-

sion. Thereafter, our study group [ 14 ] described a 
technique for direct intraoperative high- resolution 
ultrasound of exposed peripheral nerves, taking 
advantage of its tissue differentiating properties 
to assess the type and degree of neural fi brosis in 
traumatic nerve lesions.  

7.2     Clinical Application 

7.2.1     Localization and Planning 
of Surgical Approach 

 Exposure of peripheral nerves especially in 
trauma and tumor surgery so far was character-
ized by extensive surgical exposures. The main 
reason for this was a lack of morphological infor-
mation about the affected nerve, especially in 
traumatic nerve surgery. Even with continuous 
improvements in peripheral nerve imaging, 
mainly MRI and high-resolution ultrasound [ 1 ,  6 , 
 13 ,  20 ,  23 ], transposing the imaging information 
into the operative situs turns out to be diffi cult 
frequently. Therefore, implementation of high- 
quality imaging in peripheral nerve surgery 
together with endoscopic techniques [ 11 ,  16 ] 
allowed targeted approaches and exposures of 
peripheral nerves. These developments in nerve 
surgery led to tailored surgical exposures with 
the advantage of less tissue trauma. 
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  Case 7.1 (See Fig.  7.1a–c ) 
    A 22-year-old female patient presented with typi-
cal radial nerve palsy after humerus fracture with 
consecutive nailing 3 months ago. She presented 
with a complete drop hand and missing clinical and 
electrophysiological signs of spontaneous recov-
ery. On preoperative ultrasound, a major nerve 
lesion could be excluded; there was suspicion of 
circumscribed radial nerve compression at the dis-
tal end of the spiral groove, due to an exophytic 
bone spur. With the aid of intraoperative ultra-
sound, the affected nerve segment could be exposed 
via a tailored surgical approach centered over the 
conspicuous area. The nerve was found to be 
adherent at the bone spur and markedly scarred. 
After external microsurgical neurolysis, intraoper-
ative CNAPs (compound nerve action potentials) 
could be recorded over the affected nerve segment. 
Thus, further spontaneous regeneration could be 
expected, and nerve grafting was not required.   

7.2.2     Tissue Differentiation 
in Trauma and Tumor Surgery 

 The unsurpassed spatial resolution of high- 
frequency linear-array ultrasound allows for 
depiction of least tissue details in peripheral 
nerves, e.g., its internal structure, epineurium, and 
fascicles [ 12 – 14 ,  18 ]. Due to its restricted tissue 
penetration, this tissue differentiating property of 
high-frequency ultrasound can only be utilized in 
superfi cially located nerves. In order to overcome 
these technical restrictions, direct examination of 
surgically exposed peripheral nerves was devel-
oped [ 14 ]. For this, the nerve segment involved is 
externally neurolysed and embedded in sterile 
ultrasound gel cushions, which serve as an offset 
spacer. In near-fi eld ultrasound (e.g., in dermatol-
ogy), offset spacers are routinely used to bring the 
objects into the optimal distance to the probe 
aperture. Thereby, image quality is improved. 

a b

c

  Fig. 7.1    ( a – c ) ( a ) Preoperative cross-sectional ultra-
sound (17–5 MHz linear array probe) depicting the radial 
nerve adjacent to a bony spur. ( b ) Intraoperative photo of 
the affected upper arm before sterile draping. The area of 
interest ( red circle ) was localized using intraoperative 

ultrasound;  white arrows  pointing out the preexisting 
scars after humerus nailing. ( c ) Intraoperative microscope 
image after tailored approach centered over the suspicious 
nerve segment: radial nerve markedly scarred to the 
humeral bone spur (black circle)       
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Furthermore, those gel cushions serve as an excel-
lent couplant, and deformation artifacts induced 
with direct application of the transducer on the 
nerve are reduced (Fig.  7.2 ).

7.2.2.1       Trauma 
 Neuromas-in-continuity account for the most fre-
quent traumatic peripheral nerve lesions [ 10 ]. 
Their management is often challenging, espe-
cially in cases with partial functional recovery. 
Often the extent of nerve damage cannot be 
assessed preoperatively. Even with surgical expo-
sure and palpation of the affected nerve segment, 
correct assessment of the underlying injury 
remains diffi cult, as nerve lesions of similar exter-
nal appearance might harbor completely different 
pathological features: complete lesions which 
have to be resected and grafted or lesions that 
contain enough prevailing conducting fascicular 
structures to enable spontaneous functional regen-
eration. Intraoperative high-resolution ultrasound 
enables nerve surgeons to have a look inside the 
damaged nerve segment [ 14 ] and to judge their 
injury based on changes in the outer diameter, 
assessment of internal architecture, and extent of 
fi brosis. A simple classifi cation system derived 
therefrom shows very high correlation with intra-
operative nerve-action-potential recordings and 

histopathology and therefore serves as decisive 
support for the intraoperative management of 
neuromas-in-continuity (Table  7.1 ).

    Case 7.2 
 A 70-year-old lady fractured her right elbow and 
suffered an incomplete median nerve lesion. She 
presented 5 months after trauma. Despite intensive 
physiotherapy, spontaneous recovery was unsatis-
fying, although she was able to fl ex her index fi n-
ger (fl exor digitorum superfi cialis Dig II., M4). 
After surgical exposure, the median nerve was 
found partially lesioned. An ultrasound- guided 
intraneural dissection led to resection and grafting 
of partial neuroma-in- continuity. Intact nerve fas-
cicles correlating to the preserved function after 
trauma were spared (Figs.  7.3  and  7.4 ).

7.2.2.2          Tumors 

 There is a certain dilemma associated with the pre-
operative diagnosis of peripheral nerve tumors and 
tumor-like lesions. Even differential diagnosis 
between the most common peripheral nerve 
tumors [ 15 ], schwannomas and neurofi bromas, is 
not as trivial as it fi rst appears. Especially differen-
tiation from malignant peripheral nerve sheath 
tumors (MPNST) despite advanced imaging 
modalities like MR neurography and PET is not 
possible yet [ 2 ,  5 ,  7 ,  8 ]. But since their clinical and 
surgical management differs widely, direct intra-
operative high-resolution ultrasound with its tissue 
differentiating properties may support the intraop-
erative surgical decision-making process. So far, 
only preliminary experience concerning intraop-
erative high-resolution and contrast- enhanced 
ultrasound (CEUS) in peripheral nerve tumor sur-
gery is available. But according to our limited 
experience so far, ultrasound, especially CEUS, 
might be an additional piece in the mosaic to help 
at least intraoperative differentiation between 
benign and malignant tumors [ 19 ]. Therefore, 
besides intraoperative localization and approach 
planning, ultrasound might be able to give decisive 
information about the nature of the underlying 
pathology of nerve tumors or tumor-like lesions. 

  Fig. 7.2    Intraoperative photo illustrating the technique of 
intraoperative ultrasound of peripheral nerves. Scanning 
of the median nerve at right upper arm level. The nerve is 
embedded in a gel cushion. The high-frequency linear 
array ultrasound (15–7 MHz, linear array, hockey stick, 
small footprint) probe is directly applied on the nerve       
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a

c

b

  Fig. 7.3    ( a – c ) Intraoperative microscopic images illus-
trating the surgical steps in case 2: ( a ) median nerve 
retracted into the humeral fracture gap. ( b ) After external 

neurolysis, the nerve is in continuity. ( c ) After interfas-
cicular dissection, resection of partial neuroma in continu-
ity and preparation for split repair       

a

c d

b

  Fig. 7.4    ( a – d ) Intraoperative ultrasound (15–7 MHz lin-
ear array probe) case 2: ( a ) median nerve after external 
neurolysis, embedded in sterile hydrogel. Proximal to the 
lesion: depiction of typical honeycomb-like fascicular 
nerve structure. ( b ) Proximal nerve segment adjacent to 

the lesion: enlarged cross section, signs of epineural fi bro-
sis and irregular intrinsic echotexture. ( c ) Over the lesion: 
partial neuroma ( white arrow ) beneath some intact fas-
cicular structures ( red arrow ). ( d ) Intact nerve structure 
distal to the lesion       
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  Example 1 
 Schwannoma of the tibial nerve at the popliteal 
fossa (Fig.  7.5a–b )

a b

  Fig. 7.5    ( a – b ) ( a ) Intraoperative photo: surgical site of 
tibial nerve schwannoma exposed at the level of the popli-
teal fossa. ( b ) Corresponding longitudinal section of intra-
operative ultrasound (17–5 MHz linear array probe) 

depicting the typical appearance of a schwannoma: an 
isoechogenic to hypoechogenic tumor, often with cystic 
components ( white circle ). The nerve fascicles passing 
marginal to the tumor ( white arrows )       
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a b

  Fig. 7.6    ( a – e ) ( a ) Intraoperative photo of right leg at the 
level of the poplitea. Planned skin incision for peroneal 
nerve exposure. ( b ) Intraoperative ultrasound (17–5 MHz, 
linear array probe) at distal thigh depicting the peroneal 
( white arrow ) and tibial ( red arrow ) nerve with normal 
echotexture. ( c ). Intraoperative ultrasound at popliteal 
level. Cross section of the peroneal nerve appears mark-
edly enlarged; one hypoechogenic, swollen fascicle is 

noticeable ( white arrow ), while the remaining nerve 
appears normal ( yellow arrow ). Medially, the tibial nerve 
is depicted ( red arrow ). ( d ) Intraoperative ultrasound at 
the level of the fi bula with intact fascicular structure of 
perineal nerve ( white arrow ). ( e ) Intraoperative photo 
demonstrating the corresponding enlarged fascicle after 
interfascicular dissection. Histopathological examination 
revealed an amyloidoma         

     Example 2 
 Amyloidoma of the peroneal nerve (Fig.  7.6a–e )

c d

e
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     Example 3 
 Example of MPNST of the sciatic nerve 
(Fig.  7.7a, b )
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      Multimodal Imaging in Glioma 
Surgery                     

     Andrej     Šte o      ,     Carlo     Giussani    , and     Matteo     Riva   

8.1             Neuronavigation 
and Intraoperative Magnetic 
Resonance Imaging 
in Glioma Surgery 

 Maximal safe resection positively infl uences 
prognosis of patients harboring infi ltrative brain 
gliomas; the extent of tumor resection was proven 
to be a signifi cant predictor of survival both in 
grade II gliomas (low-grade gliomas) and in grade 
III and IV gliomas (high-grade gliomas) [ 1 ,  2 ]. 
However, resections of these tumors are faced 
with the problem of macroscopic similarity of 
gliomas and the normal brain [ 3 ]. This problem is 
prominent mostly in grade II gliomas, which can 
be macroscopically “invisible” [ 3 ], despite the 
magnifi cation of surgical microscope. 

 Because gliomas are usually well visualized 
by magnetic resonance imaging (MRI), neuro-
navigation utilizing preoperative 3D MRI 
sequences is used in many centers in order to 
localize the tumor tissue (Fig.  8.1 ) [ 4 – 10 ]. Several 

different neuronavigation systems based on simi-
lar principle have been developed in the last 
decades. Briefl y, after the head of the patient is 
fi xed on the surgical table, the position of the head 
is co-registered together with the preoperative 
MRI image set; subsequently, the tip of a specifi c 
pointer (which is recognized by the neuronaviga-
tion system) is virtually reproduced on the preop-
erative MRI images. A signifi cant impact of 
neuronavigation to achieve gross total resection of 
malignant brain gliomas was shown by retrospec-
tive analyses presented by Kurimoto et al. [ 5 ] and 
Wirtz et al. [ 4 ]. However, the prospective random-
ized study performed by Willems et al. failed to 
show any benefi t of neuronavigation during resec-
tions of solitary intracerebral contrast-enhancing 
tumors as compared to standard surgery without 
neuronavigation [ 11 ]. One plausible explanation 
for the negative result might be the limited accu-
racy of neuronavigation, which is suffi cient only 
before the brain-shift occurs, i.e., before the tumor 
resection. During the surgical procedure, the loss 
of cerebrospinal fl uid, the progressive tumor 
removal, the use of retractors, and the brain edema 
constantly produce a shift of the position of brain 
structures, making the neuronavigation system so 
imprecise that it is no longer reliable [ 12 ]. 
Intraoperative imaging techniques – intraopera-
tive MRI (iMRI) and navigated 3D-ultrasound – 
represent the solution to this problem, as they 
allow an update of the neuronavigation data dur-
ing the surgical procedure.
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   Over the last 15 years, intraoperative magnetic 
resonance imaging (iMRI) gained increased 
attention as the fi rst choice in intraoperative 

imaging. Starting from 0.5 T magnets, the iMRI 
evolved in two directions: (ultra)low-fi eld iMRI 
and high-fi eld iMRI. Ultralow-fi eld usually refers 

  Fig. 8.1    ( a ) Oligodendroglioma grade II well depicted 
by preoperative 3D FLAIR MRI sequence, which was 
used for neuronavigation. ( b ,  c ) Neuronavigation had to 
be used to identify the tumor tissue, as it was not distin-
guishable from the surrounding brain (despite infi ltration 

of the cortex).  Arrow : tip of the pointer.  Numbers : poste-
rior (pseudo)border of the tumor.  Interrupted yellow line : 
whole cortical part of the tumor (identifi ed by neuronavi-
gation). Surgery performed at the Department of 
Neurosurgery in Bratislava       
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to systems of 0.2 T or less, low-fi eld to systems 
of around 0.5 T, and high-fi eld to systems of at 
least 1.5 T. 

 Since the introduction of iMRI, different 
reports have been published supporting the util-
ity of iMRI-guided surgery and its positive 
impact on extent of glioma resection (high-grade 
as well as low-grade gliomas) and patients sur-
vival using both low-fi eld and high-fi eld systems 
[ 13 – 21 ]. Despite the fact highlighted in two sys-
tematic reviews [ 22 ,  23 ] that only few studies are 
prospective and only one study is a randomized 
control trial, the evidence that iMRI has a posi-
tive infl uence in the treatment of patients with 
glioma is rather solid. In the solitary randomized 
controlled trial examining the impact of iMRI on 
extent of resection of glioblastoma patients pub-
lished by Senft et al. [ 21 ], 58 patients were ran-
domized to receive a standard versus 
iMRI-guided tumor removal, with an indepen-
dent masked neuroradiologist doing the evalua-
tion of preoperative and postoperative images. 
49 patients were analyzed and 9 patients were 
excluded because of non-glial (metastatic) tumor 
at histology or they refused to randomization. In 
the iMRI group, the intraoperative scanning 
showed a tumor remnant leading to a further 
tumor removal in 33 % of cases, and the total 
resection was achieved in 96 % of patients, 
which was signifi cantly higher comparing to 
68 % of the control group. On multivariate anal-
ysis, the extent of resection was the only factor 
that affected progression-free survival [ 21 ]. 

 In addition to the data confi rming positive 
impact of iMRI on extent of glioma resection, the 
ability of intraoperative imaging to compensate 
the brain-shift can undisputedly increase the 
safety of surgery – considering the fact that 
important structures such as eloquent tracts can 
shift up to 15 mm [ 24 ]. 

 However, besides clear benefi ts of iMRI, sev-
eral drawbacks should also be mentioned. First, 
image quality of low- and ultralow-fi eld systems 
is inferior comparing to high-fi eld iMRI [ 25 ] and 
that predominantly in low-grade gliomas [ 25 ] but 
also in some benign lesions, e.g., pituitary adeno-
mas [ 26 ]. Second, besides superior image quality, 
the implementation and maintenance costs of 

high-fi eld iMRI systems are much higher than in 
ultralow-fi eld and low-fi eld iMRI [ 25 ]; in addi-
tion, the costs of (ultra)low-fi eld iMRI systems 
are signifi cantly higher than in some other intra-
operative imaging modalities such as intraopera-
tive ultrasound [ 27 ]. Depending on the type of 
intraoperative MRI system, installation costs 
US$ 3–8 million [ 21 ]. Third, though high-fi eld 
iMRI systems (unlike low-fi eld systems) allow to 
perform advanced imaging techniques as diffu-
sion tensor imaging and intraoperative tractogra-
phy [ 28 ], the intraoperative reconstruction of 
white matter tracts is not always realizable [ 29 ]; 
electrophysiological neuromonitoring of elo-
quent subcortical structures is still the gold stan-
dard not replaceable by iMRI [ 29 ]. Last and most 
importantly, the prolongation of surgical proce-
dure is signifi cant when iMRI systems are used 
[ 30 ]. Despite that the acquisition times of high- 
fi eld iMRI are shorter compared to low-fi eld sys-
tems, for a proper evaluation, it is necessary to 
take into account not only the time necessary for 
performing the scans but also the prolonged time 
for patients’ preparation before the surgical inci-
sion. If the whole occupation time of the  operating 
room is considered, the difference between 
iMRI-guided and standard surgery increases 
about 60 min [ 21 ]. Obviously, if more than one 
iMRI scan is needed, the procedure is further sig-
nifi cantly prolonged. 

 In view of these points, other alternative meth-
ods for intraoperative imaging and faster update 
of neuronavigation data may be considered, espe-
cially for guidance of procedures with limited 
surgical time, such as awake resections (AR) of 
brain gliomas.  

8.2     Intraoperative Ultrasound 
in Glioma Surgery 

8.2.1     Intraoperative 2D-Ultrasound 
in Glioma Surgery 

 In the early 1980s, the intraoperative use of 
B-mode 2D-ultrasound was introduced in order 
to visualize glioma tissue during neurosurgical 
procedures [ 31 ]. After more than 30 years of use, 

8 Multimodal Imaging in Glioma Surgery



84

2D-ultrasound was proven to be a valuable, truly 
real-time intraoperative imaging tool that can 
guide neurosurgeons in decision making and sur-
gical planning [ 32 ]. 

 Despite signifi cant benefi ts of 2D-ultrasound 
during glioma surgery however, several pitfalls 
were recognized that prevented 2D-ultrasound 
from becoming a major breakthrough [ 33 ]. 

  Image quality     The main disadvantage of older 
2D-ultrasound systems was low image quality 
[ 34 ], due to poor spatial resolution and dynamic 
range. Differentiation of various brain structures 
was challenging and required extensive experi-
ence. Nevertheless, the imaging quality is cer-
tainly infl uenced by the ultrasound system used, 
and many new ultrasound systems have much 
improved quality. One of the improvements to 
image quality is due to the ability of modern 
ultrasound systems to electronically and dynami-
cally tune the frequency range of the imaging 

probe [ 35 ]. Higher frequency means better reso-
lution, i.e., a better ability to differentiate two tar-
gets as separate objects [ 35 ]. High-frequency 
linear array ultrasound showed a signifi cant ben-
efi t for residual glioblastoma detection in com-
parison with the lower-frequency curved array 
ultrasound [ 36 ]. For low-grade gliomas, the accu-
racy of residual tumor detection is comparable to 
high-fi eld intraoperative MRI when a high- 
frequency ultrasound linear probe is used [ 37 ]. 
However, the drawback of high-frequency probes 
is the reduced penetration of acoustic waves in 
the tissue [ 35 ]. As recommended by Unsgaard 
et al. [ 38 ], to obtain the best image, different 
probes should be used for imaging of lesions 
localized in different depths (Fig.  8.2 ). A 5 MHz 
(4–8 MHz) probe gives optimal image quality at 
a distance of 2.5–6 cm from the probe, while for 
superfi cial lesions ,a 12 MHz linear probe is ideal 
as it produces the best image quality for the fi rst 
few millimeters down to a depth of 4 cm [ 38 ].

  Fig. 8.2    Bicentric grade II 
astrocytoma.  Upper row : 
Visualization of the 
superfi cial tumor with 
12 MHz linear probe. Note 
that the sulcus under the 
tumor ( red arrow ) is not 
visible on 1.5 T 3D-FLAIR 
sequence.  Lower row : 
Visualization of the deeper 
tumor with 8 MHz phased 
array probe. Note distinct 
visualization of the (pseudo)
border between the deeper 
tumor and corpus callosum. 
Surgery performed at the 
Department of Neurosurgery 
in Bratislava       
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    As evaluated by histopathology, a high-end 
intraoperative ultrasound system was proven to 
depict glioma (pseudo)borders at least as good as 
a T2-weighted MRI image and better than a 
T1-weighted MRI image [ 39 ]. Both low-grade 
and high-grade glioma tissue are well visualized 
by ultrasound [ 39 – 42 ]; however, in patients who 
had received radiotherapy, the quality of imaging 
may decrease [ 42 ]. 

  Artifacts     A well-known drawback of every 
ultrasound device is ultrasound artifacts [ 43 – 45 ]. 
The most prominent problem is the acoustic 
enhancement artifacts (AEAs) that appear at the 
bottom of the resection cavity after some tumor 
debulking [ 40 ,  46 ], when ultrasound penetrates 
through a higher column of water (saline). The 
appearance of AEAs is due to a large difference 
between a very low attenuation of acoustic waves 
in saline and high attenuation of acoustic waves 
in brain tissue [ 46 ,  47 ]. The ultrasonic depiction 
of medial tumor borders after some tumor deb-
ulking may therefore be problematic [ 44 ]; AEAs 
may even preclude the detection of tumor rem-
nants at the bottom of the resection cavity. 
However, there are several methods available to 
differentiate between AEAs and tumor remnants 
and estimate the extent of resection.  

 The fi rst possibility is simply to move the 
probe. In real-time 2D-ultrasound, the location of 
the AEAs in the image will move when the probe 
is moved or altered in position and angle [ 46 ]. 

 Another possibility to indirectly distinguish 
AEAs and residual tumor is comparison between 
pre-resectional and updated ultrasound image, 
performed during or after resection. If the hyper-
echoic area is localized in a region where no 
tumor was present before the resection, it is most 
probably not a tumor remnant [ 48 ]. 

 AEAs may be minimized also by inserting a 
miniature ultrasound probe into the resection 
cavity [ 36 ,  40 ,  46 ,  48 ,  49 ]. By doing so, the col-
umn of water between the tip of the miniature 
probe and scanned tissue at the bottom of resec-
tion cavity is smaller than when scanning with a 
larger probe placed on the brain surface. 
Shortening the column of water reduces the 
AEAs at the bottom of resection cavity; the struc-

tures in the medial part of resection cavity can be 
distinctly depicted (Fig.  8.3 ).

   A new potential possibility of minimizing the 
AEAs is by utilizing the artifact-reducing acous-
tic coupling fl uid. This fl uid was developed 
recently by the group of G. Unsgaard [ 46 ,  47 ]. 

  Fig. 8.3    Small temporal grade II oligodendroglioma. ( a ) 
Initial ultrasound image scanned from the dural surface 
fused with the preoperative navigation MRI. ( b ) 
Ultrasound scan performed from the dural surface after 
the tumor resection. Note distinct depiction of brain struc-
tures alongside the resection cavity and the bright artifact 
at the bottom of the resection cavity ( arrows ). ( c ) 
Ultrasound image acquired with mini-probe inserted 
within the resection cavity. Note minimization of the arti-
fact; no tumor remnant is present. Surgery performed at 
the Department of Neurosurgery in Bratislava       
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Because the coupling fl uid attenuates ultrasound 
energy like normal brain tissue, the AEAs are 
minimized. A phase 1 clinical study where dif-
ferent concentrations of the acoustic coupling 
fl uid are being tested in selected patients is 
ongoing [ 47 ]. 

  Oblique views     Most neurosurgeons have exten-
sive experience with the interpretation of MRI 
images in three orthogonal planes – axial, coro-
nal, and sagittal. However, they usually have little 
or no experience with the interpretation of intra-
operative 2D-ultrasound views that are mostly 
oblique [ 50 ]. In addition, an ultrasound probe has 
a limited fi eld of view; it is possible to evaluate 
only a section of brain tissue during real-time 
2D-ultrasound scanning. Due to this reason, the 
orientation problem has always been consider-
able for many surgeons [ 51 ]. The interpretation 
of 2D-ultrasound image is diffi cult particularly in 
areas with no cysts or ventricles visible [ 50 ]. 
Consequently, after introduction of frameless 
neuronavigation that shows brain and pathologi-
cal tissue in “classic” three orthogonal planes, 
many neurosurgeons preferred the use of naviga-
tion for glioma surgery guidance [ 4 – 10 ]. In addi-
tion, unlike 2D-ultrasound, neuronavigation is 
effective also in planning the craniotomy place-
ment. On the other hand, because navigation can 
become signifi cantly inaccurate after the occur-
rence of brain-shift [ 28 ], the intraoperative utili-
zation of 2D-ultrasound, which is a real-time 
imaging device, continued in numerous centers 
[ 52 – 57 ].   

8.2.2     Navigated 3D-ultrasound 
in Glioma Surgery 

 In order to merge the advantages and overcome 
the disadvantages of both stand-alone 
2D-ultrasound and neuronavigation devices, 
some groups have connected ultrasound scan-
ner to conventional neuronavigation, digitized 
the analog video signal from the scanner, and 
displayed a real-time 2D-ultrasound image on 
the navigation computer side by side with the 
corresponding MRI slice [ 58 – 60 ]. This solution 

simplifi ed the interpretation of ultrasound 
imagery and allowed quantifi cation of brain-
shift [ 61 ]. 

 Nevertheless, a major step forward presented 
later was the integration of neuronavigation and 
ultrasound devices based on a digital interface 
between the ultrasound scanner and the naviga-
tion computer. Such integration was the basis for 
the development of navigated 3D-ultrasound – a 
system that enables neuronavigation using 
3D-ultrasound data as well as preoperative MRI 
[ 61 ]. Modern navigated 3D-ultrasound devices 
dedicated to neurosurgery allow intraoperative 
ultrasound image rendering in three orthogonal 
planes and automatic fusion with navigation MRI 
sequence. By combining frameless navigation 
with 3D-ultrasound, these systems solve the most 
prominent drawbacks of 2D-ultrasound and con-
ventional neuronavigation – namely, the orienta-
tion and brain-shift problems [ 51 ]. Rendering the 
ultrasound image in axial, coronal, and sagittal 
planes makes the recognition of normal and gli-
oma infi ltrated brain structures much more easy 
[ 62 ] (Fig.  8.4 ). In addition, navigated 
3D-ultrasound provides almost real-time imag-
ing and allows re-scanning of the operating fi eld 
as often as necessary [ 51 ].

   3D-ultrasound devices allow for a more 
straightforward way of dealing with the arti-
facts. These systems allow comparison of pre- 
resectional and updated images in all three 
planes; based on this comparison, it is possible 
to indirectly evaluate the presence or absence 
of glioma remnants (Fig.  8.5 ). In the case 
where a 3D-ultrasound device equipped with a 
miniature probe is used, the 3D-ultrasound 
data can be acquired with the mini-probe 
inserted into the resection cavity (Figs.  8.5  and 
 8.6 ). This method was presented by Steno et al. 
[ 40 ] and its effi cacy was confi rmed by the 
group of G. Unsgaard [ 46 ].

    Another advantage of navigated 3D-ultrasound 
and 2D-ultrasound is the cost, which is signifi -
cantly lower than the price of intraoperative 
MRI. In addition, implementation of ultrasound 
into the operating room is easier, since no special 
infrastructural or instrumental adaptations are 
needed.  
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8.2.3     Intraoperative Ultrasound 
during Awake Resection 
of Brain Gliomas 

 Diffuse gliomas may infiltrate and incorpo-
rate functionally important brain structures 
[ 63 ,  64 ], which makes the resection of tumors 
localized to eloquent areas challenging. 
Despite the progress in visualization of elo-
quent cortex and white matter tracts by func-
tional MRI and tractography based on 
diffusion tensor imaging, these  modalities are 
not fully reliable in identifying the eloquent 
structures, especially in cases where they are 
infiltrated by a glioma [ 65 – 68 ]. Therefore, 
when gliomas grow within or adjacent to elo-
quent regions, intraoperative electrophysio-
logical monitoring of integrity and function of 
these structures is mandatory. 

 Direct electrical stimulation during AR of 
gliomas is currently considered to be the gold 
standard for the identifi cation and preservation of 
language pathways [ 69 ]; this methodology is 
effective also in cases when functional pathways 
infi ltrated by glioma cannot be displayed by trac-
tography [ 65 ]. Direct electrical stimulation dur-
ing AR is also a useful form of brain mapping of 
the language cortex [ 52 ], motor cortex and path-
ways [ 44 ,  70 ], visual cortex and pathways [ 40 , 
 71 ,  72 ], etc. 

 Despite the fact that eloquent cortical and sub-
cortical structures can be reliably identifi ed by 
direct electrical stimulation and preserved during 
awake surgeries, this method is not able to iden-
tify glioma tissue. Therefore, like in the surgeries 
performed under general anesthesia, conven-
tional neuronavigation and/or 2D-ultrasound is 
used in many centers during AR in order to local-

  Fig. 8.4    Right-sided insular astrocytoma.  Left column : 
Preoperative contrast-enhanced 3D T1 MRI navigation 
sequence.  Middle column : 3D-ultrasound image acquired 
with 12 MHz linear probe fused with navigation 
MRI. Note better visualization of superfi cial structures. 

 Right column : 3D-ultrasound image acquired with 8 MHz 
phased array probe fused with navigation MRI. Note bet-
ter visualization of deep structures. Surgery performed at 
the Department of Neurosurgery in Bratislava       
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ize glioma tissue [ 6 – 10 ,  52 – 56 ,  73 ]. Nevertheless, 
as mentioned before, the accuracy of neuronavi-
gation is limited due to the brain-shift [ 28 ], and 
2D-ultrasound is prone to image interpretation 
diffi culties, especially after some tumor tissue 
debulking [ 43 – 45 ]. Due to these drawbacks, 
intraoperative MRI [ 30 ,  74 – 81 ] or navigated 
3D-ultrasound [ 40 ,  49 ,  82 ] is used in several cen-
ters during AR of eloquently localized gliomas. 
Both methods enable distinct visualization of 
normal and pathological tissue, as well as intra-
operative update of neuronavigation data and 
brain-shift compensation, which is critical for 
further course of the surgery. 

 The most prominent problem of AR is the lim-
ited time of the surgery due to patient fatigue 
[ 83 ]. Despite the described successful course of 
AR lasting up to 9 h [ 84 ], some patients can 
become tired within 1–2 h of resection [ 85 ]. In 
such cases, patients often demonstrate slowness 
in their language in the last stages of resection, 

and it is not easy to differentiate language distur-
bances due to fatigue from the fact that the resec-
tion has interfered with language pathways [ 83 ]. 

 Because the duration of AR is limited, intraop-
erative imaging modality used during these proce-
dures should apart from distinct depiction of 
normal and pathological structures also allow fast 
update of navigation data. In this regard, 
3D-ultrasound represents a very well-balanced 
intraoperative imaging modality. In addition to 
high- quality visualization of brain and tumor tis-
sue, intraoperative data update may be repeatedly 
performed during the whole course of AR. Usually, 
the 3D-ultrasound navigation data update takes 
only 2–3 min [ 61 ], and therefore, the prolongation 
of the surgery is acceptable even in cases when 
several navigation data updates are needed. 

 Another important benefi t of 3D-ultrasound is 
the possibility of intraoperative 3D visualization 
of normal and pathological vessels by power 
Doppler. According to the experiences gained 

  Fig. 8.5    Right-sided frontal grade II astrocytoma.  Left 
column : Initial 3D-ultrasound image scanned from the 
dural surface fused with the preoperative navigation MRI 
showing a right-sided frontal grade II astrocytoma.  Middle 
column : 3D-ultrasound scan performed from the dural 
surface during the resection. Note the hyperintensity at the 
bottom of the resection cavity;  yellow arrows,  corpus cal-
losum and  red arrows , inferior part of the right frontal 

lobe. Because these structures were not infi ltrated (see 
initial 3D-ultrasound scan), the hyperintensity should be 
evaluated as the AEAs and not as a tumor remnant.  Right 
column : AEAs were minimized by 3D-ultrasound data 
acquisition with a miniature probe inserted into the resec-
tion cavity; no hyperintense residual tumor is present at 
the bottom of the resection cavity. Surgery performed at 
the Department of Neurosurgery in Bratislava       
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during AR of insular gliomas performed in the 
Department of Neurosurgery in Bratislava, even 
lenticulostriate arteries may be visualized by 
navigated 3D-ultrasound (SonoWand Invite, 
SONOWAND AS, Trondheim, Norway) – 
unpublished data. Surprisingly, we were not able 
to fi nd similar observation in the literature. 
Nevertheless, intraoperative visualization of len-
ticulostriate arteries (Fig.  8.7 ) and evaluation of 
the distance between these perforators and the 
bottom of the resection cavity during removal of 
insular gliomas (Fig.  8.8 ) may be of fundamental 
importance as injury to these vessels usually 
results in a dense hemiplegia [ 44 ]. On the other 
hand, reliability of lenticulostriate artery visual-
ization by power Doppler is uncertain; a prospec-
tive study of this topic is needed. The future use 
of ultrasound contrast agents could probably 
 contribute to even better lenticulostriate artery 
visualization.

    A potential challenge before/during 
3D-ultrasound-guided AR may be the position-

ing of the patient. During scanning the operating 
fi eld with the ultrasound probe placed on the 
brain surface, the resection cavity has to be fi lled 
with saline [ 38 ]. If air becomes trapped in the 
resection cavity, the adequate visualization is 
usually compromised (Fig.  8.9 ). Therefore, the 
patient should be positioned so that the craniot-
omy plane is horizontal; in that way, saline will 
stay in the resection cavity. However, horizontal 
placement of the craniotomy in awake patients 
may be in some tumor locations diffi cult (e.g., in 
tumors growing close to the Rolandic area), as 
the patients’ position during AR has to be com-
fortable. In the Department of Neurosurgery in 
Bratislava, a “miniature dam” made from bone 
wax is usually used, in order to keep the saline 
within the resection cavity in cases when the cra-
niotomy is not placed horizontally (Fig.  8.10 ). 
Another possible solution in cases with non- 
horizontal placement of the craniotomy is inser-
tion of the hockey stick-shaped probe into the 
resection cavity [ 37 ].

  Fig. 8.6    3D visualization of tumor remnant.  Left column : 
Preoperative 3D T2 MRI navigation sequence showing a 
right-sided frontal grade II oligoastrocytoma.  Middle col-
umn : Initial 3D-ultrasound image scanned from the dural 
surface fused with the preoperative navigation MRI.  Right 

column : 3D-ultrasound image acquired via scanning with 
mini-probe inserted within the resection cavity; the AEAs 
were minimized. Center of the yellow cross: tumor rem-
nant in the corpus callosum. Surgery performed at the 
Department of Neurosurgery in Bratislava       
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8.2.4         Fluorescent Agents in Glioma 
Surgery, Combination 
with Intraoperative 
Ultrasound 

 Several authors have documented the use of 
sodium fl uorescein during malignant glioma sur-
gery, which has led to an increased number of 
complete resections [ 86 ,  87 ]. However, the data 
regarding the use of sodium fl uorescein are still 
sparse. Another drug allowing fl uorescence- 
based intraoperative identifi cation of tumor 

 tissue, 5-aminolevulinic acid (5-ALA), is used 
much more often. 

 Preoperative application of the 5-ALA leads 
to a preferential accumulation of its fl uorescent 
metabolite, protoporphyrin IX, in malignant gli-
oma cells. When illuminated under a blue light of 
wavelength λ = 400–410 nm, the protoporphyrin 
IX in the tumor glows an intense red, while the 
normal brain tissue appears blue [ 88 ]. The origi-
nal use of 5-ALA was in the intraoperative iden-
tifi cation and resection of contrast-enhancing 
malignant gliomas [ 88 ,  89 ]. Resections guided 

  Fig. 8.7    Left-sided insular grade II astrocytoma.  Left 
column : Preoperative 3D T2 MRI navigation sequence. 
 Right column : 3D-ultrasound image acquired with 
12 MHz linear probe fused with navigation MRI. 

Lenticulostriate arteries are clearly depicted by power 
Doppler ( red arrows ). Surgery performed at the 
Department of Neurosurgery in Bratislava       
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  Fig. 8.8    Intraoperative visualization of lenticulostriate 
arteries ( arrows ) during AR of a right-sided insular grade 
II astrocytoma.  Left : Intraoperative view after the begin-
ning of resection.  Right : Intraoperative view during the 

resection. Note that this allows the evaluation of the dis-
tance between lenticulostriate arteries and bottom of the 
resection cavity. Surgery performed at the Department of 
Neurosurgery in Bratislava       

  Fig. 8.9     Left column : Initial 3D-ultrasound image 
scanned from the dural surface fused with the navigation 
MRI showing a left-sided parietal grade II astrocytoma. 
 Middle column : 3D-ultrasound scan performed from the 
dural surface after the resection. Note inadequate visual-
ization of the resection cavity due to the trapped air – the 
position of the craniotomy was not horizontal.  Right 

 column : Adequate visualization of the resection cavity 
after using “miniature dam” made from bone wax, which 
allowed complete fi lling of the cavity with saline. A gross- 
total resection was achieved.  Arrow : lateral border of the 
resection cavity. Surgery performed at the Department of 
Neurosurgery in Bratislava       
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by intraoperative 5-ALA usage were proven to be 
more radical as compared to resections without 
5-ALA; in addition, the time to the tumor pro-
gression was longer when the resection was 
guided by 5-ALA [ 89 ]. A signifi cant limit of the 
intraoperative 5-ALA use is the fact that even a 
thin layer of intervening, non-pathological tissue 
is enough to lead to incorrect impression of com-
plete tumor resection [ 90 ,  91 ]. Heterogeneous 
tumors with low-grade parts and satellite malig-
nant lesions cannot be reliably resected by 
fl uorescence- guided surgery alone; in these 
cases, the additional use of intraoperative imag-
ing is required [ 92 – 94 ]. 

 Considering the fact that ultrasound is not able 
to selectively depict the contrast enhancing, i.e., 
most malignant part of high-grade gliomas 
(Fig.  8.11 ), the combination use with 5-ALA that 
is capable of selective malignant tissue visualiza-
tion may be especially benefi cial. On the other 
hand, the fact that some high-grade glioma 
patients may benefi t from further resection of T2 
abnormality [ 95 ] that can be visualized by ultra-

sound but usually not by 5-ALA underscores the 
potential benefi t of combining these methods. 
Another potential technique to differentiate 
between malignant glioma tissue and peritumoral 
edema is application of ultrasound contrast 
agents [ 96 ]; however, future prospective studies 
are necessary to confi rm the effi cacy of this 
method.

   In 2010, Widhalm et al. described a new intra-
operative utilization of 5-ALA fl uorescence [ 97 ]. 
The authors used 5-ALA in order to serve as a 
marker for direct intraoperative detection of 
 anaplastic foci within infi ltrative supratentorial 
gliomas with no or nonsignifi cant contrast 
enhancement. Anaplastic glioma foci could be 
discerned as red-fl uorescing spots during illumi-
nation of operating fi eld with violet-blue light. 
One of the most important advantages of this 
method is the fact that it is unaffected by brain-
shift [ 97 ]. A good correlation between tumor 
grade and tissue 5-ALA fl uorescence was reported 
later by Steno et al. [ 98 ] and in an update of the 
pilot series reported by Widhalm et al. [ 99 ]. 

a b c

  Fig. 8.10    Awake resection of a precentral glioma in a 
patient in semi-sitting position. ( a ) Complete fi lling of the 
resection cavity with saline was impossible as the crani-
otomy was not placed horizontally. ( b ) “Miniature dam” 

made from bone wax used in order to keep the saline 
within the resection cavity. ( c ) Subsequent intraoperative 
3D-ultrasound data update. Surgery performed at the 
Department of Neurosurgery in Bratislava       
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 Regarding the latter 5-ALA utilization, again, 
concurrent intraoperative use of 5-ALA and 
3D-ultrasound may represent additional benefi t. 
In focally malignized low-grade gliomas, the 
goal of the surgery is an extensive resection and 
identifi cation of the anaplastic foci in order to 

avoid sampling error. In such cases, 3D-ultrasound 
provides adequate visualization of the whole 
hyperechogenic tumor, while the anaplastic foci 
can be intraoperatively identifi ed by 5-ALA fl uo-
rescence (Fig.  8.12 ).

  Fig. 8.11    Left-sided temporal glioblastoma surrounded by 
edema.  Left column : Preoperative contrast-enhanced 3D T1 
MRI navigation sequence.  Right column : 3D-ultrasound 
image fused with navigation MRI.  Contrast-enhancing 

malignant tissue is better distinguishable by MRI; both 
tumor tissue and peritumoral edema are hyperechoic on 
ultrasound image. Surgery performed at the Department of 
Neurosurgery in Bratislava       
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9.1  Introduction

The echo-color Doppler technique [1–4] includes:

 1. Echo: B-mode technique represents the ana-
tomical background as a bidimensional image 
in scale of grey.

 2. Color flow: Dynamic colorimetric imaging 
superimposed to the anatomical background 
encoding velocities and flow direction.

 3. Spectral Doppler: Gives information on 
velocities and direction of the flux in a selected 
vessel. It enables to obtain a spectrum of flow 
velocities over time.

9.1.1  Probes

In the most of neurological studies, linear trans-
ducers with frequencies of 7–10 MHz are utilized 
to study superficial vessels located at a depth of 
2–4 cm; lower frequencies with conventional 
convex probes, instead, are requested to investi-

gate deep vasculature up to a depth of 20–25 cm 
from the skin. In neurosurgery, a linear array 
multifrequency (3–11 MHz) probe with trapezoi-
dal view is usually utilized for the examination.

9.1.2  Anatomical Background 
and Depiction of the Vessels

Morphological images are depicted according to 
B-mode technique. Vessels of interest must be 
explored  along both the axial and the longitudi-
nal planes (Fig. 9.1), in order to depict plaques or 
arterial thickenings.

Imaging can be improved by regulating the 
probe frequency, the depth and the field of view, 
and the total gain, as seen in the previous chap-
ters. In order to obtain a good visualization of the 
anatomical background, the studied vessel must 
be homogeneously insonated.

9.1.3  Doppler Imaging: Physical 
Principles

After the morphological evaluation, flow analysis 
can be applied by Doppler technique.

Colorimetric imaging and Doppler spectra are 
both extracted by the Doppler equation that rep-
resents the so-called Doppler effect; this is a 
physic phenomenon  where by a radiofrequency 
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(RF) wave that vibrates at a specific frequency 
changes vibration rate when  reflecting on a mov-
ing surface (red blood cells, for instance) accord-
ing to the following formula:

 
DF

F v

c
i=

2 cosq

 
where ΔF is the depicted (reflexed) radiofre-
quency, Fi the incident RF wave, v the velocity of 
the moving surface, θ the angle of incidence 
between the incident wave and the moving sur-
face, and c the velocity of ultrasound (US) in the 
tissue. The depicted wave is directly proportional 
to the velocity of the blood, which could be 
extracted from the previous equation as

 
v

Fc

F vi
=

D
2 cosq  

Therefore, Doppler signal and color Doppler are 
proportional to the incidence angle (IA) between 
the incident wave and the moving surface (Fig. 
9.2a, b). Thus, in order to obtain a depicted veloc-
ity close to the real one, the probe must be as 
much parallel as possible to the moving blood 
cells (cosine 0°= 1). Perpendicular angles (cosine 
90° = 0) between incident wave and moving sur-
face will cause cancellation or weakening of the 
signal received (Fig. 9.2c).

The best incidence angle to obtain a good 
imaging is different between B-mode and 
Doppler imaging. The former technique obtains 

better information utilizing an IA angle close to 
90°(perpendicular to the vessel), whereas the lat-
ter one utilizing an IA angle parallel to the long 
axis of the studied vessel requires angles as much  
close to 0° as possible. Angles between 30° and 
60° represent a good compromise in standard 
clinical practice.

Doppler imaging can be performed with con-
tinuous wave or pulsed wave Doppler system. 
The continuous Doppler system utilizes an ultra-
sound (US) probe that is equipped with two piezo-
electric crystals, a continuous RF wave producer, 
and a distinct RF receiver, for detection of the 
returning waves. There are no limitations to the 
range velocities that could be explored with this 
technique. However, this examination enables to 
study only the velocity curve distribution inside 
the vessels, without offering any associate mor-
phological information. Also, the exact location of 
the detected signals cannot be defined because all 
the returning RT waves, reflected by the whole tis-
sue, are recorded. Instead, pulsed Doppler tech-
nique utilizes a US probe where the same 
piezoelectric crystal alternately works as emitting 
and receiving device. In this case, time length and 
rhythm of emitted/received waves can be regulated 
with an electronic window that enables to select 
dimensions and position of the explored area 
(color box, Fig. 9.2). Frequency of transmission is 
called pulse repetition frequency (PRF) and, in 
most of the existing equipment, is coupled with the 
maximum displayed velocity in the velocity scale 

a b

Fig. 9.1 Echo B-mode of the common carotid artery. The 
vessel is explored along both transverse (a) and axial 
plane (b). Parameters must be set in order to obtain the 
complete insonation of the vessel. Examination is per-

formed with a linear probe of 8 MHz (red arrow). Note 
the good visualization of the intima (pink arrows) and 
adventitia layers (white arrows)
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that defines the limit of the detectable velocity 
(Fig. 9.2). The repetition interval is determined by 
the total time that the impulse requires to reach the 
selected area and to return to the receiver. An 
important limitation of pulsed Doppler is the inca-
pability to correctly detect velocities higher than 
one-half PRF (Nyquist limit), resulting in a misin-
terpretation of the Doppler signal known as alias-
ing phenomenon. In fact, the time interval between 
sampling pulses must be sufficient for a pulse to 
make the return journey from the transducer to the 
reflector and back. If a second pulse is sent before 
the first is received, the receiver cannot discrimi-
nate between the reflected signals from both 
pulses, and ambiguity ensues in the range of the 
sample volume. As the depth of investigation 
increases, the pulse journey time to and from the 
reflector increases and it becomes necessary to 
reduce the PRF in order to maintain an unambigu-

ous velocity ranging, so as to avoid an aliasing 
effect. Therefore, utilizing this technique, the max-
imum measurable frequency decreases with the 
depth. However, low pulse repetition frequencies 
can be useful to examine low-velocity vessels 
(e.g., venous flow). The longer interval between 
pulses allows the scanner a greater chance of iden-
tifying slow flow. However, the aliasing effect can 
also occur while low PRF or velocity scales are 
used, when high flow velocities are encountered. 
Conversely, if a high pulse repetition frequency is 
used to examine high velocities, low velocities 
may not be identified.

9.1.4  Color Flow Imaging

A color box (Fig. 9.2) can be superimposed on 
the anatomical background in order to obtain a 

a b

c

Fig. 9.2 (a) Graphical representation of Doppler effect. θ 
is the angle comprised between radiofrequencies (RF) 
coming from/directed to the probe (green and blue 
arrows) and the direction of blood flow (yellow arrow). In 
(b, c)   an example of Doppler signal angle dependency is 
shown. (b) Doppler imaging obtained with an angle of 55° 
(red circle) shows a good Doppler signal represented as a 
homogeneous color filling of the vessel and a correspon-

dent good spectral analysis. (c) The same scan obtained 
with an angle of 85° (red circle) shows  cancellation of the 
signal in the color box and a poor spectrum with aliasing. 
Yellow brace: color scale (velocity scale of color flow). 
White arrowhead: focus. Pink arrow: color baseline. 
Purple arrow: color box. Red arrow: spectral baseline. 
Green circle: sample volume of spectral Doppler. Yellow 
arrowhead: cursor
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colorimetric representation of the flow character-
istics, direction, and velocity, in the selected area 
of interest. Size and location of the box can be 
manually regulated to cover the area of interest; 
increasing its size or width will result in a reduc-
tion of frame rate and in an increase of the 
required processing power and time. Thus, the 
overlay should be as small and superficial as 
possible.

A too large overlay reducing the frame rate will 
result in lower flow depiction. A too deep color 
box will result in slower PRF, which may produce 
aliasing in color flow map. Additionally, the focus 
parameter must be set at the region of interest in 
order to obtain a more accurate representation of 
flow (Fig. 9.2). The angle of incidence and the 
PRF will be set according to the anatomy region 
and the blood flow velocity, and the second one 
increased for faster fluxes and reduced in case of 
slow velocities, as already discussed.

Conventionally, the flow direction is repre-
sented in red if moving toward the probe (arterial 
flow) and in blue if moving away from the probe 
(venous flow). Velocities are encoded by color 
saturation, utilizing different shades of red and 
blue: conventionally, lighter shades of color are 
assigned to higher velocities. The color/velocity 
coupling is reported on the color scale (or veloc-
ity scale) (Fig. 9.2) where the scale of colors 
assigned to the different velocities and the limits 
of detectable velocities are displayed. A black 
line divides the color bar into positive or negative 
Doppler shifts; this line is called color baseline 
(Fig. 9.2). The color baseline can be adjusted to 
emphasize certain aspects of flow without chang-
ing the overall range of detectable velocities. For 
instance, by lowering the color baseline, the 
emphasis will be on flow directed toward the 
transducer; thus, the maximum velocity detect-
able in the positive side of the color scale will be 
higher, whereas the maximum velocity in the 
negative side will be reduced. This function can 
be used to correct aliasing in case of velocities 
exceeding the range comprised in the color scale; 
when aliasing occurs, the maximum detectable 
velocity in the direction of flow of the studied 
vessel can be increased by changing this param-
eter (Fig. 9.4).

In order to obtain the best flow visualization, it 
is possible to regulate the gain function that 
increases the color filling in the vessel. However, 
excessive gain values can produce false flow 
images outside the vessels or images of oversatu-
ration, whereas low values can cause signal 
 cancellation (Fig. 9.3). The correct color image 
setting, including the gain regulation, can be 
visually adjusted real-time by the operator at the 
console during the exam. In case of laminar flow, 
color image will display a parabolic distribution 
of velocity vectors through the vessel, with 
brighter colors at the center of the vessel (higher 
velocities) and darker colors closer to the vessel 
wall (slow velocities). In case of turbulences, the 
Doppler will demonstrate an inhomogeneous 
color map representing different directions and 
velocities concentrated in the same region of 
interest. PRF must be set according to blood 
velocities in order to avoid aliasing phenomena. 
When aliasing occurs, it appears as an abrupt 
shift of color from red to blue or vice versa in 
points of faster motion (Fig. 9.4a), as frequently 
observed in cases of vessel stenosis. The bright-
est shades of red and blue lie adjacent to each 
other at the aliasing point.

Practical guidelines are reported in Table 9.1.

9.1.5  Spectral Doppler

Pulsed wave Doppler ultrasound is used to provide 
a sonogram of the vessel (artery or vein) under 
investigation. It is performed by placing a small 
sample volume in the area of interest of the vessel 
on color images. The sample volume (Fig. 9.2) 
delimits an area comprised by two parallel lines, 
whose distance can be regulated. A cursor must be 
oriented according to flow direction (Fig. 9.2). The 
less volume studied, the more accurate the analy-
sis. The best resolution of the sonogram occurs 
when the B-mode image and color image are fro-
zen. If concurrent imaging is used (real- time 
duplex or triplex imaging), the temporal resolution 
of the sonogram is compromised.

Analogously to color Doppler, PRF (velocity 
scale) must be adjusted according to the blood 
velocities to avoid aliasing; when this eventuality 
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occurs, velocities exceeding the detecting capa-
bility are represented in the opposite side of the 
spectrum (Fig. 9.4). Like the color baseline, the 
spectral baseline (Fig. 9.2) can be altered to 
improve depiction of the spectral waveform (Fig. 
9.4). This adjustment, which represents another 
way to prevent aliasing, allows the waveform to 
be brought down onto the baseline; even if it does 
not change the overall range of velocities that can 
be depicted, it increases the maximum detectable 

velocity in the positive or negative side of the 
spectrum.

In addition, an adequate gain must be set to 
clearly visualize the spectrum free of noise (Fig. 
9.3). Doppler imaging results in a spectral graph, 
which represents the speed changes of flow 
throughout the cardiac cycle and the distribution 
of the velocities that were recorded in the sample 
volume area. The spectrum of a normal laminar 
flow will show vectors in the higher part of the 

a d

b e

c f

Fig. 9.3 Gain setting in color (a–c) and spectral (d–f) 
Doppler. (a) Optimal color gain with a good visualization 
of blood flow in the vessel. (b) Excessive increase in color 
gain values causes less shaped color filling in the vessel 
(pink arrows) and appearance of false flow images in the 

soft tissues (white arrows). (c) Low color gain values gen-
erate reduction in Doppler signal. (d) Optimal gain setting 
in spectral Doppler. (e) Excessive gain generates a noisy 
spectrum (pink arrow). (f) Low gain causes attenuation/
cancellation of the spectrum (green arrow)

9 Doppler Imaging: Basic Principles and Clinical Application
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spectrum with frequencies near the highest fre-
quencies, whether the area below the curve will 
be empty; instead, in the presence of a turbulent 
flow, a wide range of velocities will be detected; 
thus, also the lower part of the spectrum will be 
filled of vectors.

Many different indices have been used to 
describe the shape of flow waveform. All are 
designed to describe the waveform in a quantita-
tive way. In general terms, they are a compromise 

between simplicity and the amount of informa-
tion obtained. The indices that are commonly 
available on most commercial scanners are as 
follows:

 1. Resistance index (RI) (also called resistive 
index or Pourcelot’s index)

 2. Systolic/diastolic (S/D) ratio, sometimes 
called the A/B ratio

 3. Pulsatility index (PI)

Fig. 9.4 Correction of aliasing by adjusting velocity 
scale or baseline during color flow (a–c) and spectral 
Doppler (d–f). (a) Aliasing phenomena are visible in the 
color box (white arrowheads). Green arrows show the 
color scale and the range of velocities that can be correctly 
detected, comprised between 0.10 and −0.10 m/s. (b) 
Adjustment of the baseline (red arrow) can correct alias-
ing without changing the overall range of velocities that 
can be depicted. (c) Adjustment of color scale values 
changes PRF and the range of velocities that can be 

depicted in both directions (blue arrows). (d) Aliasing 
phenomena in the spectral graph can be seen as an abrupt 
cut of the upper side of the spectrum; velocities exceeding 
the detecting capability are represented in the opposite 
side of the spectrum (pink arrow). (e) Lowering the base-
line (white arrow, compare with (d)) can correct aliasing 
without changing the overall range of velocities (white 
brace). (f) Adjustment of velocity scale (green brace) val-
ues changes PRF and the range of velocities that can be 
depicted in both direction of flow

V. Caldiera et al.
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They are described in Fig. 9.5.
Generally speaking, a low-pulsatility waveform 

is indicative of low distal resistance (e.g., internal 
carotid), while high-pulsatility waveforms occur in 
high-resistance vascular beds like the external 
carotid. The presence of a proximal stenosis, a vas-
cular steal, or an arteriovenous fistula can modify the 
waveform shape. Care should be taken when trying 
to interpret indices as absolute measurements of 
either upstream or downstream flow characteristics. 
For example, alterations in heart rate can conse-
quently alter the flow waveform shape, determining 
significant changes in the value of indices.

Practical guidelines to perform a correct spec-
tral analysis are summarized in Table 9.2.

9.1.6  Power Doppler

This technique enables to detect the presence of 
flow in a selected area independently from the 
angle and direction of flow (Fig. 9.6) [5]. The 
amplitude of the signal is dependent only from 
the density in red blood cells. As compared to 
color flow imaging, this technique allows a better 
definition of the marginal signal, and it is not 
affected by aliasing phenomena. However, it 
misses information about the direction and veloc-
ity of the flow. Therefore, this technique is rec-
ommended to evaluate slow flow vessels and to 
study  small or deeper vessels, hardly described 
by color Doppler.

9.2  Clinical Application

9.2.1  Neuroradiology

Echo color Doppler of extracranial vessels is the 
examination of choice for the diagnosis and fol-
low- up of cerebrovascular diseases [1, 3]. In 
asymptomatic patients, ECD examination is 
helpful to identify subjects at risk of stroke, par-
ticularly in those patients who suffer from multi-
ple cardiovascular risk factors.

In patients with neurological signs of cerebral 
ischemia, instead, echo color Doppler is helpful 
to identify and control carotid anomalies, such as 
plaques, that can cause hemodynamic stenosis or 

Table 9.1 Suggested procedure to obtain a correct color 
flow imaging

Color flow imaging-practical guidelines

Ensure focus is at the region of interest. See Fig. 9.2

Set the color flow region to appropriate size. A smaller 
color box may lead to a better frame rate and better 
color resolution/sensitivity. See Fig. 9.2

Angle the probe or oblique color box (linear probes) to 
obtain an optimal beam-vessel angle (comprised 
between 30° and 60°). See Fig. 9.2

Adjust gain to obtain an appropriate imaging. See Fig. 9.3

Adapt PRF/velocity scale according to flow conditions 
and to avoid aliasing:
  Low PRF are more sensitive to low flows/velocities 

but may produce aliasing.
  High PRF are less sensitive to low velocities but 

reduce aliasing
See Fig. 9.4

Adjust color baseline to avoid aliasing. See Fig. 9.4

Fig. 9.5 Typical internal carotid artery spectrum. The 
indices more frequently utilized to describe the flow 
waveform are explained in the figure

Table 9.2 Suggested procedure in spectral Doppler 
analysis

Spectral Doppler-practical guidelines

Set the sample volume positioned on the vessel under 
investigation to correct size (small volumes enable to 
obtain a more accurate signal depiction. See Fig. 9.2

Oblique the cursor along the direction of blood flow. 
See Fig. 9.2

Oblique color box or position the probe to obtain an 
optimal beam-vessel angle (angles close to 90° will 
gave unclear values. Angles should be set to values 
<60°). See Fig. 9.2

Adjust gain to obtain a sonogram free of noise.  
See Fig. 9.3

Adjust PRF (velocity scale) and baseline in order to 
avoid aliasing. See Fig. 9.4
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occlusions, dissections, or thromboembolism. 
Additionally, ECD has an important role in iden-
tifying flow reversal conditions, such as in the 
case of subclavian steal syndrome, steno- 
occlusive disease of the proximal subclavian 
artery with retrograde flow in the ipsilateral ver-
tebral artery, and associated cerebral ischemic 
symptoms. The main neurological application of 
ECD is summarized in Table 9.3.

9.2.2  Neurosurgery

Intraoperative transdural Doppler ultrasonogra-
phy (ioTDUS) enables to directly evaluate brain 
tumors or vascular lesions during operations  
[6–12]. The advantage is to obtain a real- time 
visualization of the tumor vascularization, the 
feeding arteries, and the draining veins of the 
lesion, while at the same time evaluating the dis-

placement of the normal angioarchitecture; thus, 
ioTDUS helps obtain safer resection of the 
lesions, and preserve the normal vessels. It can be 
routinely performed before opening the dura, 
after the morphological B-mode imaging. The 
three main ECD techniques, i.e. color flow, spec-
tral Doppler, and power Doppler, are usefully uti-
lized to correctly assess the tumor vascularization 
and its relationship with the adjacent brain 
vessels.

Color Doppler in the B-mode image, identify-
ing the presence and the direction of the flow, can 
be successfully applied in case of surgical dis-
connection of an arteriovenous fistula or in 
bypass surgery.

Power Doppler can present some advantage 
when applied in meningioma and glioma surgery 
(Fig. 9.7), due to its capability to correctly visual-
ize deep low-flow vessels, feeding arteries, and 
neighboring vital vessels.

a

b

Fig. 9.6 Color imaging with 
color flow (a) and power 
Doppler (b) of internal 
carotid. Note in a the blue 
color in the carotid bulb 
(green arrow) suggestive of 
nonlaminar flow. In b, power 
Doppler shows only different 
shades of red, indicative of 
density of red blood cell (the 
red arrow shows the color 
scale). Because this technique 
lacks indication about flow 
direction, the color remains 
red (green arrow)
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Fig. 9.7 IoTDUS power 
Doppler to evaluate 
surrounding vascular 
structures in a case of an 
fronto-opercular high-grade 
glioma, showing the draining 
veins towards the 
periventricular zone (white 
arrows)

Fig. 9.8 IoTDUS – color 
flow and spectral Doppler 
applied to evaluate the 
superior sagittal sinus (SSS) 
in a case of a large 
parasagittal meningioma, 
showing venous flow around 
the SSS (arrow)

Spectral Doppler is usually combined with 
B-mode and Doppler technique to asses flow 
parameters of the surrounding vessels by moni-
toring the persistence of normal flow during the 
surgical resection of the lesion (Figs. 9.8 and 

9.9). The main limitations are still the angle 
dependency and the lack of anatomical informa-
tion; as in color Doppler, adjustments in PRF, IA, 
and gain must be set before and during the study 
registration.
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In conclusion, important information that can 
be obtained with ioTDUS during surgery are as 
follows:

 1. The presence or absence of a Doppler signal 
(with power or color Doppler) that demon-
strates whether the vessel is patent or not.

 2. Flow direction detected by color flow.
 3. The absolute flow velocity that can be esti-

mated according to the spectral Doppler.
 4. Presence of vessel stenosis, with local flow 

acceleration or, in preocclusive cases, with 
total flow velocity reduction.

 5. The peripheral resistance in normal and in 
pathological cases, such as in artificial hypo-
tension, hyperemia, and arteriosclerosis. 
Abnormal peripheral resistance is character-
ized by the alteration of the ratio between the 
systolic and diastolic amplitude.

 6. Flow irregularities and turbulences due to 
acceleration and wall irregularities that pro-
duce typical Doppler flow patterns, with 
broadening of the spectrum and irregular 
curves of the maximum and mean velocities.

Finally, fusion image technique between ioT-
DUS and volumetric MRI (Fig. 9.10) allows to 

obtain a more precise vascular map of the surgi-
cal area, increasing the neuronavigation accuracy 
and making the surgical resection safer.

9.2.3  Transcranial Doppler 
Ultrasound

Transcranial Doppler (TCD), first described in 
1982 [13], is a noninvasive ultrasound technique 
that implies the use of a low-frequency (≤2 
MHz) probe to study major basal cerebral arter-
ies through bone windows [14]. TCD allows to 
perform a prolonged continuous monitoring of 
cerebral blood flow velocities, thus providing 
complementary information in terms of hemody-
namic patterns when used in combination with 
other neuroradiological techniques (i.e., CT 
angiography, MR angiography, digital subtrac-
tion angiography (DSA)) [15]. The main limita-
tions are the operator dependency and the 
potentially inadequate transtemporal acoustic 
window (10–20 % of subjects) [14, 16, 17]. On 
the other hand, the introduction of technologies 
such as transcranial color-coded duplex (TCCD) 
and power motion mode (PMD, M-mode) has 
further simplified the correct detection of 

Fig. 9.9 IoTDUS – color flow 
and spectral Doppler to 
evaluate surrounding vascular 
structures in a case of a 
fronto-opercular high-grade 
glioma. Pulsate Doppler 
analysis is focused on a 
terminal branch of the middle 
cerebral artery (white arrow) 
exiting the Sylvian fissure. 
Note the typical spectrum of a 
low resistance vessel flow, 
characteristic of the vessels of 
the circle of Willis (blue arrow)
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cerebral blood flow velocity [18, 19]. 
Furthermore, the occurrence of altered cardiac 
outflow, as well as the presence of structural 
irregularities of the intracranial distal and/or 
extracranial proximal arteries may characterize 
an overestimation or underestimation of the 
intracranial blood flow values. Normally, four 
acoustic windows exist: transtemporal, suboc-
cipital, transorbital, and submandibular (retro-
mandibular). Middle (MCA, M1-M2 segments), 
anterior (ACA, A1 segment), posterior cerebral 
(PCA, P1–P2 segments), and terminal internal 
carotid arteries are insonated through the trans-
temporal window. Ophthalmic artery and inter-
nal carotid siphon are insonated through the 
transorbital window. Vertebral (VA, intracranial 
segment) and basilar arteries (BA) are insonated 
through the suboccipital window. Distal (extra-
cranial) internal carotid artery (ICA) is insonated 
through the submandibular window.

9.2.3.1  Main TCD Parameters
Mean flow velocity (MFV) is a key factor in 
TCD. Modifications of MFV in the basal cerebral 
arteries may depend on several physiological 
parameters (i.e., age, sex, pregnancy, mean arte-
rial pressure, hematocrit, PCO2) [20, 21], and 
they should always be correlated with the under-
lying clinical condition which TCD had been 
performed for. Standard depth of insonation, flow 
direction, and normal MFV were described else-
where [22]. Pulsatility index (PI) and resistivity 
index (RI) give information on downstream cere-
bral vascular resistance. PI is usually normal 
between 0.5 and 1.19 [23], whereas RI >0.8 indi-
cates increased downstream resistance. The 
MCA (MFV)/extracranial ICA (MFV) is known 
as the Lindegaard ratio (LR). It is important in 
the conditions related to increase of flow veloci-
ties (i.e., hyperdynamic flow [<3] and vasospasm 
[>3]) [24, 25]. A modified LR (BA [MFV]/aver-

ba

Fig. 9.10 Intraoperative tumor visualization with  trans-
dural power Doppler  with fusion imaging between real- 
time ultrasound (a) and preoperative T2-weighted MRI . 
The technique is useful to evaluate the vascularization 

pattern in a case of a large left temporo-insular low-grade 
glioma. The arterial supply to the internal portion of the 
tumor is supplied from the middle cerebral artery by many 
perforating branches (white arrow)
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age of left and right extracranial VA [MFV]) >3 
indicates severe BA vasospasm [25, 26].

9.2.3.2  Transcranial Doppler 
Equipment

TCD (Fig. 9.11): it can be considered as a non- 
duplex transcranial Doppler. Standard criteria 
exist to assess blood flow velocities from specific 
arteries. Since Doppler signal is “blind,” the win-
dow used, orientation of the probe, direction of 
the blood flow, and depth of insonation must be 
necessarily known. Furthermore, a response to 
definite maneuvers (as common carotid artery 
compression) may help in the correct evaluation 
and recognition of the intracranial artery. More 
recently, the power M-mode TCD provided 
multi-gate flow information, thus displaying flow 
signals at the same time. It might facilitate the 
temporal window location and the blood flow 
velocity assessment of multiple vessels.

TCCD (Fig. 9.12): it can be considered as a 
duplex equipment. Identification of the arteries is 
allowed by the combination of view of the area of 
insonation with the pulsed wave Doppler. Basing 
on different anatomic locations, TCCD can there-

fore quite simply help the detection of intracranial 
arteries. Furthermore, as compared to TCD, flow 
velocities may be more properly evaluated 
because the angle of insonation can be measured.

9.3  Main Clinical Applications

9.3.1  Vasospasm 
after Subarachnoid 
Hemorrhage (SAH)

After aneurysmal SAH, angiographic cerebral 
vasospasm (VSP) often occurs. Two-thirds of 
subjects with SAH have VSP and 50 % of them 
become symptomatic. VSP severity after SAH is 
strictly correlated with flow velocities in most 
cerebral arteries, even though this link appears to 
be less strong for ACA and ICA [27].

Proximal VSP in any intracranial artery is 
more easily detectable than distal VSP, with 
TCD. Increase of flow velocities due to proximal 
VSP in the intracranial arteries is not followed by 
a comparable flow velocity increase in the extra-
cranial arteries (carotid or the vertebral arteries).

MCA

ACA

PCA

Fig. 9.11 TCD (transcranial Doppler): normal spectral waveform from MCA (M1 segment – middle cerebral artery), 
ACA (A1 segment – anterior cerebral artery) and PCA (P1 segment – posterior cerebral artery)
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Delayed VSP has great implications on mor-
bidity and mortality. About 25 % of subjects with 
SAH develop ischemic deficit due to VSP [16, 
20, 28, 29].

DSA is the gold standard for VSP diagnosis, 
but TCD can noninvasively monitor the vasospasm 
during the therapy and evaluate its efficacy.

TCD has a high sensitivity and specificity in 
case of MCA and BA VSP [27]. An accurate pre-
diction of absence or presence of angiographic 
MCA VSP may be identified with MFV patterns 
<120 cm/s and >200 cm/s, respectively. LR 
between 3 and 6 is a sign of mild VSP and >6 is 
an indication of severe VSP [30].

For the detection of >50 % BA VSP, TCD has a 
sensitivity of 92 % and specificity of 97 % [26], when 
MFV >85 cm/s and modified LR >3. In case of MFV 
>95 cm/s, specificity could go up to 100 % [31].

Although evidence of prognostic implication 
is limited, TCD is a reasonable tool to monitor 
the development of vasospasm after SAH [32].

9.3.2  Traumatic Brain Injury 
and Raised Intracranial 
Pressure (ICP)

Traumatic brain injury (TBI) is one of the leading 
causes of death and disability. Cerebral vascular 
injury and hemodynamic compromise, due to 

raised intracranial pressure, may considerably 
contribute to poor outcome in subjects with TBI.

TBI complications may lead to four different 
phases: hypoperfusion (day 0), hyperemia (days 
1–3), vasospasm (days 4–15), and raised ICP 
[32]. TCD may provide prognostic information 
after TBI by the identification of hemodynamic 
changes after head injury [20, 27].

Early TCD monitoring can help the physician 
to prevent cerebral hypoperfusion, thus trying to 
avoid the extent of secondary ischemic injuries in 
TBI subjects with raised ICP.

9.3.3  Cerebral Circulatory Arrest 
and Brain Death

A decrease in cerebral perfusion pressure and a 
simultaneous increase in intracranial pressure 
support the cessation of brain flow by compres-
sion of the intracranial arteries. The lack of brain 
flow may therefore lead to cerebral circulatory 
arrest (CCA) [16].

TCD may continuously monitor the cerebral 
blood flow, thus supporting the diagnosis of CCA 
and brain death. Classical TCD spectral wave-
form abnormalities related to raised ICP and CCA 
are an oscillating “to-and-fro” movement of blood 
flow (attributed to reversal of flow in diastole), as 
well as small early systolic spikes [33, 34].

Fig. 9.12 TCCD 
(transcranial color-coded 
duplex): insonation of MCA 
(middle cerebral artery)
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Since TCD has a very high sensitivity (96.5 
%) and specificity (100 %) in the diagnosis of 
CCA [35], it is considered a useful confirmatory 
test of brain death together with clinical, neurora-
diological, and neurophysiological tests [36]. 
Furthermore, when EEG is unreliable due to 
pharmacological sedation, TCD may be more 
useful for CCA diagnosis [37].

9.3.4  Sickle Cell Disease

Chronic hemolysis in children with sickle cell 
disease (SCD) provokes a low hemoglobin con-
tent, thus leading to hypoxia by chronic anemia, 
with consequent angiogenesis and neovascular-
ization. This vascular system characterized by 
chronic inflammation due to the adherence of 
sickled cells to the pathological endothelium 
results in ischemic and hemorrhagic infarcts [38]. 
Intracranial arterial stenosis and/or occlusion are 
mostly present at distal ICA, proximal MCA, and 
ACA.

TCD screening of children (2–6 years old) is 
recommended. An increased risk of stroke of 
10,000 per 100,000 patient-years in asymptom-
atic children with SCD is present when MCA or 
ICA MFV >200 cm/s [39, 40].

Nowadays, TCD monitoring and regular 
transfusion in those children with SCD and high 
TCD flow velocities are considered a standard of 
care [27].

9.3.5  Microemboli Detection- 
Carotid Stenosis

TCD is the only medical device able to detect cere-
bral microemboli, both solid and gaseous, in real 
time. Embolic signals by TCD are usually found in 
specific conditions related to cardioembolic dis-
eases and aortic and extracranial and intracranial 
atheromatosis, during diagnostic procedures (i.e., 
DSA, coronary artery catheterization) as well as 
during therapeutic procedures regarding heart and 
carotid diseases. Among all several conditions in 
which TCD is involved as technique for emboli 
detection, carotid stenosis is one of the most com-

monly considered. Furthermore, apart from emboli 
detection, TCD may allow a real-time monitoring 
of flow velocities.

TCD may identify asymptomatic embolic sig-
nals in subjects with carotid artery disease. 
Moreover, those patients with asymptomatic 
carotid stenosis may be considered at high or low 
risk of future stroke, basing on the presence or 
lack of embolization, respectively [41]. 
Furthermore, TCD identification of asymptom-
atic embolization in subjects with both symptom-
atic and asymptomatic carotid artery stenosis can 
be considered an independent predictor of isch-
emic stroke [42]. TCD monitoring during carotid 
endarterectomy and carotid stenting provides 
information about embolization and flow patterns 
in order to reduce the intraoperative risk of stroke.

9.3.6  Microemboli Detection-Patent 
Foramen Ovale (PFO)

About 30 % of adults have a patent foramen ovale 
(PFO), but the frequency is higher (approxi-
mately 50 %) in patients with cerebral infarct of 
unknown etiology, especially in the young people 
[43–46]. Even if transesophageal echocardiogra-
phy is considered the gold standard for PFO diag-
nosis, contrast-enhanced TCD provides high 
sensitivity in the right-to-left shunt (RLS) diag-
nosis due to PFO [47]. TCD has the advantage to 
be noninvasive, does not require sedation for the 
Valsalva maneuver, provides direct evidence of 
emboli passage through the cerebral arteries, and 
may be performed both in adults and children 
without noteworthy difficulties. The more RLS, 
the higher is the patency of the foramen ovale 
(Fig. 9.13). It is important to point out that not 
every RLS is related to PFO (i.e., pulmonary 
arteriovenous fistula). In the latter condition, 
TCD may not clearly discriminate between PFO 
and pulmonary arteriovenous fistula.

PFO is a contraindication for semi-sitting/sit-
ting position in neurosurgical procedures [48]. 
TCD may allow RLS detection in those subjects 
who undergo these procedures. TCD results might 
help the anesthetist in a prompt management dur-
ing all phases of the neurosurgical intervention.
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a

b

c

d

e

Fig. 9.13 TCD (transcranial Doppler). Evaluation of 
right-to-left shunt (RLS). Five different RLS patterns (a–
e). (a–c) single-spikes pattern with (a) a noticeable 

Valsalva maneuver (see arrow), (b, c) single spikes (see 
arrows); (d, e) shower-curtain pattern indicating a huge 
RLS (uncountable spikes)

9.3.7  Ischemic Stroke

TCD is useful in acute ischemic stroke, determin-
ing the vascular patency of intracranial arteries. 
Repeated TCD studies may track the course of an 
arterial occlusion before and after treatment (i.e., 

thrombolysis). Initiation, speed, timing, and 
degree of recanalization can consistently be 
detected by TCD flow changes [49]. Detection of 
acute MCA occlusions by TCD has high (>90 %) 
sensitivity, specificity, and positive (PPV) and 
negative predictive values (NPV) [50–53]. Acute 
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occlusion in the ICA siphon and vertebral and 
basilar arteries by TCD presents lesser sensitivity 
(70–90 %) and PPV and high specificity and 
NPV (>90 %) [54].

Parameters of evaluation for acute ischemic 
stroke and arterial occlusion, as TIBI (thrombol-
ysis in brain ischemia) [55] and COGIF (consen-
sus on grading intracranial flow obstruction) 
[56], correlate well with the initial stroke sever-
ity, mortality, likelihood of reperfusion, and clini-
cal improvement. Furthermore, plenty of 
microembolic signals on TCD can suggest the 
earlier start of a specific treatment (i.e., antico-
agulation or antiplatelet agents), and hyperemic 
flow pattern can help the physician to modify 
blood pressure [57]. In addition, early TCD find-
ings can be very useful for prognosis in patients 
with acute ischemic stroke. In these patients, 
intracranial arterial occlusion detected by TCD is 
associated with poor 90-day outcome [58, 59], 
whereas a normal TCD study is predictive of 
early recovery [60, 61]. Since ultrasound expo-
sure enhances both spontaneous and thrombo-
lytic agent-mediated lysis of intravascular clot, 
TCD monitoring was used to improve the arterial 
recanalization after an ischemic stroke within 2 h 
following tPA bolus [62]. Enhancement of tPA- 
associated clot lysis by ultrasound can signifi-
cantly be augmented by the use of diagnostic 
microbubbles or lipid microspheres.

TCD is otherwise used for the evaluation of 
intracranial stenosis.

Intracranial atherosclerosis is a significant risk 
factor for ischemic strokes and transient ischemic 
attacks (TIAs) (~10 % of these events) [63, 64]. 
TCD can be used to detect stenosis, mostly in the 
anterior circulation [16, 30, 65]. The tortuosity 
and anatomic variability of the vessels in the pos-
terior circulation reduce TCD sensitivity, speci-
ficity, NPV and PPV in the detection of stenosis. 
MFV cutoffs are 100 and 80 cm/s for >50 % ste-
nosis [66] for MCA and VA/BA, respectively. 
MFV higher than 120 and 110 cm/s is accepted 
as an indicator of 70 % stenosis [67] for MCA 
and VA/BA, respectively. Based on considerable 
NPV and low PPV for MCA and BA stenosis, 
TCD may be considered as a reliable technique to 
rule out an intracranial stenosis [68].

However, TCD abnormal findings in terms of 
increased flow velocities due to possible 
 intracranial stenosis do not necessarily correlate 
with clinical implications; a neuroradiological 
confirmatory test is therefore indicated.

9.3.8  Cerebral Autoregulation

Cerebral autoregulation maintains cerebral blood 
flow constant between mean arterial pressures of 
50 and 170 mmHg. TCD provides continuous 
measurements of cerebral blood flow velocity in 
the major basal cerebral arteries and is the most 
commonly utilized technique to evaluate cerebral 
blood flow regulation. Abnormalities in cerebral 
autoregulation occur in several clinical disorders 
such as stroke, subarachnoid hemorrhage, 
eclampsia, postpartum angiopathy, syncope, and 
traumatic brain injury.

9.3.8.1  Cerebral Vasoreactivity (CVR)
The vasodilatory response of the cerebral resis-
tance vessels is known as cerebrovascular reac-
tivity (CVR) and is crucial in cerebrovascular 
diseases [69, 70]. Increased CO2 causes arteriolar 
vasodilatation resulting in increased velocity in 
the upstream larger cerebral arteries (insonated 
vessels). Clinical conditions, as intracranial- 
extracranial stenosis/occlusion may alter CVR, 
up to an exhausted arteriolar vasodilatation which 
can put the subject at risk for future ischemic 
stroke. TCD provides solid information regard-
ing CVR either by breath-holding, CO2 inhala-
tion, or acetazolamide [71–73].
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      Virtual Navigation 
and Interventional Procedures                     

     Giovanni     Mauri      and     Luigi     Solbiati   

10.1             Introduction 

 Image-guided interventional procedures are 
playing an increasingly important role for a 
diverse set of therapies, from endovascular pro-
cedures to percutaneous thermal ablation [ 7 ,  28 , 
 32 ,  54 ], medical fi elds for which imaging plays 
a crucial role. The optimal visualization of 
patient’s anatomy, treatment target, and devices 
used is of paramount importance for achieving 
the best clinical results. Over the last several 
years, the technological advancement of imag-
ing modalities has been impressive. Modern 
computed tomography (CT) scanners allow for 
a complete cardiac scan in less than one second 
with reduced radiation dose [ 10 ,  21 ]. Thanks to 
3T magnets, it is  possible to achieve incredibly 
defi ned magnetic resonance (MR) images [ 5 , 
 43 ], and high real-time image quality is cur-
rently a standard in ultrasound equipment [ 6 , 
 63 ]. However, intrinsic limitations still exist for 

most if not all imaging modalities. Thus, besides 
developing further technological advancements 
for each single modality, a complementary strat-
egy has been proposed, i.e., fusing information 
obtained from different imaging modalities in 
order to overcome the limitations of individual 
modalities [ 3 ,  8 ,  30 ,  31 ,  34 ,  39 ,  42 ,  64 ]. In diag-
nostic imaging, this concept has led to the birth 
of hybrid CT and positron emission tomography 
(PET) scanners, which provide, in a single 
examination, high- quality anatomic information 
(thanks to CT) merged with functional informa-
tion deriving from different tracers detected by 
PET scanners [ 1 ,  8 ,  36 ]. In interventional radi-
ology, fusion of real-time ultrasound (US) with 
CT, MR, or even CT/PET images has been 
reported as being not only feasible but also 
effective in guiding percutaneous biopsies and 
ablations through the body and is thought to be 
one of the main improvements that will propel 
the future of interventional radiology [ 3 ,  26 ,  30 , 
 41 ,  62 ].  

10.2     Image Guidance 
for Interventional Biopsies 
and Ablation 

 The ideal imaging modality for the guidance of 
percutaneous biopsies and ablation should 
provide:

 10
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•    Excellent visualization of the target in all the 
phases of the procedure  

•   Excellent visualization and discrimination of 
the surrounding anatomical structures  

•   High-defi nition visualization of the interven-
tional device  

•   Real-time capabilities to enable detection of 
device insertion and procedure monitoring  

•   Ease of use  
•   Wide availability  
•   Minimal biologic effects (radiation)  
•   Low economic cost    

 Several imaging modalities are currently 
available for the guidance of percutaneous, diag-
nostic, and therapeutic interventional procedures, 
each with various advantages and limitations 
(Table  10.1 ).

   Sonography (US) is by far the most widely 
used guidance modality, as it is widely available 
and relatively inexpensive, allowing for real-time 
visualization and providing high-spatial resolu-
tion. On the other hand, US is a highly operator- 
dependent technique, has limited fi eld of view, 
and can be hampered by anatomical structures 
and obscuring tissue properties such as bones or 
gas-containing structures. Moreover, for some 
targets US may have low conspicuity even when 
ultrasound contrast agents are employed [ 23 ,  38 , 
 48 ,  54 – 56 ]. 

 CT is widely used to guide interventional pro-
cedures in some countries and is almost manda-
tory for procedures involving lung or bone. CT 

provides wider visualization of anatomical struc-
tures surrounding the target, and clear visualiza-
tion of the interventional device, but has also 
important limitations: the use of ionizing radia-
tion, challenging real-time capability, and diffi -
culty of visualizing an “off-axis” approach. 
Moreover, conspicuity of the target lesion is 
often related to the administration of contrast 
media that, unlike contrast-enhanced US 
(CEUS), is burdened by dose-related issues [ 9 , 
 14 ,  24 ,  44 ,  45 ,  57 ]. 

 MRI-guided percutaneous interventions can 
be performed with dedicated scanners (e.g., open 
or wide-bore systems) and dedicated 
 MRI- compatible devices. Owing to a host of 
potentially benefi cial different sequences and 
contrast agents for enhancement, targets can be 
optimally visualized. Yet, the diffi cult procedural 
environment and the elevated costs of dedicated 
MRI systems and compatible devices strongly 
limit the diffusion of MRI as an image guidance 
modality [ 37 ,  46 ,  50 ,  53 ]. 

 PET and CT/PET have been recently proposed 
as guidance modalities for percutaneous interven-
tional procedures. Their main advantage is the 
capability of providing functional information 
enabling to target the most vital part of a lesion for 
biopsy or ablation. However, the still limited 
number of CT/PET scanners, the high costs of the 
examination, and the elevated radiation dose limit 
their diffusion as guidance modalities for inter-
ventional procedures [ 49 ,  51 ,  58 ,  60 ]. 

 As the ideal characteristics are not present in a 
single imaging modality, usually the expert inter-
ventional radiologist “mentally” fuses the infor-
mation provided by different preacquired imaging 
modalities while performing the procedure. 
However, for complex procedures this cerebral 
process of synthesis can often become quite chal-
lenging. Systems that automatically display all 
the required images simultaneously and in real 
time, such as modern image fusion equipment 
and virtual navigation, hold the potential to sub-
stantially optimize the effi cacy of percutaneous 
interventional procedures and hold the distinct 
promise of lessening the dependence from opera-
tor experience.  

   Table 10.1    Characteristics of different imaging modali-
ties for the guidance of percutaneous biopsies and 
ablations   

 US  CT  MR  CT/PET 

 Target visualization  +  ++  ++  +++ 

 Surrounding structure 
visualization 

 +  +++  +++  +++ 

 Device visualization  ++  +++  ++  +++ 

 Real-time capability  +++  +  −  − 

 Ease of use  +++  +  +  + 

 Availability  +++  ++  +  + 

 Biologic cost  −  +  −  ++ 

 Economic cost  +  ++  +++  +++ 
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10.3     Fusion Imaging 

 At the present time several systems are available to 
perform image fusion and virtual navigation to 
guide interventional procedures. For all of them the 
crucial element is the real-time capability, which 
requires a continuous and fast update of imaging 
data for real-time co-registration and dynamic 
image fusion. Systems become more complex 
when multiple image datasets have to be managed 
and real-time device tracking is required [ 1 ,  3 ,  40 ]. 

 The basis and fi rst crucial step of any image 
fusion system is the correct and precise space 
alignment of multiple imaging datasets provided 
by different modalities, the so-called co- 

registration. To achieve this goal, a virtual three- 
dimensional (3D) space must be created and 
overlaid to the real 3D space, in order to achieve 
the exact correspondence between imaging and 
real patient [ 3 ]. This virtual space is generally 
created by systems with a hardware and a soft-
ware integrated in a US machine. The hardware 
consists in an electromagnetic fi eld generator 
positioned as close as possible to the area of 
interest and electromagnetic sensors applicable 
to different tools (US probes and interventional 
devices) and recognized by the software in order 
to detect their relative position in relation to the 
virtual space achieved (Fig.  10.1a ) [ 4 ,  26 ,  30 ,  47 , 
 62 ]. Other systems are based on optical recogni-

a

b

  Fig. 10.1    ( a ) Virtual 
navigation system for 
real-time US-CT/MR image 
fusion. The system is made of 
an US scanner with a 
dedicated built-in hardware 
and software (Esaote, Genova, 
Italy). On the right, the US 
probe with the 
electromagnetic sensor 
applied ( top ) and the magnetic 
fi eld transmitter ( bottom ). ( b ) 
After co-registration, US 
real-time images and the 
corresponding CT cross- 
sectional images are 
simultaneously showed on the 
US machine screen       
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tion of the virtual space and of the different 
devices to be used during interventional proce-
dures (Figs.  10.2 ,  10.3 , and  10.4 ) [ 3 ,  16 ,  17 ,  61 ].

      In order to enable the software to fuse image 
datasets and achieve a good co-registration, one 
or more same reference points recognizable in all 
the datasets used must be identifi ed. These points 
can be either manually detected (e.g., fi ducial 
markers applied to the skin of patients before 
acquiring the fi rst image dataset or anatomical 
landmarks) or, more recently, automatically iden-
tifi ed by the system [ 3 ,  25 ]. The employment of 
external fi ducial markers has the limitation of not 
allowing to use previously acquired imaging data-

sets, for example, in case of patients coming from 
different hospitals, or when imaging was per-
formed before planning an interventional proce-
dure. When internal markers are employed, 
previously acquired images can be used. 
Theoretically, any anatomical structure clearly 
identifi able in both image datasets to be fused 
could be used as internal marker, but in order to 
provide precise co-registration in all the three 
dimensions, anatomical markers must be as small 
as possible, like single blood vessels or vessel 
bifurcations. Automatic registration is based on 
the automatic recognition by the software of simi-
larities in voxels in two different image datasets. 

  Fig. 10.2    System for virtual 
navigation system based on 
optical registration 
(Cascination, Bern, 
Switzerland). The system is 
based on an optical camera 
that is able to recognize some 
markers applied on the skin of 
the patient. Once the target 
has been identifi ed and 
marked on the reference 
images, the system provides a 
path prediction and a system 
for needle guidance (Courtesy 
of Dr. A. Michos, Department 
of Radiology, Danderyd 
Hospital, Stockholm, Sweden)       
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In the liver the automatic recognition of blood 
vessels in three dimensions in the two image data-
sets to be fused allows for a precise and fast co-
registration [ 3 ,  25 ]. Whatever the method used, 
the co-registered images have subsequently to be 

displayed in real time during the procedures (Fig. 
 10.1b ). When multiple image datasets (e.g., US, 
CT, and PET images) have been fused, systems 
allow to shift rapidly from one dataset to the other 
or to simultaneously show all the images fused.  

  Fig. 10.3    System for virtual navigation based on optical 
registration for the application in the lung (Sirio, Masmec 
Biomed, Modugno, Italy). The optical navigation system 
is based on infrared light refl ected by passive spheres 

available on the needle handle and on the patient’s chest 
(Courtesy of Dr. F. Grasso, Policlinico Universitario 
Campus Biomedico, Rome, Italy)       
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10.4     Virtual Navigation 

 When these steps have been completed, it is pos-
sible to “navigate” the virtual space with differ-
ent tools. A virtual device can be created, 
corresponding exactly to the real device that is 
used, whose position can be shown in the 3D vir-
tual space or even overlaid on the real-time imag-
ing of the patient achieved during the procedure. 

Whatever system is used, virtual navigation 
allows for a series of very useful tools. First of 
all, multiple different markers can be placed at 
any desired point on a reference image. For 
example, a target point can be selected on the ref-
erence imaging (e.g., CT, MR, or PET) and then 
showed on the real-time US images (Fig.  10.5b ). 
This allows for the identifi cation of the area 
where the target is located even when US is not 

a

b

c

  Fig. 10.4    Biopsy of a renal mass with the use of an opti-
cal virtual navigation system. ( a ) CT scan of the patient 
with the target renal lesion ( arrow ). ( b ) Targeting of the 
lesion under the control of the virtual navigation system. 

( c ) CT scan confi rming the correct localization of the 
biopsy device (Courtesy of Dr. A. Michos, Department of 
Radiology, Danderyd Hospital, Stockholm, Sweden)       
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able to clearly depict it, for its low conspicuity or 
for the presence of air or bone. In particular 
instances, when the target in invisible on US, 
once the target has been identifi ed and marked on 
the virtual space and the device recognized by the 
system, it is possible to insert the device only 
under the control and tracking of the virtual navi-
gation system. Of course, in this case the real- 
time US monitoring of the procedure is lacking. 
These systems can be particularly useful when 
procedures are performed in structures where US 
visibility is very poor or impossible, such as the 
lung or bone. Moreover, when a large tumor has 
to be ablated and multiple insertions of the device 
are needed, monitoring of the procedure with US 
is diffi cult or even impossible because gas devel-
ops and masks the area of treatment after the fi rst 

insertion of the device. With virtual navigation it 
is possible to plan the treatment, knowing exactly 
which volume of ablation will be achieved with 
the device selected by the operator, overlaying to 
the volume to be treated several virtual ablative 
volumes. Thus, before starting the ablation, the 
operator is able to know how many insertions of 
the device will be needed and in which positions. 
Moreover, during treatment the operator can add 
a virtual ablated volume on the area of treatment, 
in order to recognize the area that has been 
already treated, even in presence of gas. Adding 
multiple virtual volumes of ablation, thanks to 
the constant visualization of the position of the 
virtual device, the operator can effectively treat 
the whole tumoral mass and create a suffi ciently 
large peripheral safety halo (Fig.  10.5 ). Nowadays 

a b

c d

e f g

  Fig. 10.5    ( a ) CT scan in arterial phase shows a hypervas-
cular rounded mass (hepatocellular carcinoma) at segment 
VII, in cirrhotic liver. ( b ) With fusion imaging, after co-
registration, on CT ( right ) the mass is manually demar-
cated ( yellow line ) and colored in blue. The corresponding 
lesion is visualized in the co-registered US scan ( left ). ( c ) 
Thanks to the application of an electromagnetic sensor to 
the hub of the microwave antenna used for ablation, during 
the insertion into the target, the antenna is visible both on 
US (real device) ( left ) and on CT (virtual device, green 
parallel lines) ( right ). ( d ) Given the large size of the mass, 
multiple insertions are required for complete ablation. 
Following the fi rst insertion, all the subsequent insertions 
are performed under the guidance of the “virtual needle” 

because the “cloud” of gas produced by the ablation pre-
vents the visualization of the real device on US ( left 
image ). Based on preacquired data, the size of the volume 
of necrosis achievable with each insertion is represented as 
a green-colored sphere, overlapped by the fusion system 
over the blue-colored tumoral mass. When the overlapped 
green spheres cover the whole blue mass, the procedure is 
stopped. ( e ) After withdrawing the antenna, contrast-
enhanced US is performed ( left ) and demonstrates an avas-
cular volume of necrosis in the location of the mass. ( f ) 
Overlapping pretreatment CT over contrast- enhanced US 
in real time, it is seen that the volume of necrosis is defi -
nitely larger than the original tumor, as confi rmed by con-
trast-enhanced CT acquired at 24 h after ablation ( g )       
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it is also technically possible to place a microsen-
sor into an internal chamber created inside the 
device, in order for it to be as close as possible to 
the tip of the device itself. This may limit the 
problem of unforeseen needle bending. In classi-
cal needle-tracking systems with the sensor 
applied to the hub of the device, the position of 
the tip of the virtual device is estimated based on 
the location of the hub, so that, if the device devi-
ates from the expected path due to the different 
stiffness of organs encountered (e.g., bones), the 
tip is represented on the virtual image in a posi-
tion different from the real one. With dedicated 
needles and antennas with the sensor located in 
the inner chamber, this problem can be signifi -
cantly reduced.

   Respiratory motion can be a serious issue 
when image fusion and virtual navigation are 
used for moving organs, such as the liver, kid-
neys, or lung. In order to limit the misalignment 
of the real space with the virtual one, some meth-
ods can be employed. If ablation is performed 
under general anesthesia, high-frequency jet ven-
tilation can be used to reduce respiratory motion: 
low-volume, fast rate ventilations are given to the 
patient, thus limiting lung excursions [ 11 ,  12 ]. 
More simply, when the respiratory phase in 
which the acquisition of image datasets has been 
achieved, co-registration and device insertion can 
be performed in the same respiratory phase, thus 
minimizing motion problems. Of course, this can 
be a very variable and unpredictable situation, as 
patients may alter their respiration for several 
reasons. Accordingly, a respiratory motion sen-
sor can be applied to the patient’s thorax to track 
his respiratory movements in real time. Thus, the 
operator can identify the best respiratory phase to 
perform the procedure, mark it on the respiration 
trace, and perform all the subsequent steps in the 
selected respiratory phase, automatically shown 
by the system [ 33 ,  52 ]. 

 Immediately at the end of the ablative treat-
ment, fusion imaging can be used to assess the 
result achieved. A new image dataset is acquired 
(e.g., contrast-enhanced US or CT) and fused 
with the pre-procedural image dataset (Fig. 
 10.5e ). Thus, the volume of ablation achieved 
can be precisely overlapped on the pretreatment 

lesion volume in 3D by the operator (Fig.  10.5f ). 
If the result achieved is not suffi ciently large or 
not perfectly positioned in relation to the tumor 
location, an immediate re-treatment can be per-
formed under the guidance of fusion imaging [ 3 , 
 26 ,  29 ].  

10.5     Clinical Applications 
of Fusion Imaging 
and Virtual Navigation 
in Interventional Procedures 

 Despite their signifi cant advantages (greater pre-
cision, decrease of procedural time, diffi cult 
cases made easier), virtual navigation systems 
are not widely diffused yet, being generally con-
sidered expensive and complex to use. However, 
further technological advancements, reduction of 
costs, and increasing scientifi c evidence of effi -
cacy will certainly lead to a greater diffusion in 
the near future. 

 In clinical practice, fusion imaging and virtual 
navigation have been mainly used for liver and 
kidney, for both biopsies and ablations [ 2 ,  4 ,  19 , 
 20 ,  22 ,  26 ]. Biopsies of abdominal targets are 
generally performed under US guidance, but 
clinically there is an increasing need to target the 
most vital part of a mass, i.e., that with greater 
uptake on PET scan. Thus, fusion of PET and US 
or CT has been successfully used to target the 
most avid portion of tumors [ 13 ,  15 ,  64 ], and 
with the advancements of personalized medicine 
and molecular biology of tumors, fusion imaging 
and virtual navigation systems will play an 
increasingly important role. In the world of abla-
tion, they are used to better identify and target 
inconspicuous or even sonographically undetect-
able liver or kidney tumors (Fig.  10.6 ). In a series 
of 295 liver tumors (162 HCCs and 133 metasta-
ses) that were undetectable with US, it was pos-
sible to achieve a correct tumor targeting in 282 
of 295 (95.6 %) tumors using the guidance as an 
image fusion system (Virtual Navigation System, 
Esaote S.p.A., Genova, Italy) that combines real- 
time US with preacquired CT or MR images. 
This system is allowed for performing a success-
ful treatment in the sonographic room using a 
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simple, low-cost, widely available, and safe 
modality [ 26 ]. Krücker et al. [ 20 ] used the navi-
gation assistance for performing ablations and 
biopsies of 51 lesions situated in various organs. 
They spent 5.8 ± 2.5 min of additional setup time 
for the navigation system and evaluated the mean 
fi ducial registration error as 1.6 ± 0.7 mm. They 
concluded that the navigation system provided 
information unavailable using conventional guid-
ance, with an increased successful completion of 
the procedure that was thought to be performed 
potentially more accurately, faster, with fewer CT 
scans, or greater operator confi dence.

   In the neck, when a US-guided biopsy or an 
ablation of a metastatic lymph node is planned 
and the identifi cation of the pathological node is 
diffi cult or impossible with US, image fusion of 
US and PET scans and navigation can be suc-
cessfully employed, as reported in recent litera-
ture [ 27 ,  30 ]. 

 For interventional procedures of the lung and 
bones, CT is usually the guidance modality of 
fi rst choice. Image fusion with precise tracking of 
the device can be added to conventional CT scans 
in order to reduce procedural time and radiation 

exposure (e.g., in young patients treated for oste-
oid osteomas) decreasing the number of CT scans 
needed [ 16 – 18 ,  35 ,  47 ]. Narsule et al. [ 35 ] com-
pared lung procedures (biopsies and ablations) 
performed with and without an electromagnetic 
navigation system in 17 patients and reported a 
signifi cantly lower time to perform lung abla-
tions when using the navigation system. Grasso 
et al. [ 17 ] used a CT navigation system in 197 
patients to perform lung biopsies. In comparison 
with a group of patients who underwent standard 
CT-guided lung biopsy, they found a signifi cant 
reduction in procedure time, number of required 
CT scans, and radiation dose administered to 
patients in the group of patients in whom naviga-
tion system was used. 

 In the treatment of benign thyroid nodules, 
when several multiple device insertion and abla-
tions are generally performed and gas formation 
strongly limits the visibility of the device, virtual 
navigation and needle tracking have been suc-
cessfully used to monitor the procedure and have 
a clearer and faster assessment of the achieved 
volume of ablation, avoiding the need to wait for 
gas reabsorption [ 30 ,  59 ]. Turtulici et al. [ 59 ] 

  Fig. 10.6    Small (1 cm) renal tumor almost undetectable on US, but clearly showed on MRI, precisely targeted with 
real-time fusion of US and MRI after co-registration       
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reported on the use of ultrasound-guided radio-
frequency ablation of benign thyroid nodules 
assisted by a real-time virtual needle-tracking 
system in 45 patients. They concluded that this 
system could be useful in thyroid nodule ablation 
procedures because it is able to track the elec-
trode tip even when it is obscured by the bubbles 
produced by the ablative process.  

    Conclusions 

 In conclusion, image fusion and virtual navi-
gation represent an important advance for 
facilitating interventional procedures, being 
extremely helpful at all the procedural steps, 
from planning to targeting, through monitor-
ing and follow-up thereby often enabling pro-
cedures that would otherwise be unfeasible 
using standard, single- modality image guid-
ance. Moreover, these techniques can be 
extremely helpful for less experienced opera-
tors, increasing the confi dence and shortening 
their learning curve. Accordingly, the increase 
in their utilization certainly holds the potential 
for expanding the number of cases suitable for 
minimally invasive image-guided procedures.     
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      Navigable Ultrasound, 3D 
Ultrasound and Fusion Imaging 
in Neurosurgery                     

     Aliasgar     V.     Moiyadi       and     Geirmund     Unsgård     

11.1             Concept of Navigation 

 Navigation, as the term connotes in general 
usage, implies the ability to be led or guided 
along a particular route to a specifi c location. 
This assumes even greater importance in neuro-
surgical procedures where access is usually 
restricted, targets often deep seated hidden away 
from obvious view and the trajectory to the target 
literally a minefi eld (of eloquent neural tissue) 
where one wrong step could lead to devastating 
consequences. Navigation provides a virtual road 
map allowing the neurosurgeon to plan and 
rehearse the actual procedure, selecting the most 
optimal strategy before executing it. Conventional 
navigation typically uses preoperatively acquired 
MR (and less frequently CT) images of the 
patient which are then projected onto the actual 
physical space of the patient itself by a procedure 
called image-to-patient registration. This process 

of registration ensures that the virtual image 
space (as in the MR) is accurately matched to the 
patient’s physical space (as at the time of the sur-
gery) allowing the neurosurgeon to visualize the 
surgical space in terms of the MR images and 
look (virtually) beyond the visible anatomy seen 
in the operative fi eld. As is obvious, a lot of com-
putational methodology is essential for ensuring 
accurate navigation. At the heart of navigation 
technology is the ability to faithfully track instru-
ments and tools within the physical space and 
project this onto the image space, permitting the 
user to get the “bearings” right at various time 
points during the procedure. Neuronavigation or 
image-guided surgery which was introduced into 
routine neurosurgical practice in the 1990s revo-
lutionarized the way neurosurgical procedures 
were planned and executed especially with regard 
to intra-axial tumour surgery [ 58 ,  59 ]. Despite 
the early enthusiasm, it soon became evident that 
changes in intraoperative anatomical space dur-
ing the surgical procedure would not refl ect 
dynamically in the preoperatively acquired (and 
hence unchanged) MR images – the so-called 
phenomenon of “brain shift” [ 1 ,  33 ,  35 ]. It was 
clear that to remain continually accurate (and 
hence relevant and useful) during the entire surgi-
cal procedure, updating the images to refl ect the 
continuously changing intracranial anatomy 
dynamically was essential. This paved the way 
for the introduction of intraoperative imaging. 
Though intraoperative MR remains the so-called 
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gold standard, logistical challenges (including 
cost, time and resource utilization) make it diffi -
cult to implement except in a handful of centres 
globally. The intraoperative ultrasound (IOUS) 
which was actually used as an intraoperative 
imaging tool much before the MR was (see chap-
ter on history) is a useful alternative. Combining 
the IOUS with navigational technology provides 
a synergistic benefi t allowing reliable real-time 
image guidance.  

11.2     Navigated Ultrasound 

 Navigated US is basically “tracked” US images. 
At the heart of the navigated ultrasound is the 
probe calibration. Probe calibration renders the 
US navigable. Once the probe is calibrated and 
tracked, the US volume can be projected onto the 
actual anatomical space of the patient. This pro-
cess can be imagined to be similar to the image- 
to- patient registration in conventional navigation 
systems whereby MR images are “registered” to 
the patient during navigation. However, as the US 
images are acquired within the same 3D space in 
which the navigation is being performed (with a 
common reference frame), there is no registration 
inaccuracy (unlike preoperative MR-/CT-based 
navigation where it is inherent). Various probe 
calibration strategies are utilized for this purpose 
[ 22 ,  27 ,  37 ]. Using the various calibration tech-
niques, independent stand-alone US probes (sec-
tor as well as linear probes) can be manually 
calibrated and integrated into navigation systems 
[ 6 ,  17 ,  50 ]. Most of the calibration solutions are 
specifi c to the probe being used, often making the 
procedure complicated if multiple probes are to 
be used. Newer techniques of calibration can 
overcome some of these limitations [ 3 ]. Some 
commercial systems are available which utilize 
precalibrated and integrated US probes [ 13 ]. This 
enhances the ease of use, much like a plug and 
play device. 

 Advantages of navigated US: Tracking of the 
US enables the images to be defi ned in a particular 
3D space of reference. When this 3D space is 
coregistered with the patient, the US images can be 
superimposed onto the patient anatomy and pro-

vide real-time guidance. Further, using calibrated 
tools (instruments coregistered to the same refer-
ence frame of the 3D space), the surgeon can work 
within the navigated US images, constantly being 
guided with respect to the actual position of the 
instruments. Most importantly, coregistration with 
preoperative images (using the common frame of 
reference) allows correlation of the US and preop-
erative MR images, providing the so- called image 
guidance for the US itself [ 29 ] (Fig.  11.1 ).

   Many groups have described coregistration of 
2DUS with navigation to obtain navigable 2DUS 
[ 7 ,  11 ,  14 ,  18 ]. Though early reports described 
two-platform solutions (where the navigation 
unit and ultrasound scanner are physically two 
separate units), most contemporary reports 
employ a single-platform solution, thereby 
improving ergonomics and the overall accuracy 
of the device [ 50 ,  56 ]. The planar 2DUS image is 
co-displayed along with the corresponding MR 
image (either side by side or as an overlay tech-
nique). Renovanz et al. compared 2DUS with 
navigated 2DUS for resection of gliomas and 
concluded that the navigated US offers better 
image resolution and improves orientation within 
the surgical fi eld [ 42 ]. They however could not 
see any improved benefi t in the overall extent of 
resection using navigated US. Miller et al. also 
reported their experience with navigated 2DUS 
[ 29 ]. Whereas they did not fi nd NUS to improve 
the image quality, the co-display with MR images 
helped interpret artefacts better and delineate 
tumour boundaries more reliably. Most impor-
tantly, the NUS helped orientation by depicting 
the relevant planar anatomy (in the MR image) 
beyond the fi eld of view of the US image itself. 
However, there are limitations with using navi-
gated 2DUS. When only 2DUS images are navi-
gated, the orientation problem may still persist if 
the plane of insonation is not a conventional, easy 
to understand plane (axial, coronal or sagittal). 
Also when multiple 2DUS scans are taken seri-
ally and need to be compared, it becomes diffi -
cult if they are noncoplanar (Fig.  11.3 ). Use of 
navigated 3DUS overcomes this limitation [ 2 ,  19 , 
 51 ,  56 ]. The 3D volume can be displayed in any 
desired plane, and these can be compared reliably 
over serial acquisitions. Using navigated 3DUS, 
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it is also possible to calculate and correct for 
brain shift in all three planes (see next section) 
(Figs.  11.2  and  11.3 ).

    A signifi cant limitation of any US (2D or 3D) 
presently remains the inability to obtain a large 
volume fi eld of view. Neurosurgeons being 

accustomed to the full head views of MRI often 
fi nd this unsettling. Using spatial summation of 
multiple 3DUS views, Ji et al. reported increas-
ing the overall fi eld of view of 3DUS [ 15 ]. 
However, the orientation problem may still not be 
completely overcome. Using image fusion, it is 

  Fig. 11.1    Advantages of image-guided navigable 2D 
ultrasound.  Upper row  shows the planar 2D ultrasound 
image of a glioma. Though the lesion is well appreciated, 
it is diffi cult to orient the lesion within the brain.  Lower 

row  shows the same 2DUS image co-displayed along with 
the corresponding MR plane, allowing better overview 
and orientation of the entire 3D space       
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possible to combine information from MR and 
US – thus extracting the best of both – US for 
real-time update and MR for full head view and 
anatomical detail.  

11.3     Three-Dimensional 
Ultrasound (3DUS) 

 What is it: 3D ultrasound basically is volumetric 
ultrasound data, very similar to how conventional 
CT and MR scans are acquired. Once acquired, 
the 3D volume can then be used to provide multi-
planar images according to the end user’s require-
ments. More importantly, for neurosurgeons, the 
acquired data can be sliced into conventional 
axial, coronal and sagittal planes for ease of 
understanding. 

 How is it obtained: 3DUS data is generated 
by summation of multiple 2DUS images. Most 
often, this is done by moving a conventional 
2DUS probe over the fi eld of interest, thereby 
generating a series of 2DUS images which are 
then reconstructed to produce a 3D volume. 
Though the quality of the 2DUS probe is crucial 
for the 3DUS volume quality, the method of 

image transfer and processing is also very impor-
tant. Some systems utilize the analogue video 
source from the US machine which is subse-
quently digitized for further post-processing 
[ 51 ]. Better image quality may be obtained by 
using digital video transfer of the source US 
images [ 47 ]. Once imported, the US data is then 
reconstructed using various algorithms [ 30 ,  48 ]. 
The algorithms used, though important, are less 
essential for the overall image quality eventually 
than the type of source data used [ 47 ]. Regardless 
of the source images used and the method of 
post-processing, reconstruction of 2DUS image 
stacks into 3DUS requires the probe to be 
tracked. Both the tracking and the post-process-
ing used introduce a small but fi nite error into 
the overall accuracy of the system [ 20 ]. If the 
freehand 2DUS acquisition has been suboptimal, 
“holes” or gaps may be found in the recon-
structed 3DUS volume and could hamper even-
tual clinical application. Motorized 3DUS 
probes eliminate these inaccuracies and limita-
tions by acquiring a 3DUS in real time. The need 
to reconstruct images into a 3D volume is elimi-
nated and better image quality may be obtained 
[ 4 ,  32 ]. Whereas the 3DUS volume produced by 

  Fig. 11.2    Navigated 3D ultrasound. 3D ultrasound allows 
multiplanar representation of the insonated lesion. Right 
panel shows the same lesion in Fig.  11.1  as seen with a 
3DUS acquisition. Two orthogonal planes can be simulta-
neously depicted ( upper and lower rows ). The images can 

be overlaid ( right panel ) or co-displayed ( left panel ) with 
the corresponding MR images to provide better 3D orien-
tation. Note the brain shift in the right lower panel ( white 
arrowhead ) evident in the discordance between the falx as 
seen on the MR and the corresponding US image       
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such probes can be generated without the need 
for navigation or probe tracking, such tracking is 
desirable if the 3D volume is to be used for the 
purpose of navigation during the surgery.  

11.4     Intermodality (MR and US) 
Fusion and Brain Shift 
Correction 

 One of the main limitations of US is the lack of 
orientation. Absence of a full head view can lead 
of diffi culties in intuitively identifying the pre-

cise anatomical region depicted by the US. This 
may be particularly disconcerting for beginners, 
unaccustomed to US image interpretation. An 
effective solution is image coregistration of the 
US with corresponding MR images as has been 
discussed in the previous section. This is now 
possible and widely available. This image coreg-
istration however loses its utility once there is 
brain shift and deformation. Re-registering the 
updated US with MRI using various algorithms 
for correcting the brain shift allows updating the 
MR images repeatedly and permits the continual 
use of the MR for navigation. This “image 

  Fig. 11.3    Navigated 2DUS versus navigated 3DUS. Upper 
row shows two serially acquired navigated 2DUS images 
before ( left ) and after ( right ) resection. Note that the two 
images are noncoplanar (as evident from the MRI overlay 
in each image). Lower row shows the same information as 

acquired by a navigated 3DUS. Orthogonal images of the 
pre-resection ( centre ) and post-resection ( right ) scans can 
be displayed ( upper  and  lower panels  of the  lower row  
image) in the same plane allowing for meaningful compari-
son of the images serially       

 

11 Navigable Ultrasound, 3D Ultrasound and Fusion Imaging in Neurosurgery



140

fusion” can be achieved in many ways [ 14 ,  16 , 
 34 ,  36 ,  39 ,  43 ,  52 ]. The various algorithms used 
take into account coregistration inaccuracies as 
well as brain shift modelling and correction. 
Point-based or surface-matching-based tech-
niques are routinely used in registration of preop-
erative MR data to patient space in conventional 
navigation. Using the same principles, intermo-
dality image-to-image fusion can be obtained uti-
lizing common, known anatomical landmarks in 
the different sets of images (US and MR). 
Examples include matching blood vessels or 
midline structures [ 41 ,  49 ]. However, this 
requires manual intervention during surgery, may 
be error prone and is very diffi cult to automate 
[ 8 ]. Another method for reliable image-to-image 
fusion is the voxel-based technique using maxi-
mization of mutual information [ 23 ,  24 ,  57 ] for 
intermodal image fusion. However this may be 
diffi cult for MR-US fusion because of inherent 
differences in MR and US image composition. 
Another rigid body model is the block matching 
technique suggested by Chalopin et al. [ 5 ]. 
Mercier et al. describe a “pseudo-ultrasound” 
approach to transform MR images for registra-
tion with corresponding US images [ 26 ]. 
However, the rigid body affi ne transformations 
that are used in these algorithms fail if there is 
inelastic deformation, as is the case during 
tumour resection in the brain. To incorporate the 
inelastic deformation, other computational tech-
niques have been used such as a fi nite element 
biomechanical model [ 10 ] and a viscous fl uid 
model [ 8 ]. However, these are complex and dif-
fi cult to integrate on a real-time basis. 

 Brain shift correction and image fusion are 
most accurate before the start of tumour resection 
when the deformation is more likely to be elastic 
(uniform in all directions). With progressive 
tumour resection, algorithms become more com-
plex because the deformation becomes inelastic 
(variable in different directions three- 
dimensionally) and hence fusion less reliable [ 39 ]. 

 Whereas most of the fusion strategies aim to 
correct the MR based on the US, some prefer 
enhancing the US based on the MR. Chalopin 
et al. describe a fusion technique that facilitates 
modulation of the US images to sharpen their 

borders and “fi ll in” missing details [ 5 ]. This is 
based on a “block matching” technique using 
tumour segmentation of the preoperative MRI to 
match with the US image. The resultant-improved 
US image resolution can be reliably used for 
delineation of tumour boundaries. 

 Besides the advantage of improving orientation 
and permitting brain shift correction, image fusion 
techniques can be used to identify ultrasonically 
invisible targets using real-time intraoperative 
ultrasound fused with preoperative MR (when the 
target is visible on the MR but not the US) [ 9 ]. 
Moreover, image fusion can help complement the 
utility of the US by providing information that 
cannot be obtained from US images, such as func-
tional information. Fusing preoperative fMRI and 
DTI data with the US combines real-time anatomi-
cal information provided by the US with func-
tional information from the MRI [ 40 ]. 

 Regardless of the type of fusion technique 
employed, all strategies aim to fuse the US 
(which is updated in real time but may lack com-
plete anatomical information) with MR (which 
has more complete and “panoramic” details but 
lacks real-time updates) and get the best of both 
worlds. However, accuracy and reliability of the 
fusion are always questionable because regard-
less of the mathematical modelling used for cor-
rection, it is almost impossible to predict the 
three-dimensional nature of the shift in real time. 
Hence though a general orientation may be 
obtained, to assess residual tumour, it is best to 
rely only on the updated US image [ 39 ].  

11.5     Stand-Alone Navigated 
Ultrasound 

 Despite all efforts to improve the accuracy of 
MR-US fusion, errors persist. Further, the actual 
potential and advantage of the US (its ability to 
provide real-time information in quick time) may 
be underexploited. This has spurred interest in the 
use of US directly as the sole means of intraopera-
tive navigation [ 54 ]. Miller et al. reported use of 
direct navigable US in two cases where conven-
tional navigation failed [ 28 ]. In both cases, the US 
was suffi cient for fruitful completion of the 
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planned procedure. In a larger study of 18 cases, it 
was reported that direct 3D navigated US was 
useful in intraoperative navigation without the 
need for preoperative MR-based navigation [ 38 ]. 
The authors found the 3DUS adequate for visual-
ization of the target lesion and achieving the goal 
of resection in the gliomas. Whereas in both these 
reports, the US was used as a stand- alone adjunct 
due to failure of the conventional navigation, it 
has been our own experience (unpublished obser-
vations) that surgery can proceed very well with 
the US only, provided a good quality optimal 3D 
scan is obtained. The learning curve is pretty 
steep and can be quickly overcome. It helps when 
overlay of MRI is available (at least during the 
early part of the neurosurgeon’s clinical experi-
ence), but it is not mandatory. Serial acquisition of 
US images during the course of resection allows 
for a dynamic control on the resection process, 
assessing the residue while eliminating artefacts 
[ 46 ]. Use of US-to-US image fusion strategies 
may help improve detection of residual tumour 
and track the progress of surgery incorporating 
brain shift correction in real time [ 26 ]. Using 
stand-alone 3DUS obviates the need for a dedi-

cated preoperative MR (which adds to cost and in 
some situations such as emergencies is not possi-
ble). This could be a considerable advantage in 
busy departments especially in resource-con-
strained settings where the navigable 3DUS could 
be a cost-effective alternative to intraoperative 
MR (Fig.  11.4 ).

11.6        Clinical Utility of Navigated 
Ultrasound 

 The clinical utility of navigated US has been 
amply demonstrated. Integrating 3DUS (whether 
it is reconstructed or real-time 3DUS) into navi-
gation is very useful for intraoperative guidance 
[ 51 ]. This has been described for resection con-
trol in intra-axial low-grade as well as high-grade 
gliomas [ 6 ,  19 ,  31 ,  55 ]. Low-grade gliomas are 
better demarcated with a linear array probe than a 
phased array probe (Fig.  11.5 ). With a linear 
array probe and a high-end scanner, the low- 
grade glioma tissue can be gradually removed 
towards the borders (Fig.  11.6 ). Navigated 3DUS 
has been shown to improve resection rates in 

  Fig. 11.4    Direct stand-alone navigable 3DUS. Screenshot 
from the navigation system showing the same lesion as in 
Fig.  11.2 . In this case the direct navigable 3DUS function 
was used (as seen in the  left panel ) providing excellent 
multiplanar (biplanar in this case as dual any plane view 

was selected) images. Corresponding MR overlay is seen 
on the right panel. This however can be dispensed with if 
it is not available or not required or inaccurate (loss of 
registration or brain shift)       
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  Fig. 11.6    Snapshot of the navigation monitor during 
resection of a low-grade glioma showing 3DUS in the 
beginning of the resection ( middle column ) and after some 

removal ( right column ). The  lower row  shows the tip view 
which is a plane perpendicular to the navigator line 
through the tip       

  Fig. 11.5    Snapshot of the monitor during operation of 
low-grade glioma ( upper row  is a plane close to an axial 
plane, and  lower row  is a plane 90 ° to the former plane 
through the virtual line of the navigator). The images are 
cross sections from 3D MR fl air with overlay of corre-
sponding 3DUS cross sections. To the  left : 3DUS angiog-

raphy (power Doppler). In the  middle : 3DUS tissue 
acquired with a 8 MHz-phased array probe. To the  right : 
3DUS acquired with a 12 Mhz linear array probe. The 8 
MHz-phased array probe shows only the central part of 
the tumour, probably the part with highest cell density       
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gliomas permitting more radical resections. It is 
well known that extent of resection is an impor-
tant prognostic factor in survival in both low- and 
high-grade gliomas. Though there is presently no 
direct evidence supporting the role of US-guided 
resections in improving survival (unlike level I 
evidence for IOMR or ALA-guided resections), 
the inference can be extrapolated from the numer-
ous studies describing its benefi ts in obtaining 
radical resections. Saether et al. also report that 
compared to historical cohorts, use of 3DUS in 
their experience improved survival in patients 
with glioblastomas [ 45 ]. In our hands too, use of 
navigated 3DUS has shown to be independently 
associated with improved survival in glioblasto-
mas (Moiyadi et al. unpublished data).

    Besides resection control of gliomas, navi-
gated ultrasound can be used for guiding resec-
tion of many other masses as well as vascular 
lesions. Intraoperative Doppler angiography is 
particularly of benefi t providing updated vascular 
anatomy and guiding surgeries for AVMs and 
vascular lesions [ 12 ,  21 ,  25 ,  44 ,  53 ,  60 ]. The 
scope of application of the US is only limited 
practically by its ability to insonate a particular 
lesion. Therefore, almost any lesion (neoplastic 
as well as non-neoplastic) can be visualized using 
the US.  

    Conclusions 

 Navigated ultrasound and 3D ultrasound over-
come the signifi cant limitations of conven-
tional 2D ultrasound. Multimodal image 
fusion permits combination of imaging 
modalities to extract maximum information 
and complement the individual modalities 
themselves. Clinical utility of this technology 
is established and could be a very effective 
tool during intracranial surgery.     
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12.1            Contrast-Enhanced 
Ultrasound (CEUS) 

 Ultrasound (US) is a real-time, low-cost, nonin-
vasive, and widely available imaging tool which 
is nowadays well established in clinical routine. 
B-mode images can provide good discrimination 
between pathologic and healthy tissue and, with 
the introduction of Doppler images, it is feasible 
to achieve good visualization of vessels and to 
measure blood fl ow direction and speed thus wid-
ening the diagnostic range. Nevertheless, some-
times signal detection is unsatisfactory for 
diagnostic purposes since it cannot be easily dis-

tinguished from background noise. This is typi-
cal for masses sited in very deep regions of the 
abdomen. Furthermore, both B-mode and 
Doppler have the drawback of being unable to 
highlight microvasculature, and Doppler cannot 
detect low fl ow systems such as capillaries. 
Doppler techniques show also some other disad-
vantages such as the impossibility to study more 
than one or few vessels at a time and signal 
changes when modifying the insonation angle. 
Because of all these reasons, research focused on 
developing agents able to amplify signals coming 
from the region of interest, i.e., pathological 
masses, called ultrasound contrast agents. US 
contrast media are able to modify acoustic imped-
ance of tissues while interacting with incident 
beam and thus increasing ecogenicity and blood 
backscattering [ 1 ]: US contrast media in fact, 
when insonated by an ultrasound beam, undergo 
a series of contractions and expansions with a 
frequency depending from their dimensions, thus 
acting like an ultrasound source themselves with 
radial ultrasounds emission. 

 Ideal US contrast agent characteristics are 
high ecogenicity, linear relationship between 
concentration and signal intensity, ability to cross 
the pulmonary capillary bed, stability over the 
duration of the procedure, minimal imaging arti-
facts, and low toxicity [ 2 ]. Furthermore, US con-
trast agents, compared to gadolinium and iodinate 
contrast agents, are called “blood pool”, since 
they remain inside the vascular tree instead of 
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spreading in the interstitial space. This character-
istic makes them so powerful in highlighting both 
macro- and microvasculature and explains why 
only arterial phase is similar between all these 
imaging modalities [ 1 – 3 ]. 

 Back to the 1960s, cardiologists started to 
wonder if right-left cardiac shunt could be evalu-
ated with the intravenous injection of substances 
acting as contrast agents, detecting them inside 
the left cardiac chambers. At that time, transpul-
monary contrast agents able to cross the pulmo-
nary fi lter and reach the systemic circulation 
were still not available. The fi rst applications of 
transpulmonary agents (3–5 μ diameter) date 
back to the 1990s, and they were combined with 
echo-color Doppler (ECD) to improve echocar-
diography, transcranial Doppler (TCD), and eval-
uation of portal vein and renal arteries. The main 
limitations were Doppler artifacts and the impos-
sibility to study the capillary bed with Doppler 
techniques even after contrast media usage [ 4 ]. 
These contrast agents, called fi rst-generation 
contrast agents, were microbubbles containing 
air surrounded by a thin lipidic, proteic, or poly-
meric shell. The fi rst contrast medium introduced 
in the clinical routine was Levovist® which had a 
shell composed of galactose and palmitic acid. 
Because of their air core, fi rst-generation micro-
bubbles are unstable: they may be destroyed 
already during the preparation and injection or 
while fl owing through the capillary bed. Hence, 
they can be visualized only for a limited number 
of acquisitions. Moreover, if injected in bolus, 
they constantly produce a sovra-amplifi cation 
artifact called blooming, which makes the signal 
to appear also outside the vessels. This side effect 
can be avoided by injecting microbubbles slowly 
with a continuous infusion, but this makes 
dynamic studies not feasible [ 5 ,  6 ]. 

 In the last decade, microbubbles containing 
injectable gases with a lower diffusion coeffi cient 
were developed such as SonoVue®. Research also 
focused on their shell adding phospholipids, thus 
creating more elastic and stable microbubbles [ 7 ]. 
SonoVue ® contains sulfur hexafl uoride which is 
eliminated through respiration, while the shell 
undergo hepatic metabolization without involving 
kidneys like gadolinium or iodinate agents. 

 Essentially a 2–4 ml contrast medium bolus is 
manually injected in a peripheral vein through a 
18–20 G pipe. After intravenous injection, the 
contrast agent last up to 5 min, before being com-
pletely disrupted. Generally, US contrast media 
are very well tolerated with an incidence of 
adverse events around 0.009 % being the most 
safe drugs in medicine [ 8 ,  9 ]. However, since 
allergic and idiosyncratic effects have been 
described in the past, the exam should be per-
formed in a protected environment where resus-
citation can be feasible [ 10 ]. Nor steroids or 
antihistamine drugs have been proven effective 
for prophylaxis. Also mild reactions such as 
migraine, vertigo, erythema, and pain in the 
injection area have been described with an inci-
dence of 2 %. However, it is recommended to 
keep the patient under observation for at least 
30 min after the end of the exam even if usually 
adverse events tend to show within the fi rst 3 min. 
Contrast media are not allowed in pregnant 
women and children; restrictions during breast- 
feeding are effective only in some countries. The 
main microbubble contraindications were defi ned 
in 2007 by EMEA, and they include: previous or 
ongoing myocardial infarction, known left-right 
cardiac shunt, severe pulmonary hypertension, 
noncontrolled arterial hypertension, adult dis-
tress respiratory syndrome, severe arrhythmias, 
and stage IV heart failure. Because of this, 
patients need to sign an informed consent before 
undergoing the procedure. 

 Second-generation microbubbles show also 
the capability to resonate even if stimulated with 
low-intensity ultrasound while, in this condition, 
fi rst-generation microbubbles remain inert. 
Depending on incident ultrasound beam power 
and on the pressure they are subjected to, contrast 
agents show different behaviors. Generally, we 
distinguish between high-mechanical index and 
low-mechanical index techniques. Mechanical 
index is the result of the ratio between the peak of 
acoustic negative pressure ( measured in MPa) 
and the square root of the central frequency of the 
frequency band in use (measured in MHz) [ 11 ]. 
With high MI techniques (>1 MPa), it is possible 
to obtain a transitory echo signal from contrast 
media due to microbubble destruction and lead-
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ing to an “intermittent imaging.” Low MI tech-
niques (<100 KPa) can be used only with 
second-generation microbubbles to achieve a 
continuous real-time image acquisition. These 
techniques are based on nondestructive micro-
bubble oscillation hence without disruption and 
consequent consumption of contrast agents, 
thanks to the coincidence between US frequen-
cies and second-generation microbubbles intrin-
sic resonance frequency. Microbubble oscillation 
is nonlinear because the diameter in expansion is 
superior than the contraction scattering ultra-
sound with a frequency different from the inci-
dent (fundamental) one and are called harmonic 
frequencies. These include subharmonics, ultra- 
harmonics, and multiple of the fundamental fre-
quency. At present, 2nd harmonic is used to 
produce the images obtained from microbubble 
oscillation, since the subsequent harmonics are of 
decreasing amplitude and thus inadequate to gen-
erate a proper signal [ 12 ]. Selectively fi ltering out 
the fundamental frequency allows transducer to 
receive only the harmonic frequency. Main 
advantages of harmonic imaging over conven-
tional US are increased axial and lateral resolu-
tion, decreased reverberation and side-lobe 
artifacts, and increased signal-to-noise ratio. 

 Beside cardiology, CEUS is a well-established 
methodology especially in hepatology where it 
was proven to be superior to B-mode and basi-
cally is now considered to be at the same level of 
computed tomography (CT) and magnetic reso-
nance imaging (MRI) in highlighting liver lesion 
features, and its usage is properly coded by inter-
national guidelines. For example, CEUS is able 
to underline contrastographic behavior of hepato-
carcinoma characterized by typical arterial phase 
enhancement followed by a washout phase along 
the portal phase (Figs.  12.1  and  12.2 ).

    It is also a very sensitive method to detect and 
typify secondary lesions, both hyper- and hypo-
vascular, which cannot be visualized with con-
ventional US (Fig.  12.3 ). There is a strong 
indication for hepatic angioma diagnosis as well 
and focal nodular hyperplasia, while CEUS use 
along and after ablation therapy is still a matter of 
discussion. Other extrahepatic applications 
include biliary tract, lungs and lymphnodes visu-

alization, differential diagnosis between pancre-
atic neoformations such as adenocarcinoma and 
neuroendocrine tumors, differentiation between 
splenic infarct and splenic lymphomatous lesions  
[ 13 ], abdominal trauma assessment [ 14 ]. Another 
application is the study of vascular endoprosthe-
sis especially when leaking is suspected and, 
recently, the detection and characterization of 
brain lesions during the surgical excision.

   Lesion characterization with CEUS is mainly 
qualitative or semiquantitative and thus depen-
dent on the operator’s skills and experience and 
hardly reproducible. To increase objectivity of 
the obtained results, specifi c softwares allowing 
quantitative evaluation, especially regarding per-
fusion, have been recently developed. Mostly all 
these softwares are able to analyze DICOM data 
which are the ordinary format of PACS. After 
processing data, the software allows to obtain 
multiple parametric images representing selected 
areas in different colors according to a colorimet-
ric scale coding differences in perfusion (necrotic 
areas appear blue and wider in high-grade lesions, 
while low-grade neoplasms are more homoge-
neous), an Excel fi le containing perfusion 
 parameters values, and a time-intensity curve 
(TIC) for each region of interest (ROI) selected. 
The quantitative parameters usually calculated 
are (Fig.  12.4 ):

     Peak of enhancement (PE):  it is the maximum 
intensity measured in the TIC curve.  

   Raising time  (RT): it expresses the time from the 
instant at which the maximum slope tangent 
intersects the x-axis to the peak of the fi tted 
curve.  

   Mean transit time  (mTTI): it is the expression of 
the time a certain volume of blood spent in the 
capillary circulation inside the ROI.  

   Time to peak  (TTP): it expresses the time from 
time origin to the peak of the fi tted curve.  

   Wash in time  (Wi): it is the time from 5 to 95 % 
of intensity.  

   Washout time  (Wo): it is the time from the peak to 
the lowest intensity.  

   Area under curve  (AUC): it is the area under the 
TIC curve above the baseline calculated from 
time zero ( t  0 ) to the end of washout.  
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   Falling time  (FT): it is the equivalent of RT on the 
descending side of the curve.  

   Quality of fi tting  (QOF): this parameter tells us 
how reliable and representative of the reality 
the linearized data are. TIC with a QOF less 
than 70 % should be discarded.    

 In some fi elds, a solid expertise in CEUS and 
perfusion quantifi cation techniques is already a 
fact. Perfusion quantifi cation with specifi c off- 

line software shows advantages in order to iden-
tify specifi c pathological situations such as acute 
rejection after kidney transplant or gastrointesti-
nal infl ammatory diseases [ 15 ,  16 ]. Moreover, 
quantifi cation of some parameters such us time 
to peak (TTP), mean transit time (mTTI) in the 
capillaries, regional blood fl ow, and regional 
blood volume in breast cancer shows good cor-
relation with MRI images [ 17 ]. Interestingly, 
morphologic analysis of the curve allowed to 

  Fig. 12.1    Wide echogenic 
lesion of VII hepatic segment 
in a cirrhotic liver showing 
enhancement after UCSs 
administration       

  Fig. 12.2    Hepatocarcinoma. 
Late washout and tendency to 
hyperechogenicity       
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detect  different patterns strongly related to the 
histology of the mammary lesion. Since CEUS 
has the potential to highlight the capillary circu-
lation, it can be useful in the evaluation of cuta-
neous fl aps perfusion in order to predict future 
complications [ 18 ]. Another promising applica-
tion of this new technique is represented by its 
use in the follow-up of patients in treatment with 
antiangiogenetic drugs. This may allow to dif-
ferentiate between patient responders and nonre-
sponders [ 19 ,  20 ]. Especially the parameter area 
under curve (AUC) after 1 month of treatment 
seems to be a good predictor of the outcome 
after 6 months in gastrointestinal stromal tumors 

(GIST), renal cells tumors, and hepatocellular 
carcinoma. 

 Recently perfusion quantifi cation has been 
explored in the neurosurgical fi eld along brain 
tumor surgical excision (Figs.  12.5  and  12.6 ).

    Even though CEUS shows many strength 
points, with the development of molecular imag-
ing techniques and the growing demand for a 
more personalized and hyper-specialized medi-
cine, a single imaging modality appears no lon-
ger satisfactory [ 21 ]. It is a matter of fact that 
each imaging model carries its own limitations 
and key strengths. For example, MRI is a soft- 
tissue contrast imaging modality with high spatial 

  Fig. 12.3    Hepatic metastatic lesion. Tumor is isoechogenic to parenchyma showing intense enhancement after UCS 
administration. And then a rapid washout, hypoechogenicity along the portal phase       
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  Fig. 12.4    Typical TIC after 
intravenous bolus injection of 
microbubbles. The software 
converts video data (pixel 
intensity) into echo-power 
data (arbitrary units (a.u.)) 
which are directly 
proportional to the 
instantaneous concentration of 
microbubbles in the area of 
interest. This process is called 
linearization       
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resolution and multi-planar imaging capacities, 
but its cost is relatively high and it is not a real-
time modality while US is a real-time, low-cost, 
nonionizing, and widely available imaging tool, 
but its resolution is low and largely depends on 
the analysis of operator. On the other hand, fl uo-
rescence imaging is an imaging technique with 
high sensitivity and multicolor, but it is non-
quantitative with poor tissue penetrating ability 
[ 22 ]. Because of this over the past few years, the 
possibility to integrate different imaging modali-
ties gained great interest in healthcare industry in 
order to merge together the most relevant proper-
ties of each modality, hence obtaining the highest 
readout and increasing clinical effi cacy [ 23 ]. The 
complementary use of the two nonionizing 
modalities US and MRI is of great interest. 
MRI-US fusion is a product of the last decade 
which already gave promising results in brain 
surgery [ 24 ,  25 ] (Fig.  12.7 ), urology guiding 
prostate biopsy [ 26 ], prenatal diagnosis [ 27 ], and 
targeting of liver tumors amenable for thermal 
ablation [ 28 ].

   To increase the sensitivity and specifi city of 
modalities fusion, an injectable  micro-/nano- 
device supporting multimodality imaging could 

be of great value [ 29 ]. Microbubbles functional-
ized with different ligands can work in this way, 
and so they have been investigated worldwide as 
a potential multimodal contrast agent [ 23 ]. Both 
lipidic and polymeric microbubbles may be 
loaded with different particles and drugs, but the 
latter show additional potentialities. They are 
more robust; thus, they have a longer half-life, 
they possess greatly improved drug-loading 
capabilities, and they are easily synthesized in a 
one-pot reaction [ 30 ]. 

 The functionalization of microbubbles with 
supermagnetic iron oxide nanoparticles (SPIONs) 
or radioactive tracers makes them visible through 
MRI [ 29 – 31 ] and CT/SPECT [ 23 ], respectively, 
enabling visualization of many information, both 
functional and anatomical, and improving diag-
nostic possibilities. Moreover, microbubbles can 
be stabilized by embedded magnetic nanoparti-
cles into the bubble shell, and they can be guided 
by magnetic fi elds to the region of interest [ 31 , 
 32 ]. Some studies conducted on animals showed 
that biodistribution between different organs may 
be modifi ed using different ligands [ 23 ]. This 
should be taken into account in patients with spe-
cifi c diseases and thus when unable to properly 

  Fig. 12.5    Frontal panel obtained at the end of the analy-
sis of a brain lesion. The selected green area represents the 
lesion (GBM). On the top, original and parametric images 

are displayed. On the bottom, the time-intensity curve is 
shown together with quantitative parameters table report-
ing PE in the present case       

 

M. Caremani et al.



155

clear the organism from the contrast agent. 
Furthermore, functionalization with ligands able 
to bind molecules expressed in specifi c diseases 
allows a highly specifi c in vivo noninvasive 
molecular imaging. Since microbubbles display a 
intravascular nature, they can bind to altered phe-

notypes of cells present in the intravascular com-
partment [ 33 ]. This limits a number of targets 
which are expressed in the extravascular tissue. 
The bond between the ligand and the target 
should be specifi c, rapid, and strong since shear 
forces may disrupt it by moving the bubbles away 

  Fig. 12.6    Original image of a glioblastoma with the 
selected region of interest (ROI) ( a ); parametric images 
representing some of the calculated parameters: peak of 

enhancement (PE) ( b ), raising time (RT) ( c ), mean transit 
time (mTTI) ( d ), falling time (FT) ( e )       
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from the target in a very short time. Ideally the 
ligand should not have any pharmacological 
effects in order to avoid any increase of adverse 
effects [ 33 ]. Because of this, antibodies are clini-
cally less desirable since they can lead to immu-
nological reactions linked to manufacturing 
issues [ 34 ]. Nevertheless antibodies are useful in 
validation and proof-of-concept studies since 
they have a high specifi city towards the target 
[ 33 ]. Other kinds of ligands, such as small pep-
tides, aptamers, and lectins, show the advantage 
of being easier to manipulate compared to anti-
bodies, for example, they can be directly incorpo-
rated in the microbubble shell instead of being 
conjugated using the biotin-streptavidin linker 
[ 35 ,  36 ]. 

 Different binding ligands have been explored 
for targeting intravascular molecules such as 
integrins and, specifi cally, the triplet Arg-Gli- 
Asp (RGD). These integrins, together with vas-
cular endothelial growth factor type 2 (VEGFR2), 
are highly expressed in vessels activated by 
infl ammation and tumor angiogenesis [ 37 ]. 
Overexpression of VEGFR2 and/or VEGF has 
been associated with progression and unfavor-

able prognosis in many tumors such as colorec-
tal, gastric, and pancreatic carcinoma but also in 
breast and prostate carcinoma and in malignant 
glioma and melanoma [ 37 ]. Therefore, molecular 
ultrasound can be a useful tool in oncology appli-
cations for the detection of integrin and VEGF/
VEGFR2 expression in suspected tissue and 
assessment of changes during diseases progres-
sion or after peculiar treatments such as anti-
angiogenetic drugs [ 38 – 40 ]. Some preclinical 
studies have already been carried out with integ-
rin/VEGFR2-targeted microbubbles invariably 
showing a correlation between targeted bubble 
retention by tissues and integrin expression 
[ 39 – 44 ]. 

 In addition to their diagnostic properties, 
microbubbles have a potentiality for therapeutic 
purposes. Through US excitation, bubbles 
undergo repetitive contractions and expansions 
inducing microstreaming around the microbub-
bles that lead to channel modulation, thus 
 affecting cells permeability [ 45 ]. Stronger US 
pressure may even induce bubbles disruption 
producing a shock wave that can cause a perfora-
tion through the cell membrane and blood vessel 

  Fig. 12.7    US-MRI fusion in brain surgery during surgical removal of a left frontal glioblastoma       
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permeabilization [ 46 ,  47 ]. This mechanical prop-
erties can be of great value in the delivery of che-
motherapeutic agents loaded in the bubble shell 
especially through high selective membranes, for 
instance, the blood-brain barrier (BBB) [ 48 ,  49 ].     

   References 

     1.   Catalano A, Farina R (2012) Mezzi di Contrasto in 
Ecografi a CEUS. Metodologia di impiego e 
Indicazioni cliniche. E.L.I. Medica, Villaricca, Italy  

    2.    Correas JM, Bridal L, Lesavre A, Méjean A, Claudon 
M, Hélénon O (2001) Ultrasound contrast agents: 
properties, principles of action, tolerance, and arti-
facts. Eur Radiol 11(8):1316–1328  

    3.   Catalano O, Siani A (2007) Ecografi a in Oncologia. 
Testo-atlante di Ultrasonografi a diagnostica interven-
tistica nei tumori. I edizione. Spinger, Pagg 36–57  

    4.    Bertolotto M, Catalano O (2009) Contrast-enhanced 
ultrasound: past, present, and future. Ultrasound Clin 
4(3):339–367. doi:  10.1016/j.cult.2009.10.011      

    5.    Forsberger F et al (1994) Artifacts in ultrasonic con-
trast agent studies. J Ultrasound Med 13:357–365  

    6.    Goldberg BB (ed) (1997) Ultrasound contrast agents. 
Martin Dunitz, London  

    7.    Leong-Poi H, Song J, Rim S-J, Christiansen J, Kaul S, 
Lindner JR (2002) Infl uence of microbubble shell 
properties on ultrasound signal: implications for low- 
power perfusion imaging. J Am Soc Echocardiogr 
15(10 Pt 2):1269–1276  

    8.    Ter Haar G (2008) Bubble trouble? Ultraschall Med 
29(5):550–551. doi:  10.1055/s-0028-1098033      

    9.    Torzilli G (2005) Adverse effects associated with 
SonoVue use. Expert Opin Drug Saf 4(3):399–401. 
doi:  10.1517/14740338.4.3.399      

    10.    Van Camp G, Droogmans S, Cosyns B (2007) Bio- 
effects of ultrasound contrast agents in daily clinical 
practice: fact or fi ction? Eur Heart J 28(10):1190–1192  

    11.    Humphrey VF (2007) Ultrasound and matter – physi-
cal interactions. Prog Biophys Mol Biol 93(1–3):195–
211. doi:  10.1016/j.pbiomolbio.2006.07.024      

    12.    Choudhry S, Gorman B, Charboneau JW, Tradup DJ, 
Beck RJ, Kofl er JM, Groth DS (2000) Comparison of 
tissue harmonic imaging with conventional US in 
abdominal disease. Radiographics 20(4):1127–1135. 
doi:  10.1148/radiographics.20.4.g00jl371127      

    13.    Piscaglia F, Nolsoe C, Dietrich CF et al (2012) The 
EFSUMB guidelines and recommendations on the 
clinical practice of contrast enhanced ultrasound 
(CEUS): update 2011 on non-hepatic applications. 
Ultraschall Med 33(1):33–59  

    14.    Catalano O, Aiani A, Barozzi L et al (2009) CEUS in 
abdominal trauma: multi-center study. Abdom 
Imaging 34:225–234  

    15.    Correas J-M, Claudon M, Tranquart F, Hélénon AO 
(2006) The kidney: imaging with microbubble con-
trast agents. Ultrasound Q 22(1):53–66  

    16.    Girlich C, Jung EM, Huber E, Ott C, Iesalnieks I, 
Schreyer A, Schacherer D (2011) Comparison 
between preoperative quantitative assessment of 
bowel wall vascularization by contrast-enhanced 
ultrasound and operative macroscopic fi ndings and 
results of histopathological scoring in Crohn’s dis-
ease. Ultraschall Med (Stuttgart, Germany: 1980) 
32(2):154–159. doi:  10.1055/s-0029-1245398      

    17.    Caproni N, Marchisio F, Pecchi A, Canossi B, Battista 
R, D’Alimonte P, Torricelli P (2010) Contrast- 
enhanced ultrasound in the characterisation of breast 
masses: utility of quantitative analysis in comparison 
with MRI. Eur Radiol 20(6):1384–1395. doi:  10.1007/
s00330-009-1690-1      

    18.    Geis S, Prantl L, Gehmert S, Lamby P, Nerlich M, 
Angele P, Jung EM (2011) TTP (time to PEAK) and 
RBV (regional blood volume) as valuable parameters 
to detect early fl ap failure. Clin Hemorheol Microcirc 
48(1):81–94. doi:  10.3233/CH-2011-1396      

    19.    Cosgrove D, Lassau N (2010) Imaging of perfusion 
using ultrasound. Eur J Nucl Med Mol Imaging 
37(Suppl 1):S65–S85.  doi:    10.1007/s00259-010-1537-7                  

    20.    Lassau N, Chami L, Chebil M, Benatsou B, Bidault S, 
Girard E, Roche A (2011) Dynamic contrast-enhanced 
ultrasonography (DCE-US) and anti-angiogenic treat-
ments. Discov Med 11(56):18–24  

    21.    Lin Y, Chen Z-Y, Yang F (2013) Ultrasound-based mul-
timodal molecular imaging and functional ultrasound 
contrast agents. Curr Pharm Des 19(18):3342–3351  

    22.   Cheng X, Li H, Chen Y, Luo B, Liu X, Liu W, Haibo X, 
Yang X (2013) Ultrasound-triggered phase transition 
sensitive magnetic fl uorescent nanodroplets as a mul-
timodal imaging contrast agent in rat and mouse 
model. PlosOne. doi:  10.1371/journal.pone.0085003      

       23.    Barrefelt AA et al (2013) Multimodality imaging 
using SPECT/CT and MRI and ligand functionalized 
99mTc-labeled magnetic microbubbles. EJNMMI 
Res 3:12. doi:  10.1186/2191-219X-3-12      

    24.    Schlaier JR, Warnat J, Dorenbeck U, Proescholdt M, 
Schebesch K-M, Brawanski A (2004) Image fusion of 
MR images and real-time ultrasonography: evaluation 
of fusion accuracy combining two commercial instru-
ments, a neuronavigation system and a ultrasound 
system. Acta Neurochir 146(3):271–276. doi:  10.1007/
s00701-003-0155-6    ; discussion 276–277  

    25.    Prada F, Del Bene M, Mattei L, Lodigiani L, DeBeni 
S, Kolev V, DiMeco F (2015) Preoperative magnetic 
resonance and intraoperative ultrasound fusion imag-
ing for real-time neuronavigation in brain tumor sur-
gery. Ultraschall Med (Stuttgart, Germany: 1980) 
36(2):174–186. doi:  10.1055/s-0034-1385347      

    26.    Marks L, Young S, Natarajan S (2013) MRI- 
ultrasound fusion for guidance of targeted prostate 
biopsy. Curr Opin Urol 23(1):43–50. doi:  10.1097/
MOU.0b013e32835ad3ee      

    27.    Salomon LJ, Bernard J-P, Millischer A-E, Sonigo P, 
Brunelle F, Boddaert N, Ville Y (2013) MRI and 
ultrasound fusion imaging for prenatal diagnosis. Am 
J Obstet Gynecol 209(2):148.e1–9. doi:  10.1016/j.
ajog.2013.05.031      

12 Contrast-Enhanced Ultrasound: Basic Principles, General Application, and Future Trends

http://dx.doi.org/10.1016/j.cult.2009.10.011
http://dx.doi.org/10.1055/s-0028-1098033
http://dx.doi.org/10.1517/14740338.4.3.399
http://dx.doi.org/10.1016/j.pbiomolbio.2006.07.024
http://dx.doi.org/10.1148/radiographics.20.4.g00jl371127
http://dx.doi.org/10.1055/s-0029-1245398
http://dx.doi.org/10.1007/s00330-009-1690-1
http://dx.doi.org/10.1007/s00330-009-1690-1
http://dx.doi.org/10.3233/CH-2011-1396
http://dx.doi.org/10.1007/s00259-010-1537-7
http://dx.doi.org/10.1007/s00259-010-1537-7
http://dx.doi.org/10.6084/m9.figshare.891255
http://dx.doi.org/10.1186/2191-219X-3-12
http://dx.doi.org/10.1007/s00701-003-0155-6
http://dx.doi.org/10.1007/s00701-003-0155-6
http://dx.doi.org/10.1055/s-0034-1385347
http://dx.doi.org/10.1097/MOU.0b013e32835ad3ee
http://dx.doi.org/10.1097/MOU.0b013e32835ad3ee
http://dx.doi.org/10.1016/j.ajog.2013.05.031
http://dx.doi.org/10.1016/j.ajog.2013.05.031


158

    28.    Mauri G, Cova L, De Beni S, Ierace T, Tondolo T, 
Cerri A, Goldberg SN, Solbiati L (2015) Real-time 
US-CT/MRI image fusion for guidance of thermal 
ablation of liver tumors undetectable with US: results 
in 295 cases. Cardiovasc Intervent Radiol 38(1):143–
151. doi:  10.1007/s00270-014-0897-y      

     29.    Brismar TB, Grishenkov D, Gustafsson B, Härmark J, 
Barrefelt A, Kothapalli SV, Margheritelli S, Oddo L, 
Caidahl K, Hebert H, Paradossi G (2012) Magnetite 
nanoparticles can be coupled to microbubbles to sup-
port multimodal imaging. Biomacromolecules 
13(5):1390–1399. doi:  10.1021/bm300099f      

    30.    Nakatsuka MA, Lee JH, Nakayama E, Hung AM, Hsu 
MJ, Mattrey RF, Goodwin AP (2011) Facile one-pot 
synthesis of polymer-phospholipid composite micro-
bubbles with enhanced drug loading capacity for 
ultrasound-triggered therapy. Soft Matt 2011(7):1656–
1659. doi:  10.1039/C0SM01131B      

     31.    Cai X, Yang F, Ning G (2012) Applications of mag-
netic microbubbles for theranostics. Theranostics 
2(1):103–112. doi:  10.7150/thno.3464      

    32.    Yang F, Li Y, Chen Z et al (2009) Superparamagnetic 
iron oxide nanoparticle-embedded encapsulated micro-
bubbles as dual contrast agents of magnetic resonance 
and ultrasound imaging. Biomaterials 30:3882–3890  

      33.    Moestue SA, Gribbestad IS, Hansen R (2012) 
Intravascular targets for molecular contrast-enhanced 
ultrasound imaging. Int J Mol Sci 13(6):6679–6697. 
doi:  10.3390/ijms13066679      

    34.    Jain M, Kamal N, Batra SK (2007) Engineering anti-
bodies for clinical applications. Trends Biotechnol 
25(7):307–316. doi:  10.1016/j.tibtech.2007.05.001      

    35.    Pillai R, Marinelli ER, Fan H, Nanjappan P, Song B, 
von Wronski MA, Swenson RE (2010) A 
phospholipid- PEG2000 conjugate of a vascular endo-
thelial growth factor receptor 2 (VEGFR2)-targeting 
heterodimer peptide for contrast-enhanced ultrasound 
imaging of angiogenesis. Bioconjug Chem 21(3):556–
562. doi:  10.1021/bc9005688      

    36.    Pochon S, Tardy I, Bussat P, Bettinger T, Brochot J, 
von Wronski M, Schneider M (2010) BR55: a 
lipopeptide- based VEGFR2-targeted ultrasound con-
trast agent for molecular imaging of angiogenesis. 
Invest Radiol 45(2):89–95. doi:  10.1097/RLI.
0b013e3181c5927c      

     37.    Hicklin DJ, Ellis LM (2005) Role of the vascular 
endothelial growth factor pathway in tumor growth 
and angiogenesis. J Clin Oncol 23:1011–1027  

    38.    Kiessling F, Gaetjens J, Palmowski M (2011) 
Application of molecular ultrasound for imaging inte-
grin expression. Theranostics 1:127–134  

    39.    Korpanty G, Carbon JG, Grayburn PA, Fleming JB, 
Brekken RA (2007) Monitoring response to 

 anticancer therapy by targeting microbubbles to 
tumor vasculature. Clin Cancer Res 13(1):323–330. 
doi:  10.1158/1078-0432.CCR-06-1313      

    40.    Palmowski M, Huppert J, Ladewig G, Hauff P, 
Reinhardt M, Mueller MM, Kiessling F (2008) 
Molecular profi ling of angiogenesis with targeted 
ultrasound imaging: early assessment of antiangio-
genic therapy effects. Mol Cancer Ther 7(1):101–109. 
doi:  10.1158/1535-7163.MCT-07-0409      

   41.    Pysz MA, Foygel K, Rosenberg J, Gambhir SS, 
Schneider M, Willmann JK (2010) Antiangiogenic 
cancer therapy: monitoring with molecular US and a 
clinically translatable contrast agent (BR55). 
Radiology 256(2):519–527. doi:  10.1148/radiol.
10091858      

   42.    Willmann JK, Paulmurugan R, Chen K, Gheysens O, 
Rodriguez-Porcel M, Lutz AM, Gambhir SS (2008) 
US imaging of tumor angiogenesis with microbubbles 
targeted to vascular endothelial growth factor receptor 
type 2 in mice. Radiology 246(2):508–518. 
doi:  10.1148/radiol.2462070536      

   43.    Lee DJ, Lyshchik A, Huamani J, Hallahan DE, 
Fleischer AC (2008) Relationship between retention 
of a vascular endothelial growth factor receptor 2 
(VEGFR2)-targeted ultrasonographic contrast agent 
and the level of VEGFR2 expression in an in vivo 
breast cancer model. J Ultrasound Med 27(6):855–
866, Retrieved from   http://www.ncbi.nlm.nih.gov/
pubmed/18499845      

    44.    Liu H, Chen Y, Yan F, Han X, Wu J, Liu X, Zheng H 
(2015) Ultrasound molecular imaging of vascular 
endothelial growth factor receptor 2 expression for 
endometrial receptivity evaluation. Theranostics 
5(2):206–217. doi:  10.7150/thno.9847      

    45.    Sboros V (2008) Response of contrast agents to ultra-
sound. Adv Drug Deliv Rev 60(10):1117–1136. 
doi:  10.1016/j.addr.2008.03.011      

    46.    Mitragotri S (2005) Healing sound: the use of ultra-
sound in drug delivery and other therapeutic applica-
tions. Nat Rev Drug Discov 4(3):255–260. 
doi:  10.1038/nrd1662      

    47.    Dalecki D (2004) Mechanical bioeffects of ultra-
sound. Annu Rev Biomed Eng 6:229–248. 
doi:  10.1146/annurev.bioeng.6.040803.140126      

    48.    Fan C-H, Lin W-H, Ting C-Y, Chai W-Y, Yen T-C, Liu 
H-L, Yeh C-K (2014) Contrast-enhanced ultrasound 
imaging for the detection of focused ultrasound- 
induced blood–brain barrier opening. Theranostics 
4(10):1014–1025. doi:  10.7150/thno.9575      

    49.    Liu H-L, Fan C-H, Ting C-Y, Yeh C-K (2014) Combining 
microbubbles and ultrasound for drug delivery to brain 
tumors: current progress and overview. Theranostics 
4(4):432–444.  doi:    10.7150/thno.8074                          

M. Caremani et al.

http://dx.doi.org/10.1007/s00270-014-0897-y
http://dx.doi.org/10.1021/bm300099f
http://dx.doi.org/10.1039/C0SM01131B
http://dx.doi.org/10.7150/thno.3464
http://dx.doi.org/10.3390/ijms13066679
http://dx.doi.org/10.1016/j.tibtech.2007.05.001
http://dx.doi.org/10.1021/bc9005688
http://dx.doi.org/10.1097/RLI.0b013e3181c5927c
http://dx.doi.org/10.1097/RLI.0b013e3181c5927c
http://dx.doi.org/10.1158/1078-0432.CCR-06-1313
http://dx.doi.org/10.1158/1535-7163.MCT-07-0409
http://dx.doi.org/10.1148/radiol.10091858
http://dx.doi.org/10.1148/radiol.10091858
http://dx.doi.org/10.1148/radiol.2462070536
http://www.ncbi.nlm.nih.gov/pubmed/18499845
http://www.ncbi.nlm.nih.gov/pubmed/18499845
http://dx.doi.org/10.7150/thno.9847
http://dx.doi.org/10.1016/j.addr.2008.03.011
http://dx.doi.org/10.1038/nrd1662
http://dx.doi.org/10.1146/annurev.bioeng.6.040803.140126
http://dx.doi.org/10.7150/thno.9575
http://dx.doi.org/10.7150/thno.8074
http://dx.doi.org/10.7150/thno.8074


159© Springer International Publishing Switzerland 2016 
F. Prada et al. (eds.), Intraoperative Ultrasound (IOUS) in Neurosurgery: 
From Standard B-mode to Elastosonography, DOI 10.1007/978-3-319-25268-1_13

      Contrast-Enhanced Ultrasound 
(CEUS) in Neurosurgery                     

     Francesco     Prada      ,     Massimiliano   Del       Bene    , 
and     Francesco     DiMeco   

13.1            Introduction 

 Contrast agents (CAs) in medical imaging are 
used to highlight different characteristics of vari-
ous organs, vessels, and cavities, making their 
visualization more simple and effi cient. 

 Ultrasound contrast agents (UCAs) had been 
in use since the 1970s. The fi rst studies regarding 
fi rst-generation contrast agents were published in 
the late 1990s. Then second-generation UCAs 
were released, allowing for a real-time continu-
ous imaging, thanks to low-mechanical index US 
and contrast-specifi c algorithm. 

 Contrast-enhanced ultrasound (CEUS) consists 
in the real-time continuous visualization of the 
behavior of UCAs in the tissue of interest. UCAs are 
suspension of microbubbles (MBs) of gas encoated 

by a polymeric shell (diameter: 2–6 μm) that behave 
as purely intravascular contrast agents [ 1 – 3 ]. 

 The pharmacokinetics of the MBs is quite dif-
ferent from that of CAs used for CT and MRI 
which generally diffuse in the interstitial space [ 4 ]. 
CEUS has a number of distinct advantages over 
CT and MRI. It can be performed immediately, 
without any preliminary laboratory testing, and it 
can be carried out in different settings such as out-
patient’s clinic or surgical theatre. Furthermore, it 
allows a true real-time continuous imaging and has 
the potential to depict rapid changes. 

 Second-generation US contrast agents are 
clinically safe and well tolerated, although many 
applications continue to be off-label. UCAs reg-
istered in Europe are licensed only for cardiac, 
liver, breast, and vascular applications [ 1 ,  5 ,  6 ]. 

 CEUS is nowadays an established technique for 
many organs, as it allows, among other things, better 
depiction of neoplastic lesions and vascular tree [ 1 ,  6 ]. 

 The main clinically recognized application is 
the characterization of focal liver lesions: CEUS 
allows real-time assessment of contrast enhance-
ment and vascularity of focal lesions during the 
different dynamic phases, after injection of an 
intravenous contrast agent [ 6 ]. 

 There has been exponentially increasing inter-
est in the clinical applications of CEUS, and new 
fi elds have been investigated, so that nearly all 
organ systems have now been subjected to some 
kind of CEUS study; however, many applications 
continue to be off-label [ 1 ,  5 ,  6 ]. 
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 It is therefore worthwhile to explore and stan-
dardize its application in various fi elds of neuro-
surgery, ranging from neuro-oncology and 
skull-base surgery to vascular surgery, integrat-
ing these information to the anatomical and func-
tional ones obtained with standard B-mode and 
Doppler imaging [ 2 ,  3 ,  7 ,  8 ]. 

 To achieve a proper examination, a dedicated 
equipment is necessary, along with a specifi c train-
ing, in order to standardize the procedure [ 9 ]. 

 The examination with CEUS during neurosur-
gical procedures should be performed following 
as much as possible the criteria already estab-
lished for other organs. 

 Main parameters to be taken into account are 
timing (arterial and venous phase [time is given 
as range]), degree of CE (comparison with brain 
parenchyma), and contrast distribution (centripe-
tal/centrifugal pattern, visibility of afferent/effer-
ent vessels, intralesional vessels, cystic/necrotic 
areas) [ 1 ,  3 ,  6 ].  

13.2     Exam Technique 

13.2.1     US Equipment 

 CEUS requires a US system with specifi c algo-
rithm capable to analyze the echo signal in order 
to represent only the harmonic signal from the 
UCA and suppressing the linear signal origi-
nated from the tissue. The most used probe is the 
multifrequency (3–11 Mhz) linear array that per-
mits to study both depth and superfi cial lesions 
[ 2 ,  3 ,  7 ,  8 ]. As UCA, the most used is sulfur 
hexafl uoride (SonoVue™ –Bracco, Italy): a 
second- generation contrast agent that permits to 
acquire nonlinear signal at low power of 
insonation [ 5 ]. This feature leads to minimal MB 
disruption and allows a continuous study of 
structure/organ for some minutes, dynamically 
assessing the enhancement in real time.  

13.2.2     Operative Setting 

 Prior to perform whatever intraoperative ultra-
sound (IOUS) study in neurosurgery, it is manda-
tory to accurately plan the surgical approach. The 

craniotomy has to be large enough to fi t the US 
probe leaving the possibility to direct the US 
beam on each plan. The surgical cavity must be 
horizontal in order to be fi lled by saline solution 
to allow good acoustic coupling. Another impor-
tant precaution consists in limiting the use of 
hemostatic materials because being hyperechoic 
reduces the fi eld of view. 

 Once the craniotomy has been completed and the 
operculum has been removed, the initial US scan is 
performed through the intact  dura mater . The probe 
is placed on the meningeal surface that is continu-
ously irrigated with saline solution to wash away the 
hyperechoic blood. Prior to contrast- enhanced ultra-
sound study, a detailed baseline examination is per-
formed with standard B-mode and Doppler imaging. 
The baseline examination must identify the principal 
anatomical landmarks and the vascularity of that 
region. Landmarks recognition is fundamental in 
order to correctly understand the plan of insonation 
and structure orientation. 

 Main landmarks are:

•     Hyperechoic : skull, vessels walls, choroid 
plexuses, arachnoid, ependyma, dural fold, 
brain-lesion interface  

•    Hypoechoic : cerebrospinal fl uid, ventricles  
•    Isoechoic : brain parenchyma    

 Another important task during basal examina-
tion is to recognize the lesion, its orientation, 
relationships with neighboring structure and sur-
rounding vessels [ 3 ,  10 ].  

13.2.3     Ultrasound Contrast Agent 
Preparation 

 To perform a continuous imaging, second- 
generation CAs are used. The most used is 
SonoVue® (Bracco, Italy). It is provided as a 
lyophilized powder and has to be reconstituted 
with sterile saline solution (5 ml of NaCl 9 mg/ml) 
according to the manufacturer recommendations. 
After reconstitution, UCA is agitated vigorously 
to obtain a whitish suspension of sulfur hexafl uo-
ride MB [ 5 ]. UCA (half vial (2.4 ml) for each 
scan) is then injected trough a peripheral vein, fol-
lowed by a fl ush of 10 ml of saline solution.  
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13.2.4     CEUS Exam 

 Before dural opening but after the basal scan, the sur-
geon selects the region of interest and sets the US 
focus below it. The US modality is switched to con-
trast-specifi c imaging mode. This modality reduces 
the power of insonation to a low- mechanical index 
(low MI B-mode <0.2) and activates the contrast-
specifi c algorithm; it prevents the MB disruption and 
allows to visualize only the harmonic signal from 
UCA. SonoVue (2.4 ml) is injected intravenously 
followed by a 10 ml of saline fl ush by anesthesiolo-
gist, while surgeon starts the timer and cine-clip 
recording. Circulating MBs have a half-life of several 
minutes; this feature allows to follow vessels or to 
study lesion vascularization with great detail. 
Moreover during surgery, it is possible to review the 
cine clip of the CEUS exam, and if this is insuffi cient, 
it is possible to repeat CEUS study several times [ 3 ].  

13.2.5     Limitations 

 The principal limitation is related to the operator 
experience with intraoperative US imaging. 
Specifi c training in the use of intraoperative 
CEUS is required. 

 CEUS is demanding on both theoretical and 
practical level. It requires a specifi c knowledge of 
US physics, US cerebral semeiotics, as well as 
specifi c training in CEUS [ 1 ,  6 ]. 

 UCA are approved drugs for diagnostic use in 
Europe, with some specifi c contraindications. 
Patients with severe cardiac insuffi ciency, right-
to- left shunts, severe pulmonary hypertension, 
uncontrolled systemic hypertension, and adult 
respiratory distress syndrome should not undergo 
to the exam [ 5 ]. However SonoVue® is a safe 
drug with almost no side effects, and it does not 
even require a specifi c consent [ 5 ,  11 ]. 

 In the matter of surgical limitations, it must be 
considered that IOUS requires a custom craniot-
omy to fi t the US probe on each orientation. Care 
must be taken also in using haemostatic materials 
in order to not reduce the fi eld of view. 
Furthermore, when performing the US study, it is 
mandatory to apply only a slight pressure over 
the neural structures to prevent vessel ruptures or 
parenchymal contusions [ 2 ].   

13.3     Clinical Applications 
in Neurosurgery 

 Ultrasound contrast agents (UCA) are suspen-
sions of MB of gas encapsulated in a layer of pro-
teins or polymers. The pharmacokinetic of MB is 
directly related to their mean diameter of 5 μm. 
Injected through a peripheral vein, MB can pass 
in smallest capillaries and across the lung, allow-
ing imaging of arterial, capillary, and venous dis-
tricts. MBs behave as echo-enhancers: they were 
used at the beginning to enhance Doppler imag-
ing. Doppler imaging permits to visualize the 
vascular tree, but it is not possible to study in 
detail and simultaneously arterial and venous 
fl ows and so tumor and organ perfusion [ 12 ]. 
CEUS is the only IOUS modality permitting to 
study all the vascular districts without the need to 
set pulse repetition frequency, gain, or multiple 
parameters and without the limitations of low 
temporal resolution and angle dependency. 

 One main aspect of UCA in brain application 
is that they behave as purely intravascular contrast 
agent because of the dimensions that do not per-
mit to diffuse in the interstitial space [ 1 – 3 ,  6 ,  13 ]. 
The brain has a terminal circulation sustained by 
multiple arteries, and it demonstrates an arterial, a 
parenchymal, and a venous phase. 

 The normal lobar parenchyma does not have a 
strong enhancement, except for the basal ganglia 
(Fig.  13.1 ).

   In view of this, two major applications of 
CEUS in neurosurgery are actually under investi-
gation (Fig.  13.2 ):

•     Intraoperative evaluation of neoplastic lesions  
•   Angiosonography    

13.3.1     Intraoperative Evaluation 
of Neoplastic Lesions 

 Over the years, CEUS has proven to be a reliable 
solution to detect and characterize focal lesions 
in liver and many other organs. However, only 
few studies have been published so far in onco-
logical neurosurgery [ 3 ,  8 ,  14 – 17 ], and today this 
technique is not widespread. 
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 Our group has been using UCA to perform 
CEUS for years and has published three studies 
concerning the topic [ 2 ,  3 ,  8 ]. We have observed 
that CEUS with SonoVue® is capable to high-
light tumor parenchyma and tumor-brain inter-
face with great accuracy in most tumors. 
Especially in those tumors that have bad defi ned 
border, we have observed that CEUS can show 
tumor extension with great contrast to healthy 
edematous brain (Fig.  13.3 ).

   This is due to the pharmacokinetics of UCA 
that behaves as a purely intravascular contrast 
agent. The degree of contrast enhancement (CE) 
post UCA injection is related to the density and 
distribution of capillaries in the region of interest. 
The differentiation between tumoral and healthy 
tissue is based on the tumor enhancement post-
contrast injection, that is due to the abnormal 
density of capillaries in the pathological tissue 
(Fig.  13.3 ). This feature permits also to identify 

  Fig. 13.1    Normal brain parenchyma enhancement. 
Coronal CEUS scan in a case of a right frontal low-grade 
glioma. Normal parenchyma does not show any contrast 
enhancement, while basal ganglia typically show. Lower- 
grade gliomas usually do not demonstrate a strong con-
trast enhancement       
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  Fig. 13.2    Schematic 
representation of CEUS 
applications in neurosurgery       
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the more active/viable and the necrotic or cystic 
areas within the tumor. For example, in glioma 
surgery, CEUS is capable to differentiate low- 
and high-grade gliomas and in specifi c cases can 
show anaplastic foci in otherwise considered 
low-grade tumors [ 8 ]. On the other hand, those 
lesions not metabolically active, like dermoid or 
epidermoid cysts, abscess, and radionecrosis, 
show no CE, permitting the differential diagnosis 
between these entity and other necrotic/cystic 
lesions [ 3 ]. 

 Being a tomographic imaging able to discrim-
inate healthy brain and tumor, CEUS allows to 
repeatedly assess the degree of tumor removal 
and the residual volume also in region not already 
exposed (Figs.  13.4  and  13.5 ).

    Furthermore, CEUS, being real time, permits 
to study all the dynamics of UCA in the tumor. 
Differently from other contrast-enhanced imag-
ing techniques as computed tomography or mag-
netic resonance imaging, CEUS shows the 
enhancement behavior from UCA arrival to the 

  Fig. 13.3    Tumor visualization. Screenshot of navigated IOUS in a case of right parieto-occipital metastasis; axial 
CEUS scan is shown together with coplanar preoperative MRI. CEUS is able to highlight the lesion margins       

a b c

  Fig. 13.4    Resection control. Axial CEUS scan in a case of left temporal high-grade glioma. ( a ) Preoperative MRI. ( b ) 
Pre-resection CEUS scan. ( c ) After partial resection, CEUS shows the residual tumor mass ( arrowheads )       
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washout phase (Fig.  13.6 ). For this reason, the 
CE is subdivided in three main phases:

•     Arterial  
•   Parenchymal  
•   Venous    

 This aspect is extremely relevant in case of 
highly vascularized tumors as meningiomas, in 
which the possibility to fi nd also deep feeders 
permits to rapidly devascularize the tumour, 
reducing the bleeding entity and the surgical 
complexity (Fig.  13.7 ).

   Moreover, each pathological entity shows a 
specifi c CE pattern, in virtue of a specifi c vascu-

lar organization of afferent vessels, capillaries, 
and drainage veins.  

13.3.2     Contrast Enhancement 
Pattern 

 G lioblastomas  (GBM) demonstrate a brief CE 
(20–30 s after UCA injection) characterized by 
rapid arterial phase (2–3 s), CE peak at 3–5 s, 
and disordered dynamics of microbubbles within 
the lesion (Fig.  13.6 ). In most cases, the arterial 
feeders are clearly visible, together with many 
macro- vessels within the lesion and a typical 
peripheral enhancement that moves centripe-

  Fig. 13.5    Resection control. CEUS scan in a case of left 
parietal high-grade glioma. Pre-resection image show the 
tumor mass and the drainage system toward the ventricle 

( circle ). Post-resection image show no contrast enhance-
ment and the disappearance of drainage system       

  Fig. 13.6    Contrast enhancement phases. CEUS scan in a 
case of left parietal high-grade glioma. In arterial phase, 
the main feeders are recognizable. In peak and parenchy-

mal phase, it is possible to differentiate more viable and 
cystic/necrotic areas. In venous phase, multiple small 
draining veins toward the ventricle are visible       
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tally. The parenchymal phase has an irregular 
and heterogeneous CE pattern with both nodular 
high- contrast dense areas and hypo-/non-per-
fused necrotic-cystic areas surrounded by a ring-
like enhancement. Also the venous phase is rapid 
(5–10 s), through a diffuse drainage system and 
multiple medullary veins directed to the periven-
tricular zone (Figs.  13.5  and  13.6 ). 

  Anaplastic gliomas  (ANA) usually have a 
slower arterial phase compared to GBMs (10 s) 
and a CE peak at approximately 15 s after UCA 
arrival. The MB transit is less chaotic with the 
venous phase delayed at 20–25 s. Arterial sup-
plier and venous drainage are less recognizable 
than in GBMs. ANAs normally have an initial 
mild and more homogeneous CE compared to 
GBMs, followed by a reinforcement during the 
parenchymal phase. In some cases, few small 
hypoperfused areas are identifi able together with 
scattered areas of higher CE. The boundaries of 
the tumor are less distinguishable than in GBMs. 

  Low-grade gliomas  (LGG) show a longer arte-
rial phase (up to 15 s) if compared to ANAs and 
GBMs and a CE peak at around 20 s. The transit 
of the MB appears quite regular with a venous 
phase after 30 s. Arterial supply is not always 
clear, as well as the venous drainage. LGGs have 
a soft CE post UCA injection compared to brain 

parenchyma, and the tumor  parenchymal phase is 
homogeneous. No intralesional vessels are 
observable. 

  Meningiomas  show a strong and rapid CE; 
arterial phase of 5–10 s with higher CE peaks in 
higher grades. CE moves centripetally from the 
dural attachment with a CE pattern in parenchy-
mal phase strong and homogeneous. The venous 
phase is delayed (30 s), and venous drainage sys-
tem is visible. Intralesional major vessels are rec-
ognizable only in grade II and III meningiomas, 
which also exhibited more heterogeneous pattern 
with hypodense/necrotic areas within the lesion. 
Tumor margins are always clearly detectable. 

  Ependymomas  are characterized by a rapid 
arterial phase (5 s) and a CE peak at 5–10 s. The 
arterial supply is distinguishable and CE moves 
centripetally, with some macro-vessels within the 
lesion. The venous phase occurs at 20–25 s, 
through a diffuse drainage system around the 
lesion. During parenchymal phase, the CE pat-
tern is irregular and heterogeneous homogeneous 
areas alternating with hypoperfused cystic areas. 

  Pituitary adenomas  have a brief arterial phase 
(10 s) and a delayed CE peak at 30 s. Arterial 
feeders are not visible, as well as the veins, and 
the CE pattern is quite regular and homogeneous. 
No vessels inside the tumor are visible. 

a b

  Fig. 13.7    Dural feeders in meningioma surgery. Axial 
CEUS scan in a case of parasagittal meningioma. ( a ) 
CEUS scan after dural coagulation. ( b ) Coplanar navi-
gated preoperative MRI. CEUS demonstrates that the 
main feeders were from the exposed dura mater at the con-

vexity: after its coagulation, the tumor shows a little con-
trast enhancement on the deeper capsule ( asterisk ). The 
presence of microbubbles in the superior sagittal sinus 
proves its patency ( arrowhead )       

 

13 Contrast-Enhanced Ultrasound (CEUS) in Neurosurgery



166

Parenchymal phase is persistent with a slow 
venous phase (>40 s). 

  Craniopharyngiomas  have a slow arterial phase 
(40–50 s) and a delayed CE peak at 80 s. The CE 
pattern is heterogeneous, and feeding and draining 
vessels are not detectable. No vessels are recogniz-
able inside the lesion. The parenchymal phase is 
persistent with a slow venous phase (100 s). 

  Hemangioblastomas  display a rapid arterial 
phase (5–10 s) and CE peak. CE is intense with 
a centripetal progression. The CE pattern shows 
homogeneous parenchymal areas together with 
hypoperfused regions. No major vessels are 
visible within the lesion. The venous phase is 
delayed up to 30 s. 

  Metastases , in most cases, show a rapid and 
fast arterial phase (2–3 s) and CE peak (at 5–10 s). 
The arterial feeders are usually visible with many 
macro-vessels within the lesion. CE progress 
centripetally, and it is persistent with a slow 
venous phase (30 s). The drainage system is not 
visible. CE in metastases is typically strong and 
intense with an irregular pattern composed of 
high-contrast dense areas, macro-vessels, and 
hypo-/non-perfused necrotic/cystic areas. Tumor 
borders are commonly identifi able after CE. 

  Epidermoid/dermoid cysts, abscess ,  radione-
crosis  are not metabolically active and do not show 
any CE, not having a specialized vascularization. 

 In general, CEUS is able to highlight different 
brain lesions, both intra- and extra-axial, as com-
pared to standard B-mode imaging. 

 Relying on our preliminary data, CEUS has 
the ability to depict lesions such as high-grade 
gliomas with a detailed morphology superimpos-
able to that of T1-weighted contrast-enhanced 
MRI (Fig.  13.4 ). Therefore, CEUS is highly 
desirable in those cases when the standard 
B-mode is not able to differentiate between the 
lesion and brain tissue (Fig.  13.3 ). 

 Moreover, as it has been shown by our group, 
it also allows a real-time characterization of dif-
ferent histotype. Furthermore, CEUS permits to 
visualize tumor remnants after resection, par-
tially overcoming the problems due to artifacts 
(Figs.  13.4  and  13.5 ). 

 CEUS offers also valuable biological informa-
tion regarding tumor perfusion, as well as tumor 

vascularization: the possibility to visualize affer-
ent and efferent vessels allows to localize them in 
the surgical fi eld, thus possibly changing the sur-
gical strategy for tumor removal (Fig.  13.7 )   

13.4     Angiosonography 

 Even though the main studied application of 
CEUS is cerebral tumor surgery, the second most 
relevant is the study of vascular tree when deal-
ing with vessels [ 7 ,  16 ] (Fig.  13.2 ). 

 CEUS is a harmonic imaging modality that 
depicts only the echo signal from the MBs that 
measuring 2–6 μm can distribute exclusively 
inside the vascular tree. 

 In virtue of their dimensions, MB can pass in 
arteries, veins, and also capillaries. This feature per-
mits to study not only the principal vessels but also 
the general perfusion pattern of the region or lesion 
without the need to set multiple parameters as for 
Doppler imaging [ 12 ]. Moreover, CEUS, being an 
echo-tomographic representation allows to study 
vessels in depth, not already surgically exposed, as 
requested, for example, by fl uorescence-guided sur-
gery [ 7 ] (Figs.  13.8 ,  13.9 , and  13.10 ).

     These aspects together with the excellent spatial 
and temporal resolution and repeatability of CEUS 
make possible to localize and follow the entire course 
of a vessel of interest simply by tilting the probe. 

 Vessels localization is only the fi rst result of 
CEUS examination. Through a visual qualitative 
evaluation of the direction and velocity of MB 
movements and observing the intensity of signal, it 
is possible to establish the fl ow direction and entity. 

 In oncological surgery, CEUS is useful to 
identify and locate shifted or encased main vas-
cular structures, feeding and draining systems, 
leading tumor resection and assisting vessels dis-
section [ 2 ,  7 ] (Figs.  13.7 ,  13.8 , and  13.9 ). 
Ultimately CEUS aids to preserve vital structures 
or to reduce the bleeding entity by sacrifi cing the 
feeding arteries (Figs.  13.7  and  13.10 ). 

 In vascular surgery, CEUS is applicable when 
coping with aneurysms, arteriovenous malforma-
tions (AVM), and in general every time that a 
vessel undergoes a prolonged manipulation 
(Figs.  13.8 ,  13.9 , and  13.10 ). 
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 In AVM surgery, CEUS allows to visualize the 
nidus as well as feeding and draining vessels and 
permits to be aware of any residual mass prior to 

exposure [ 7 ,  16 ]. During resection, it is of help in 
visualizing arterial feeders when progressively 
dissecting the nidus. After resection, CEUS can 
be repeated to check the cavity for residual AVM 
(Fig.  13.10 ). 

 When dealing with aneurysms, CEUS 
makes possible to evaluate sac morphology 
and orientation in regard of main proximal and 
distal vessels [ 7 ,  16 ] (Fig.  13.8 ), prior to direct 
exposure. After clipping the aneurysm, CEUS 
allows to assess distal flow, also comparing 
the real-time imaging to pre-clipping 
situation. 

 In addition to direct visualization during vas-
cular surgery procedure, CEUS permits to per-
form a control in order to study the obtained 
effects: in fact in general, after prolonged manip-
ulation of a vessel, the presence of MBs’ fl ow 
certifi es its patency.     

a

c d e

b

  Fig. 13.8    Angiosonography in aneurysm surgery. ( a ) 
CEUS scan in a case of left middle cerebral artery bifurca-
tion aneurysm. ( b ) 3D angiography reconstruction. ( c ,  d ) 
Preoperative MRI. ( e ) Angiography. The aneurysm is par-

tially thrombosed; indeed, CEUS shows inhomogeneous 
contrast distribution in the  sac . The angiosonography 
highlights  sac  orientation and its relationships to the mid-
dle cerebral artery bifurcation       

  Fig. 13.9    Angiosonography of the circle of Willis in a 
case of frontotemporal low-grade glioma       
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Ultrasound Elastography

Huan Wee Chan, Jeffrey Bamber, Neil Dorward, 
Aabir Chakraborty, and Christopher Uff

14.1  Introduction

Medical practitioners perform palpation as part 
of their clinical examination to detect any abnor-
malities. They perform palpation by exerting cer-
tain force on the soft tissue with their hands and 
rely on tactile feedback to assess the response of 
the soft tissue. Using their knowledge about the 
stiffness of normal tissue, they determine if the 
soft tissue they are palpating is normal or abnor-
mal. In essence, they are assessing the amount of 
soft tissue deformation in response to certain 
amount of force, which is the definition of 
Young’s modulus given by:

 
E =

Stress

Strain  
where E is the Young’s modulus, stress is the 
amount of deformation force applied and strain is 

the amount of deformation in response to the 
deformation force. During palpation, medical 
practitioners invariably apply the same amount of 
force; thus, they rely on the relative soft tissue 
strain to detect any abnormalities.

Quasistatic strain elastography (QSE) is the 
one of the earliest type of elastography described 
in 1991 by Ophir et al. [1]. This technique uses 
ultrasound to image the soft tissue before and 
after applying deformation force. The amount of 
strain exhibited by the soft tissue is displayed as 
strain imaging. This is very similar to palpation, 
except that it has better resolution and higher 
 sensitivity than palpation. This is especially use-
ful in lesions that are situated deep in the soft 
tissue.

Ultrasound elastography is the name given to 
ultrasound-based techniques of imaging soft tis-
sue elasticity. Ultrasound images are made up of 
tiny white granules known as speckles, which are 
produced by interference of echoes (reflected 
sound waves) from very small reflectors present 
in biological tissue. These speckles act as image 
markers for ultrasound imaging to track during 
soft tissue deformation. Using high-frequency 
ultrasound imaging, the motion of the speckles 
between neighbouring elements can be detected 
and mapped with high resolution. This forms the 
basis for ultrasound elastography.

There are several methods of performing such 
imaging. Generally, they can be divided into 
qualitative and quantitative elastography. As the 
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name implies, qualitative elastography demon-
strates the relative stiffness of one type of soft 
tissue compared to another. The examples of this 
type of elastography are QSE, as described 
above, and acoustic radiation force impulse 
(ARFI) imaging. On the other hand, quantitative 
elastography displays the absolute stiffness of the 
soft tissue being imaged. The absolute stiffness 
can be displayed as Young’s modulus or shear 
modulus in kilopascal (kPa) unit. The examples 
of quantitative elastography are shear wave elas-
tography (SWE) and crawling wave imaging.

ARFI imaging utilises focused ultrasound 
beams emitted by the ultrasound transducer to 
produce minute deformation of the soft tissue, 
which is detected by ultrasound imaging [2]. As 
the stress produced is not uniform, the Young’s 
modulus cannot be determined. Therefore, the 
resultant strain images are qualitative.

In SWE, focused ultrasound beams are used to 
cause micromillimetre displacement of the soft 
tissue to produce shear waves, which travel in the 
plane perpendicular to the axis of displacement 
[3]. The speed of the shear waves is related to 
Young’s modulus by the equation:

 E c= 3 2r  
where E is Young’s modulus, ρ is density of soft 
tissue and c is shear wave speed. Using the same 
principle as tracking speckle motion, ultrasound 
imaging is able to produce a map of shear wave 
speed with relatively high resolution. This is a 
type of quantitative elastography.

14.2  Clinical Application 
of Ultrasound Elastography

Ultrasound elastography has been used clinically 
in different organs. In this section, only clinical 
application in the liver, breast and thyroid will be 
discussed.

In the liver, the ‘gold standard’ for grading 
liver fibrosis is by doing a liver biopsy [4]. 
However, this is very invasive and has many 
potential complications associated with it. 
Therefore, ultrasound elastography has been 
employed in the attempt to assess liver fibrosis 
non-invasively. Transient elastography (TE) is 

the first ultrasound elastographic technique for 
liver [5]. This is a 1D elastographic technique, 
whereby a low-frequency vibrator, typically 50 
Hz, is used to generate shear waves [5].

In the breast, both QSE and SWE are used to 
reclassifying breast imaging recording and data 
system (BI-RADS) 4a into 3 and 4b [6], as the 
management for BI-RADS 3 (probably benign)
and BI-RADS 4b (intermediate suspicion of
malignancy) are very different, the former not 
requiring biopsy whereas the latter requiring 
biopsy. Using Tsukuba 5-point scoring system, in 
which the amount of stiff tissue in and around the 
lesion is assessed, QSE was shown to have 71.2 
% sensitivity, 96.6 % specificity and 87.4 % 
accuracy in differentiating benign from malig-
nant lesions when the cut-off point of between 4 
and 5 were used [7]. The addition of QSE to 
B-mode ultrasound has been shown to improve
the accuracy of BI-RADS classifications [8]. 
Using a cut-off value of maximum Young’s mod-
ulus of 80 kilopascal (kPa), SWE was shown to 
be able to reclassify BI-RADS 3 and 4a, thus
improving the specificity of conventional ultra-
sound from 61.1 to 78.5 % without adversely 
affecting the sensitivity in 650 lesions [9].

In the thyroid, QSE and SWE have been used 
in differentiating benign from malignant nodules. 
A meta-analysis of 639 nodules demonstrated that
QSE had a mean sensitivity and specificity of 92 
% and 90 %, respectively, for diagnosing malig-
nancy thyroid nodules [10]. Shear wave speed 
using SWE has been shown to be higher in malig-
nant nodules compared to benign nodules, but the 
cut-off maximal have not been consistent [11, 12].

14.3  Intraoperative Ultrasound 
Elastography 
in Neurosurgery

Neurosurgeons invariably rely on visual inspec-
tion and tactile feedback when performing resec-
tion of brain lesions as these lesions usually have 
different appearance and texture. However, this is 
very subjective, and neurosurgeons overestimate 
the extent of resection by three times [13, 14], as 
the appearance and texture can be very similar to 
the surrounding brain.
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Neuronavigation using preoperative imaging
has been employed to improve the extent of resec-
tion. In fact, neuronavigation plays a vital role in 
assisting neurosurgeons in craniotomy planning 
and surgical approach to the lesion [15]. However, 
brain shift occurs after craniotomy and dural 
opening. If the intracranial pressure is high prior 
to craniotomy, the brain and the lesion bulge 
towards the craniotomy site. Conversely, if the 
intracranial pressure is normal or low prior to cra-
niotomy, the whole brain including the lesion will 
sink away from the craniotomy site. This is fur-
ther exacerbated by dural opening, where drain-
age of cerebrospinal fluid (CSF) and gravity will 
cause further shift. It was shown that the mean 
shift of the cortex is 4.6 mm after dural opening 
and 6.7 mm after tumour resection [16]. Therefore, 
although neuronavigation helps with craniotomy 
planning and surgical approach, it is not very 
accurate in determining the extent of resection.

Intraoperative ultrasound (IOUS) in neurosur-
gery has been used since the 1980s [17]. However, 
the application of IOUS in neurosurgery is lim-
ited due to the low-quality images, unfamiliarity 
of ultrasound among neurosurgeons and user- 
dependent variability in image interpretation. 
With the advancement in image processing and 
computer technology, the quality of ultrasound 
images has improved significantly. The improve-
ment in image quality, combined with the capa-
bility of co-registering the ultrasound transducer 
with neuronavigation, has revived the use of 
IOUS in neurosurgery [18]. Not only is IOUS
easy to set up and relatively low cost, it also pro-
vides real-time imaging of brain structures dur-
ing surgery. With no ionising radiation risk, 
IOUS can be used as many times as the neurosur-
geon requires to guide resection of brain lesion.

Whereas IOUS demonstrates the structural 
anatomy of the brain during surgery, ultrasound 
elastography reveals the elasticity of the brain 
lesion to be resected without direct palpation of 
the lesion. This will provide neurosurgeons with 
additional information to facilitate maximal 
extent of resection and prevent neurological dete-
rioration. As the majority of brain lesions are 
stiffer than surrounding brain, neurosurgeons usu-
ally know when they are resecting the lesions. 

However, in some cases where the lesions are 
softer than surrounding brain, neurosurgeons 
might compromise patient safety if excessive 
force is used to resect these lesions. Additionally, 
as neurosurgeons normally encounter lesions 
stiffer than brain, these softer lesions might be 
missed. Some lesions even have similar stiffness 
to surrounding brain, making it even more diffi-
cult for neurosurgeons to resect them safely. 
These lesions, however, will be difficult to visual-
ise even with ultrasound elastography. Therefore, 
neurosurgeons will rely on other information such 
as hyperintensity on MRI, hyperechogenicity on 
IOUS and different visual appearance of such 
lesions to assist them during surgery.

Ultrasound elastography is a relatively new 
technique and a research tool in neurosurgery. 
This chapter will describe the different types of 
ultrasound elastography used in neurosurgery 
intraoperatively.

14.3.1  Types of Intraoperative 
Ultrasound Elastography 
in Neurosurgery

There are different types of ultrasound elastogra-
phy being researched in neurosurgery:

 1. Quasistatic strain elastography
 2. Vibrography
3. Slip elastography
 4. Shear wave elastography

The first three types of elastography listed 
above are qualitative elastography and require 
external force to be applied in order to create elas-
ticity maps, called elastograms. The last type of 
elastography above is quantitative elastography 
and does not require external force application.

14.3.2  Quasistatic Strain 
Elastography

QSE is one of the earliest types of elastography, 
first described by Ophir et al. [1]. As described in 
the previous chapter, QSE is performed by apply-
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ing an external force to deform the soft tissue 
being scanned. The amount of deformation will 
depend on the elasticity of the lesion. In response 
to the same external force, the softer lesion will 
deform more than the surrounding brain while 
the harder lesion less than the surrounding brain. 
As the external force applied is not uniform, the 
resultant elastograms are qualitative.

The first intraoperative QSE in neurosurgery 
was described by Chakraborty et al. [19, 20], 
which demonstrated the biomechanical proper-
ties of the brain tumour and brain-tumour inter-
face (Fig. 14.1). The QSE employed by this 
group requires freehand external force applica-

tion with an extended footplate attached to the 
ultrasound transducer to allow a more uniform 
deformation. The elastograms were created 
offline, i.e. at a later time after the images were 
acquired, as the computer technology at the time 
was not fast enough for real-time image process-
ing. Therefore, this precluded the real-time appli-
cation of QSE in guiding resection.

Selbekk et al. [21, 22] demonstrated that it is 
feasible to perform QSE by holding the ultra-
sound transducer static on the brain surface to 
allow brain pulsation to create deformation in the 
brain and the lesion. The same group showed that 
the elastograms obtained through this method was 

a

d e f g

cb

100

200

300
20 40

0.4

0.6

0.8

50

100

150

200

250

300

50

100

150

200

250

300

50

100

150

200

250

300

10 20 30 40 10 20 30 40

25

20

15

10

5

-5

-10

-15

-20

-25

0

0.8

0.6

0.4

0.2

-0.2

-0.4

-0.6

-0.8

0

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

20 40 60 80 100 120

Fig. 14.1 Intraoperative QSE of a patient with meningi-
oma. The ultrasound B-mode image (a) and the corre-
sponding MRI image on the Stealth neuronavigation 
system (b). (c) Correlation coefficient image, which mea-
sures the quality of the elastograms; the values from within 
the tumour are mostly greater than 0.9, with 1 being per-
fect correlation. (d, e) are axial and lateral displacement 

images, respectively; displacement images are produced 
by tracking the displacement of each individual speckle. 
Lateral displacement image (e) has poorer quality com-
pared to axial displacement image (d). Greyscale elasto-
gram with external compression (g) demonstrated the slip 
boundary better than the elastogram with no external com-
pression (f) (Reproduced from Chakraborty et al. [20])
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capable of exhibiting better brain-tumour contrast 
than B-mode ultrasound [23]. This method of 
QSE was still processed offline. This further 
paved the way for the application of QSE in sensi-
tive nervous tissue such as the spinal cord, as 
demonstrated in a PhD thesis by Uff [24]. The lat-
ter QSE was performed using an ultrasound scan-
ner capable of producing real-time elastograms.

Uff et al. [25] showed that it is feasible to per-
form real-time intraoperative QSE in neurosur-
gery to demonstrate the biomechanical properties 
of brain tumours and characterise slip brain- 
tumour interface (Figs. 14.2 and 14.3). In his 
PhD thesis, Uff [24] demonstrated that it was 
possible to characterise slip brain-tumour inter-
face with 2D and 3D QSE, where the latter pro-
duces less elevational decorrelation. Figures 14.4 
and 14.5 illustrate the 2D and 3D QSE in charac-
terising slip brain-tumour interface, respectively. 
Furthermore, in the same PhD thesis, Uff [24] 
showed that QSE was capable of demonstrating 

epileptogenic lesions, including those which are 
not visible on MRI (Fig. 14.6).

14.3.3  Vibrography

Vibrography is a technique described by 
Pesavento et al. [26], where the strain produced 
is almost quasistatic by using very low-fre-
quency vibration and very slow compression. 
Without going into the details of physics behind 
this technique, using phase root seeking algo-
rithm, this technique was shown to decrease 
computational cost and improve image quality. 
Therefore, this allowed the generation of real-
time elastograms using the computer technology 
at the time.

Scholz et al. [27] demonstrated the feasibil-
ity of this technique in visualising brain tumour 
intraoperatively. Later on, the same group [28] 
showed the capability of this technique to guide 

Fig. 14.2 2D QSE of a patient with meningioma. Strain 
elastogram (left) and the corresponding ultrasound 
B-mode (right) of the stiff meningioma with a slip tumour- 
brain boundary. The short white arrows on B-mode (right) 
indicate the boundary between the meningioma in the 

upper right corner of the image and the surrounding brain. 
The long white arrow on strain elastogram (right) indi-
cates high strain at the boundary, suggestive of a mobile 
boundary (Reproduced from Uff [24])
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Fig. 14.3 2D QSE of a patient with epidermoid cyst. 
Strain elastogram (left) and the corresponding ultrasound 
B-mode (right) of the stiff epidermoid cyst. The short 
arrows on ultrasound B-mode (right) outline the epider-

moid cyst, while the white stars on either side of the echo- 
free regions are fluid within the fourth ventricle. The long 
white arrows on strain elastogram (left) indicate the high 
strain at the boundary (Reproduced from Uff [24])

Fig. 14.4 2D QSE of a patient with meningioma. Strain 
elastogram (left) and the corresponding ultrasound 
B-mode (right). The short white arrows on ultrasound 
B-mode (right) outline the tumour boundary. On the strain 

elastogram (left), the black arrow indicates high strain at 
the boundary while the long white arrows indicate strain 
heterogeneity on either side of the boundary (Reproduced 
from Uff [24])
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brain tumour resection with the ability to per-
form vibrography at different stages of brain 
tumour resection.

14.3.4  Slip Elastography

Slip elastography is a term coined by Chakraborty 
[29] and Chakraborty et al. [30] to describe the 

use of elastography to quantify the external force 
required to create slip brain-tumour interface. 
Figure 14.7 illustrates the phantom study per-
formed to quantify the force required to cause 
the slip at different angles. In his PhD thesis, 
Chakraborty [29] showed the feasibility of this 
technique in brain tumour resection to quantify 
the force required to create slip brain-tumour 
interface in vivo. Figures 14.8, 14.9 and 14.10 

Fig. 14.5 3D QSE of a patient with meningioma, which
was imaged with the Diasus scanner in 3D using the mul-
tiple volume acquisition method. 2D strain elastogram 
and the corresponding ultrasound B-mode in the top left 
image. C-plane of the axial elastogram (bottom left) is the 
compound plane in the elevational direction of the axial 
elastogram. Elevational plane elastogram (bottom right) is 

the strain produced in the elevational direction by the 
axial force. The top right image is the 3D orthogonal
slices of the elastogram. The meningioma is the hyper-
echoic region in the upper left part of the B-mode (white 
star), and its boundary is outlined the white arrows (point-
ing towards the tumour) (Reproduced from Uff [24])
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illustrate the use of slip elastography in demon-
strating an obvious slip tumour-brain boundary, 
a cleavage plane in a non-slip tumour-brain 
boundary and an absent cleavage plane, 
respectively.

14.3.5  Shear Wave Elastography

Shear wave elastography (SWE) is a quantitative 
elastography developed by Bercoff et al. [3], 
which utilises cutting-edge technology of ultra-
fast plane wave imaging. A few micromillimetre 
(μm) displacement is created by highly focused 
ultrasound beam, i.e. acoustic radiation force, 
emitted by the ultrasound transducer, to produce 
shear waves that propagate in the direction per-
pendicular to the direction of the acoustic radia-
tion force. The shear waves are imaged, and the 
speed is estimated by the use of ultrafast plane 
wave imaging.

The first intraoperative SWE in neurosurgery 
was demonstrated by Uff [24], where he showed 
that it was feasible to perform intraoperative 
SWE in brain tumour and epileptogenic lesions 
(Figs. 14.11 and 14.12, respectively). This paved 
the way for further research using SWE to verify-
ing the surgical assessment and SWE measure-
ments in brain tumours [31] (Figs. 14.13 and 
14.14) and epileptogenic lesions [31, 32] (Fig. 
14.15).

Some epileptogenic lesions are not demon-
strated clearly on MRI, especially when they are 
developmental abnormalities such as focal corti-
cal dysplasia and dysembryoplastic neuroepithe-
lial tumour. However, they usually have different 
elasticity compared to surrounding brain [32]. 
Chan et al. [33] demonstrated that SWE was 
capable to detecting MRI-negative epileptogenic 
lesions with electrophysiological and histologi-
cal confirmation, including a case report [34] 
(Fig. 14.16).

Fig. 14.6 This is an example of a MRI-negative epilepsy 
case, in which an intraoperative QSE acquisition was per-
formed. Axial strain image (left) and the corresponding 

B-mode (right). The epileptogenic lesion was clearly 
demonstrated on QSE while it was subtle on ultrasound 
B-mode (Reproduced from Uff [24])
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Fig. 14.7 Slip elastograms produced from phantoms 
with slip boundary angles of 5.7°, 13.8° and 27.7° using
the four shear strain estimators tested. Force values are in 
Newtons, and the range on the colour bar is depicted
above each image. The quality of the elastograms pro-

duced at angle 27.7° contained a great deal of artefact, so 
the slip boundary is not clearly seen, and that is why only 
the lateral and axial shear strain estimators are included 
(Reproduced from Chakraborty et al. [30])
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Fig. 14.8 Slip elastography of a patient with meningi-
oma. Ultrasound B-mode (left) and the corresponding slip 
elastogram (right). The slip elastogram demonstrates an 

obvious slip boundary between tumour and brain 
(Reproduced from Chakraborty [29])
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Fig. 14.9 Slip elastography of a patient with glioblas-
toma multiforme. Ultrasound B-mode (left) with the cor-
responding slip elastogram (right). The slip elastogram 

demonstrated that the tumour was adherent to brain but 
identified a cleavage plane in the brain-tumour boundary 
(Reproduced from Chakraborty [29])
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Fig. 14.10 Slip elastography of a patient with glioblas-
toma multiforme. Ultrasound B-mode (left) with the cor-
responding slip elastogram (right). The slip elastogram 

demonstrated an absence of slip boundary (Reproduced 
from Chakraborty [29])

Fig. 14.11 SWE of a patient with a stiff meningioma. The ultrasound B-mode with SWE overlay (top) and the same 
plain ultrasound B-mode (bottom) (Reproduced from Uff [24])
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 Conclusions

Fig. 14.12 SWE of a patient with focal cortical dysplasia. Ultrasound B-mode with SWE overlay (top) and the same 
plain ultrasound B-mode (bottom). The lesion is stiffer than brain (Reproduced from Uff [24])

Fig. 14.13 SWE of a patient with medial temporal epi-
dermoid cyst, which was stiffer than normal brain. 
Ultrasound B-mode with SWE overlay (top) and the same 

plain ultrasound B-mode (bottom). This lesion was clearly 
demonstrated on both SWE and ultrasound B-mode
(Adapted from Chan et al. [31])
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Fig. 14.14 SWE of a patient with cerebellar atypical 
teratoid rhabdoid tumour, which was found to be 
extremely stiff during resection. Ultrasound B-mode with
SWE overlay (top) and the corresponding plain ultra-

sound B-mode (bottom). The lesion was clearly demon-
strated in both SWE and ultrasound B-mode (Adapted
from Chan [35])

Fig. 14.15 SWE of a patient with a medial temporal dys-
embryoplastic neuroepithelial tumour. Ultrasound B-mode
with SWE overlay (top) and the same plain ultrasound 

B-mode (bottom). On the elastogram, the tumour was softer 
than brain. This was confirmed by surgical assessment dur-
ing resection of the tumour (Adapted from Chan et al. [32])
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Ultrasound elastography is an imaging tech-
nique that maps tissue elasticity in real time. 
When used in neurosurgery as an intraoperative 
adjunct, ultrasound elastography informs the 
neurosurgeon the biomechanical properties of 
the region of surgical exposure, including the 
surrounding brain, the brain-lesion boundary 
and the lesion. As brain lesions invariably have 
different biomechanical properties compared to 
normal brain, ultrasound elastography can also 
visualise lesions that are not clearly visible on 
other imaging modalities. Therefore, ultrasound 
elastography is a useful intraoperative adjunct 
that can help guide resection by identification of 
surgical plane and visualising obscure lesions. 
When used with other intraoperative adjuncts, 
this can provide additional information to the 
neurosurgeon to facilitate safe and better extent 
of resection.
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